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Abstract: Bell peppers (Capsicum annuum) were grown in a greenhouse to evaluate organic fertilizer
and foliar seaweed application effects on plant architecture, yield, and fruit quality. Many organic
fertilizers contain phytohormones intrinsically. Hydrolyzed and non-hydrolyzed fish fertilizer and
cyano-fertilizer treatments were applied in split applications every 7 days over a 135-day growing
period. Control plants received no supplemental N. Each fertilizer treatment received applications
of one of two different foliar seaweeds or no foliar seaweed in a 4 x 3 factorial design with three
replications. Both hydrolyzed and non-hydrolyzed fish fertilizers and cyano-fertilizer increased
the number of branches per plant compared to the N-deficient control. The plants receiving cyano-
fertilizer or non-hydrolyzed fish fertilizer yielded more than the N-deficient control, and those
treatments received 2-3 times the auxin application as the hydrolyzed fish fertilizer. In addition,
the leaves from the plants treated with non-hydrolyzed fish fertilizer contained substantially higher
levels of abscisic acid, although no abscisic acid was detected in the fertilizers. Both seaweed products
decreased the number of fruits that were “bell”-shaped and increased the number of “long”-shaped
fruits. Organic fertilizers are complex matrices of nutrients, phytohormones, and other metabolites,
making it very challenging to determine the mechanisms behind the observations.

Keywords: organic fertilizer; Capsicum annuum L.; cyanobacteria; hydrolyzed fish emulsion; non-
hydrolyzed fish emulsion; seaweed; phytohormones

1. Introduction

Bell peppers (Capsicum annuum L.) are a warm-season annual in the Solanaceae family,
originating from Central and South America and the Caribbean. There are numerous types
within the species, including bell peppers. Bell peppers are green when immature and turn
a variety of colors as they ripen, depending on plant variety [1].

Organically grown greenhouse bell peppers can be grown year-round and earn a
higher price for producers than conventionally grown bell peppers [2]. Additionally,
organically grown peppers may provide consumers with greater health benefits than
conventionally grown bell peppers due to having greater levels of antioxidants, specifically,
[-carotene [3]. While it is known that 3-carotene acts as an antioxidant, it is also being
explored as an anti-allergen and an anti-cancer agent [4,5].

Increasing yield in an organic system could be of great benefit to producers. The most
common method for increased yield in agriculture is to provide plants with supplementary
N. When N is deficient, pepper plants are often shorter, lower leaves may be chlorotic, and
fruit number and size are below average. There have been many field and greenhouse
studies conducted on the N supplementation of peppers, and in most experiments, sup-
plying N to pepper plants increased the number of flowers, fruit set, and fruit yield [6,7].
Nitrogen fertilizer applied in the form of urea also affects the height, branch number, and
leaf chlorophyll content of peppers [8]. The optimum N concentrations for the maximum
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stem and leaf dry matter production of peppers in an aeroponic system were in the range
of 56 to 64 mg L~! [9]. In a study using a N-deficient fertilizer solution for bell peppers
grown on perlite (35 mg L~ solution of N twice weekly), this level of N was not found to
significantly reduce pepper yields [10].

Nitrogen management on organic farms can be difficult due to the nature of organic
fertilizers. Organic farmers use compost, manure, legume cover crops, dried organic meals
such as feather and blood meal, or liquid fertilizers such as fish emulsion to increase
crop productivity [11]. Additionally, there are many specialty products on the market
containing plant growth regulators or phytohormones intended to impact plant growth
characteristics, which could increase yield. Meals and liquid fertilizers are energy-intensive
to produce and ship, and their yield impacts are often inconclusive [12-14]. Fish fertilizers
are manufactured in different ways. Hydrolyzed fish fertilizer is generally produced from
whole fish that are cold processed in water and broken down using naturally occurring
enzymes, whereas non-hydrolyzed fish fertilizer is heat processed or cooked down to
concentrate the nutrients. In organic farming systems, the most common forms of N are
largely organic matter, such as composted manure. This makes N management difficult,
as organic N mineralization rates are difficult to predict and control [15]. To improve the
predictability of N input, organic farmers often turn to fertilizers such as liquid fish fertilizer
to supply their crops with supplemental N mid-season.

Cyano-fertilizer is an on-farm, grower-grown N source that contains cyanobacteria [16,17].
Cyanobacteria are capable of photosynthesis and atmospheric Ny fixation. Creating an
environment that fosters cyanobacterial growth (such as shallow ponds) results in a liquid
fertilizer (cyano-fertilizer) that can be used as an organic N source. Cyano-fertilizer can be
applied to crops through fertigation, and its use has been demonstrated on a variety of crops
including peppers, kale, peaches, lettuce, sweet corn, and carrot [11,18-22]. Once in the
soil, microbes mineralize the organic N from the cyanobacteria for plant use. By growing
cyano-fertilizer organically on-farm, organic farmers can harness the N fixing power of
these prokaryotes and potentially decrease the cost and carbon footprint of purchasing
and transporting traditional organic fertilizers. In addition, cyanobacteria can produce
an elaborate array of secondary compounds, including phytohormones such as auxins,
cytokinins, and abscisic acid [23,24]. While cyano-fertilizer has a lower N concentration
than fish fertilizers, fish fertilizers are usually diluted prior to application, and both can be
applied multiple times throughout the season. Composts and manures, on the other hand,
are usually applied pre-plant only.

Phytohormones are marketed by manufacturers to stimulate plant growth when ap-
plied exogenously. Organic farmers can purchase products such as organic liquid seaweed
extract to apply exogenous phytohormones to crop foliage or as a soil soak. Seaweed
products are best known for their auxin and cytokinin contents, which are responsible
for cell division and root and shoot elongation, respectively [13]. Salicylic acid, found in
cyano-fertilizer, is known to play a role in plant response to abiotic stress [25]. A newly
discovered plant hormone, strigolactone, interacts closely with auxin within plants and is
related to plant branching [26]. Increasing branching in food crops could increase yield and
provide better weed control for organic farmers. The potential impact of applying plant
growth regulators for optimum pepper yield is unknown.

Few studies have observed the impacts of applied phytohormones on bell peppers,
specifically. Auxin impacts fruit set in peppers, and gibberellin may play an important role
in preventing flower and fruit abscission [27]. Interactions between hormones are important
as well; auxin and gibberellin applied together seem to promote a balance between cell
elongation and expansion during fruit growth [27].

Jasmonic acid (JA) is a signaling hormone that is related to plant response to biotic and
abiotic stressors. The addition of JA to crops is being explored as a method to inexpensively
increase resistance to pests that would otherwise significantly reduce yield [28]. JA is
required to signal a stress response in tomatoes, but a JA precursor, 12-oxophytodienoic acid
(OPDA), can substitute for JA, as OPDA can readily be converted to JA in the plant [29]. To



Horticulturae 2024, 10, 491

30f13

understand whether OPDA serves a specific role without being converted to JA, researchers
found that several genes in Arabidopsis responded only to OPDA, and not to JA [30]. The
signaling pathway also differed, showing that OPDA can readily be converted to JA if the
plant requires it, but that OPDA acts independently in response to physical wounding in
the plant.

This research investigates the effects of organic liquid N fertilizer type (applied at the
same N rate) and foliar applications of liquid seaweed on plant architecture, including
branching, flowering, leaf and fruit abscission, and their contributions to the overall
yield and quality of bell pepper crops compared to a N-deficient control. Secondly, the
phytohormone applications in the fertilizers are measured (specifically, auxin, cytokinin,
and salicylic acid) to understand the potential mechanisms through which these organic
fertilizers may impact plant architecture and fruit quality.

2. Materials and Methods

This study was carried out at the Colorado State University (CSU) Plant Growth Facil-
ity. The greenhouse allowed natural light in and provided supplemental light to achieve a
16 h daylength with 400 W high-pressure sodium lighting. Day and night temperatures
averaged 24 °C and 18 °C, respectively, and relative humidity was ambient (~30%).

The bell pepper variety “Aristotle” was chosen for this study (Harris Seeds, Rochester,
NY, USA); it is described as a 73-day, widely adaptable variety that does well all over the
USA, and is a green to red pepper with a “blocky” shape. The vegetative part of the plant
can be 50 to 61 cm tall. The “Aristotle” variety is described as having intermediate resistance
to common diseases and is free of anthocyanins, which cause purpling during stress.

A randomized complete block design with a 4 x 3 factorial and three replications was
utilized. Four soil N treatments (control, hydrolyzed fish fertilizer, non-hydrolyzed fish
fertilizer, and cyano-fertilizer) each received three foliar seaweed treatments (none, Seacom
PGR seaweed extract, and Neptune’s Harvest seaweed extract). The control plants received
no supplemental N, and the “no foliar” plants received no foliar seaweed applications. The
pots were black 7.6 L plastic pots (21.5 cm tall and 22.8 cm diameter) with 5 drainage holes
in the bottom. To keep the soil media in the pot, a 25 by 25 cm piece of fiberglass screen
was fitted to the bottom of the inside of the pot. Each pot was placed in a black seeding tray
that was tilted towards the pot to capture water and fertilizer applications that percolated
through the pot, making it so that liquid was available for the soil to re-absorb.

Growing media were prepared using 60% sand, 20% vermiculite, and 20% perlite; this
mixture was chosen to maximize water-holding capacity and minimize water loss. The soil
mix was sampled and sent to the CSU Soil, Water, and Plant Testing Laboratory; following
extraction with 2 M KCl, analysis was performed with a Lachat auto-analyzer. The soil mix
contained, on average, 7.8 kg NH;*-N ha~! and 0.90 kg NO;~-N ha~!.

A 72-cell Rockwool starter plug tray was watered with a dilute vinegar solution of
pH 6.5 to provide a favorable pH for seed germination. On 6 February 2015, 150 pepper
seeds were planted into the Rockwool tray, watered daily, and warmed with a heating pad
below the tray. The seedlings emerged on 13 February 2015. Twelve days after emergence,
the peppers were thinned and transplanted into pots for the remainder of the experiment.
From transplant to harvest, the growing season lasted 135 days.

Half-strength N-free Hoagland’s solution (Bio-World, Dublin, OH, USA) was mixed
with the N fertilizers to provide the other plant-essential nutrients. The target total N rate
for the peppers was 40 kg N ha~!; however, the actual application rate was 31.8 kg N ha™!
(Table 1). The Anabaena spp. cyano-fertilizer was grown in a 75.7 L fish tank in the green-
house following methods described previously [16,31]. Neptune’s Harvest hydrolyzed
fish fertilizer and Alaska non-hydrolyzed fish fertilizer were purchased from Neptune’s
Harvest (Gloucester, MA, USA) and Fort Collins Nursery (Fort Collins, CO, USA), respec-
tively. The three fertilizers varied in N concentration and were applied at equal N rates
(Table 1). N application rates were gradually increased throughout the season due to the
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low nutrient holding capacity of the soil mixture and the increasing nutrient demand of the
growing plants.

Table 1. Nitrogen (N) fertilizer applications to potted bell peppers grown in a greenhouse. Dates, N
application rate, and total diluted volume of fertilizer are shown.

Date Soil N Fertilizer Applied Volume of Fertilizer Mix
kg N ha™! L pot~!

28 February 2015 0.9 0.10
13 March 2015 1.7 0.10
23 March 2015 0.4 0.20
30 March 2015 3.7 0.20
8 April 2015 3.3 0.20
17 April 2015 4.0 0.30
28 April 2015 41 0.30
7 May 2015 1.2 0.30
14 May 2015 2.3 0.40
19 May 2015 1.6 0.40
26 May 2015 2.8 0.40
5 June 2015 1.6 0.40
12 June 2015 2.1 0.40
19 June 2015 2.1 0.15
Total 31.8 3.85

The N concentration of the cyano-fertilizer was measured on each application date
using a Hach DR3900 Benchtop Spectrophotometer (Loveland, CO, USA) to measure the
total Kjeldahl nitrogen. For each treatment, the fertilizer and half-strength Hoagland’s
solution were mixed thoroughly prior to application with a graduated cylinder. The fish
fertilizers were mixed to match the N concentration of the cyano-fertilizer by diluting to
volume with water (Table 1). Each pot received the same volume of water.

Seaweed extracts (Seacom PGR Organic seaweed extract, Johnny’s Selected Seeds,
Winslow, ME, USA; Neptune’s Harvest organic seaweed extract, Neptune’s Harvest,
Gloucester, MA, USA) were applied to the leaves using a 900 mL spray bottle. The seaweed
extracts were mixed according to the manufacturers’ recommendations. An amount of
1.1 mL of PGR seaweed extract was diluted into 825 mL of water, and 3.2 mL of Nep-
tune’s Harvest seaweed extract was diluted into 825 mL of water, and equal volumes were
applied to the leaves of the assigned pepper plants. The seaweed application rate was
increased throughout the season following manufacturers’ recommendations to cover each
leaf adequately (Table 2).

Table 2. Foliar seaweed applications to potted bell peppers grown in a greenhouse. Dates and total
volume of Seacom PGR seaweed and Neptune’s Harvest seaweed are shown.

Date Volume of Seaweed Solution Applied

mL
3 March 2015 5

20 March 2015 10
16 April 2015 20
7 May 2015 20
28 May 2015 25
19 June 2015 25
Total 105

Phytohormone analyses of the fertilizer and seaweed treatments were conducted at
the Proteomics and Metabolomics Facility, CSU, following a gas chromatography-mass
spectrometry procedure described previously [22,32]. The amounts of phytohormone ap-
plied over the growing season were calculated from the measured concentrations (Table 3).
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Although phytohormones in cyano-fertilizer are relatively diluted in comparison to fish
fertilizers, fish fertilizers are diluted when applied, while the cyano-fertilizer is applied
at full strength. The N rate used to calculate phytohormone applications for fertilizers in
kg ha~! was 31.8 kg N ha~!, to match the N application rate (Table 1). Since the N content
of the seaweeds was zero, the phytohormone applications in kg ha~! for seaweeds were
based upon manufacturers’ recommendations.

Table 3. Phytohormone concentrations as measured in the fertilizers and foliar seaweeds used in the
greenhouse study in Fort Collins, CO, USA. The N rate used to calculate phytohormone applications
for fertilizers in kg ha—! was 31.8 kg N ha—!, to match the N application rate. Since N content
of seaweeds was zero, the phytohormone applications in kg ha~! for seaweeds were based upon
manufacturers’ recommendations. No cytokinin isomers were detected in any of the fertilizers or
seaweed products. The Seacom PGR seaweed label stated that it contained 400 mg cytokinin kg~
n/d = not detected.

Treatment Auxin Salicylic Acid Auxin Salicylic Acid
mg kg ! kgha!
Fertilizers
Cyano-fertilizer 6.50 x 107> 5.92 x 1073 9.73 x 1073 0.01
Hydrolyzed fish fertilizer 3.97 x 10~* 0.018 6.30 x 1077 1.22 x 10~*
Non-hydrolyzed fish fertilizer 1.436 0.077 9.26 x 1074 1.16 x 107°
Foliar Seaweeds
Seacom PGR seaweed 0.802 48.17 452 x 1077 2.72 x 107°
Neptune’s Harvest seaweed n/d n/d n/d n/d

Each pot received 1 L of water every other day after transplanting. On the days when
fertilization occurred (Table 1), the water supplied in the fertilizer mix was the only water
applied on that day. The total irrigation supplied to the peppers over the growing season
was 57.4 L pot~1.

Individual 25 cm x 25 cm squares of aluminum foil were folded over the exposed soil
to eliminate soil surface algal growth 49 days after transplanting (DAT). The pepper plants
were treated with Entrust® SC Naturalyte®, a fermented spinosad product, to control thrips
50 DAT.

Plant height, leaf number, and flower number measurements were taken each week.
Plant height was measured to the tip of the tallest leaf. Flowers were separated into five
categories: green flowers, dead flowers or abscissions, white flowers, finished flowers, and
peppers (Figure 1).

The peppers were harvested, measured, and weighed 135 DAT. The peppers had
developed noticeably different shapes: traditional blocky, bell-shaped peppers (bell), elon-
gated peppers (long), and peppers that curved dramatically (curved). The dominating color
of each fruit was also recorded. Examples of the shape and color differences can be seen in
Figure 1. After physical measurements were taken, the peppers were sent to the Proteomics
and Metabolomics Facility at CSU and were analyzed for [3-carotene concentration via
LC-MS.

The pepper plants were cut 1 cm from the soil surface and removed from the pots. The
stem and the branches were carefully measured to determine the number and location of
branches, as well as the location of every leaf and flower. Additionally, distances between
branches were measured, and locations where leaves, flowers, and fruits were lost were
noted. The average number of branches, the distance between branches, the number
of abscissions that had occurred, and the final leaf and flower counts were recorded.
Additionally, the ratio of the height of the first branch to the total height of the plant
was calculated. The plants were then separated into leaves and stems and weighed.
Several leaves from each plant were sent to the CSU Proteomics and Metabolomics Facility.
Utilizing UPLC-MS, phytohormones were extracted and measured. The assay is designed
to measure cytokinins, auxins, gibberellins, brassinosteroids, jasmonates, and salicylates.
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The remainder of the plant material was dried at 49 °C for 5 days. The dried leaves and
stems were re-weighed to obtain the dry matter content of each.

Figure 1. Pepper flower classifications, fruit shape, and colors. The types of flowers present on bell
pepper plants were counted each week and compared among treatments. The flower types fell into
five categories (top): green flowers (A), dead flowers (B), open flowers (C), finished flowers (D), and
peppers (E). Three main shapes and two main colors of pepper fruit were observed in the greenhouse
study (bottom). These peppers were classified as “green, bell shaped” (F), “red, long shaped” (G),
or “green, curved” (H). The photographs above were taken from the bell pepper plants grown in a
greenhouse in Fort Collins, CO, USA, in 2015.

Statistics were performed using Statistical Analysis System 9.4 (Cary, NC, USA). The
PROC MIXED statement was used, and the experimental design was run as a 4 x 3 factorial.
Fertilizer treatment and foliar seaweed applications were treated as fixed effects, and block
(or replicate) was treated as a random effect. The slice (F-test) statement was used to analyze
the effects of the foliar seaweed extract. An adjusted F-test of fixed effects was performed
using the REML method. Least square means were estimated with the Ismeans statement,
compared with the pdiff statement, and p-values < 0.05 were considered significant.

3. Results

We tested the main effects (the fertilizer treatments and the foliar seaweed treatments)
and their interactions. Since the interactions were never significant (p < 0.05), we present
only the significant main effects.

3.1. Plant Architecture

The N fertilizer treatments impacted the total number of branches, with the control
plants having significantly fewer branches than all other fertilizer treatments (Figure 2).
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Foliar seaweed treatments also presented significant differences in the total number of
branches on each plant. Seacom PGR seaweed produced plants with a greater number of
branches than no seaweed at all, and Neptune’s Harvest seaweed was statistically similar
to the control and the PGR seaweed treatments. While there were no significant differences
in the height to the first branch, meaning that branching started at approximately the same
height in all treatments, Neptune’s Harvest foliar seaweed, averaged across N treatments,
produced pepper plants with differing branching height (distance containing branches,
measured as the height above the first branch) to total height ratios. The Neptune’s Harvest
seaweed resulted in plants with shorter branching sections compared to the PGR seaweed
and the control. These plants were described as “tree-like” as they had more stem height
than branches, whereas the control and PGR seaweed treatment produced plants with more
proportionate branch and stem sections. In addition, all treatments produced pepper plants
with similar heights, leaf and stem weights, leaf-to-stem-weight ratios, and water contents.

6

W
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N
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—

Total Number of Branches per Plant
w2

0 ‘ :
Control Cyano-Fertilizer =~ Non-Hydrolyzed Fish  Hydrolyzed Fish
Fertilizer Fertilizer
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Total Number of Branches per Plant
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None Neptune's Harvest Foliar PGR Foliar Seaweed
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Figure 2. Average total number of branches in pepper plants at harvest as affected by fertilizer
treatment (top) and foliar seaweed application (bottom). Bell peppers were grown in a greenhouse
experiment in Fort Collins, CO. Treatments that share a common capital letter are statistically similar
based on the least square means test (p < 0.05). Error bars represent the standard error of each mean.
There was no significant interaction between fertilizer treatments and seaweed applications.
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The N fertilizer treatments influenced flower numbers on several measurement days
(Table 4). On 109 DAT, hydrolyzed fish fertilizer had significantly more living flowers than
non-hydrolyzed fish fertilizer. On the other hand, cyano-fertilizer and non-hydrolyzed fish
fertilizer had more dead flowers than either the control or the hydrolyzed fish fertilizer.

Table 4. Pepper plant flower count. The number of flowers alive or dead 109 days after transplanting
and the % of abscissions on 135 days after transplanting are shown. Bell peppers were grown in a
greenhouse in Fort Collins, CO, USA. Treatments that share a common capital letter within a column
are statistically similar based on the least square means test (p < 0.05). If all means within a column

were statistically similar, no letter follows the mean.

Flowers Alive or Dead

Treatment Day 109 Harvest (Day 135)
Alive Dead % Abscissions
Control 2.3 AB 3.0B 654 A
Cyano-fertilizer 2.2 AB 44A 54.8 AB
Hydrolyzed fish fertilizer 37A 2.6B 51.8B
Non-hydrolyzed fish fertilizer 1.8B 50A 55.6 AB

All leaf abscissions and dead flowers were summed on the day that the pepper
plants were harvested for a total percentage of abscissions and abortions compared to the
percentage of leaves and flowers that remained vital at the end of the experiment (Table 4).
The percentage of abscissions and dead flowers compared to the total number of leaves
and flowers was deemed as “abscission events”. In this metric, hydrolyzed fish fertilizer
presented with a 13.6% lower number of abscission events than the control.

Foliar seaweed did not impact flowers on most measurement days or at harvest, but
87 DAT Seacom PGR seaweed increased the number of dead flowers (2.3) compared to
Neptune’s Harvest seaweed (0.67) and the control (0.50) (p < 0.05). On 97 DAT, Seacom
PGR seaweed increased the number of dead flowers (3.2) compared to the control (1.5).

3.2. Pepper Yield

Plants treated with cyano-fertilizer and non-hydrolyzed fish fertilizer produced
12.2 g plant ! and 13.3 g plant ! more fruit yield than the control plants (18.0 g plant 1),
respectively (Figure 3). The yield under the hydrolyzed fish fertilizer was not different
from the control or the higher-yielding treatments, and the foliar seaweed treatments had
no impact on pepper yield.

A A
AB
T
B
'

Control Cyano-Fertilizer =~ Non-Hydrolyzed = Hydrolyzed Fish
Fish Fertilizer Fertilizer

Treatment

40

(%)
(9]

(%)
(=]

N
W

33
(=]

—_
(9]

Average Yield per Pepper Plant (g)
s

W

(=]

Figure 3. Average fruit yield per pepper plant as affected by fertilizer treatment. Bell peppers were
grown in a greenhouse experiment in Fort Collins, CO, USA, in 2015. Treatments that share a common
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capital letter are statistically similar based on the least square means test (p < 0.05). Error bars represent
the standard error of each mean. Yield was not significantly affected by foliar seaweed treatments.

3.3. Fruit Quality

Although the fertilizer treatments had no impact on fruit quality, the foliar seaweed
treatments did significantly impact pepper fruit color and shape (Figure 4). The Seacom
PGR foliar seaweed treatment increased the number of green peppers harvested by 57%
and reduced the number of red peppers harvested by 75%. Neptune’s Harvest seaweed
had similar numbers of green and red fruits as the control. Both foliar seaweed treatments
reduced the number of “bell”-shaped peppers by 50-67% and increased the number of
“long”-shaped peppers by 4-5x compared to the control. All seaweed treatments had
similar numbers of “curved”-shaped peppers.

v 14
L
z BRed Fruits @Green Fruits A
< 2
= 12
®
£ 10
= B B
g 8 T
2
Q
T ¢ B B
«<
3
g 4
s C
5 2+ T
=
: 4
z 0 T —
None Neptune's Harvest Foliar ~ PGR Foliar Seaweed
Seaweed
7 A
@"Bell" Shaped @"Curved" B"Long" Shaped
6 AB-AB

W

~

w

[\S)

—_

Number of Pepper Fruits in Shape Category
(=]

None Neptune's Harvest Foliar ~ PGR Foliar Seaweed
Seaweed
Foliar Seaweed Treatment

Figure 4. Differences in bell pepper fruit colors (top) and shapes (bottom) among foliar seaweed
treatments. Bell peppers were grown in a greenhouse experiment in Fort Collins, CO, USA, in 2015.
The totals are given for number of “bell”-shaped, “long”-shaped, and “curved”-shaped peppers
produced (see Figure 1). Treatments that share a common capital letter are statistically similar based
on the least square means test (p < 0.05). Error bars represent the standard error of each mean. Fruit
color and shape were not significantly affected by fertilizer treatments.
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3.4. Foliar Phytohormone Concentrations

The leaves from the non-hydrolyzed fish-fertilizer-treated pepper plants contained
more than six times higher levels of abscisic acid (ABA), a stress and dormancy sig-
naling phytohormone, than the control (Table 5); the leaves from all other treatments
were not different from the control or the non-hydrolyzed fish fertilizer. The leaves from
the non-hydrolyzed fish fertilizer treatment also contained a greater concentration of 12-
oxo-phytodienoic acid (OPDA), a wound-stress signal and a cyclopentenone precursor
of jasmonic acid (JA). However, JA concentration was not different among treatments.
Many phytohormones that were expected to be detected were not found in this assay,
including cytokinins, auxins, phaseic acids, benzoic acid, salicylic acids, brassinosteroids,
and gibberellins.

Table 5. Phytohormone concentrations in pepper leaves from greenhouse plants grown using different
N fertilizers in Fort Collins, CO, USA. Treatments that share a common capital letter within a row are
statistically similar based on the least square means test (p < 0.05). If all means within a row were
statistically similar, no letter follows the mean. There were no significant differences in phytohormone
concentrations in pepper leaves among the foliar seaweed treatments.

N Fertilizer

Phytoh
ytohormone Control Cyano-Fertilizer Hydrolyzed Fish Fertilizer Non-Hydrolyzed Fish Fertilizer
Abscisic acid (pg/mg) 21.48 B 41.04 AB 76.27 AB 131.8 A
Jasmonic acid (pg/mg) 271.3 266.7 418.0 302.4
12-oxo-phytodienoic acid 294.6 AB 1892 B 299.9 AB 350.0 A

(relative abundance)

4. Discussion

Both hydrolyzed and non-hydrolyzed fish fertilizers and cyano-fertilizer increased
the number of branches per plant compared to the N-deficient control (Figure 2). Previous
greenhouse research has documented that cyano-fertilizer application increases pepper
branching [18]. There were also significant effects of the fertilizer treatment on flowering
(Table 4). On the other hand, the plants receiving cyano-fertilizer or non-hydrolyzed fish
fertilizer yielded more than the N-deficient control (Figure 3), in contrast to previously
published results in which pepper yield was not significantly decreased by N-deficient
fertilizer treatments [10]. Having more dead flowers in the cyano-fertilizer and non-
hydrolyzed fish fertilizer treatments could be a sign that these treatments contributed to
faster maturity and, therefore, resulted in greater yield.

It is common for N fertilizer to increase the yield of many crops, but in addition to
the N itself, the cyano-fertilizer and non-hydrolyzed fish fertilizer resulted in 2-3 times
higher auxin application than the hydrolyzed fish fertilizer (Table 3). Auxin is known to
play many important roles in plant growth and development in sweet peppers, including
flowering, fruiting, and adaptation to environmental stressors [33]. However, auxins have
a greater effect on flowering and fruit set when pepper plants are under stress [34].

Based on the ABA content in the leaves (Table 5), it would be expected that the non-
hydrolyzed fish fertilizer would have the greatest number of abortions and abscissions
upon harvest. This was not the case, as the non-hydrolyzed fish fertilizer had a similar
abscission percentage compared to all other fertilizer treatments on harvest day (Table 4).
In this study, leaves were sampled for phytohormone analysis at the final harvest; although
it is known that endogenous ABA generally increases during fruit ripening, it is not clear
whether those ABA levels remain high through harvest [35]. The absence of gibberellins in
the leaf tissue is interesting in the context of flower and leaf abscission. Gibberellins play a
role in preventing flower abortion; although auxin is the primary inducer of fruit set, auxin
also induces gibberellin biosynthesis [27]. It is possible that the treatments impacted the
maturation rate of the plants, and that this is reflected in the flower numbers, making the
data difficult to interpret. At the end of the experiment, however, the control plants had
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the fewest living leaves and flowers, suggesting that N deficiency limited the growth and
flowering of the control plants.

The foliar seaweed treatments had varying effects on branching (Figure 2), no effect on
flowering or yield, and significant effects on fruit color and shape (Figure 4). Other studies
have evaluated bell pepper quality characteristics related to flavor (e.g., capsaicin or total
soluble solids) and antioxidant activity [36,37], but no other published studies were found
related to fruit shape. PGR seaweed increased the total number of branches compared to
plants not receiving any foliar seaweed, while Neptune’s Harvest foliar seaweed reduced
the ratio of branching length to the total height of plants. However, applying PGR foliar
seaweed increased the number of green peppers and decreased the number of red peppers
compared to Neptune’s Harvest seaweed and the control, possibly due to delayed maturity.
Despite differences in fruit color, there were no significant differences in pepper fruit (3-
carotene levels among the fertilizer or seaweed treatments, although previous research has
shown an impact of organic fertilizer selection on 3-carotene levels in lettuce [20], where
indole-3-acetic acid application in the fertilizers was positively correlated with 3-carotene
concentration in lettuce.

In addition, both seaweed products decreased the number of fruits that were “bell”-
shaped and increased the number of “long”-shaped fruits (Figure 4). As the “bell” shape
is the marketable shape of bell peppers, it may be advantageous to growers to avoid
these two foliar seaweed products on peppers. It is difficult, however, to determine the
mechanism by which Neptune’s Harvest foliar seaweed treatment impacted the plant
growth characteristics, since no phytohormones were detected in the product.

The Seacom PGR seaweed contained measurable levels of auxin and salicylic acid (SA),
while Neptune’s Harvest Seaweed contained no measurable phytohormones
(Table 3). Foliar SA application has been reported to increase fruit number and the weight
of greenhouse-grown peppers, but no evaluation of its effect on pepper shape or color has
been found [38]. The interplay of phytohormones can influence fruit set [27]. In addition,
the source of phytohormones also plays an important role; for example, exogenous auxin
can set bell pepper fruits, but it cannot replace endogenously produced hormones to en-
hance fruit growth [39]. It may be that in the case of the “long”-shaped peppers, the cell
elongation rate exceeded the cell division rate. This may be explained by unbalanced levels
of auxin and gibberellin [27]. If the auxins and gibberellins in the PGR seaweed (no auxin
was detected in Neptune’s Harvest, and no gibberellins were detected in either seaweed
product; see Table 3) disrupted the balance of these two important phytohormones, the
effect may be the opposite of the intent of the product. This theory, however, does not
explain the occurrence of “curved” peppers, unless they are the result of a different process,
such as improper flower development or an environmental stressor.

To fully elucidate the interactions between N and phytohormones and their impact
on bell peppers and the mechanisms through which they affect yield, the authors suggest
future researchers should study N and phytohormone applications themselves, rather than
organic fertilizers that contain N, phytohormones, and many other plant nutrients in a
complex matrix.

5. Conclusions

Fertilizer treatments influenced the branching, flowering, and yield of bell peppers.
Plants receiving cyano-fertilizer or non-hydrolyzed fish fertilizer yielded more than the
N-deficient control. The foliar seaweed treatments had no effect on flowering or yield but
significantly impacted fruit color and shape. Applying PGR foliar seaweed enhanced the
number of green peppers and reduced the number of red peppers compared to Neptune’s
Harvest seaweed and the control. In addition, both seaweed products decreased the number
of fruits that were “bell”-shaped and increased the number of fruits with other shapes,
potentially reducing the marketability of the fruit. The evaluation of phytohormones in the
treatments and in the leaves of the treated plants did not provide a definitive explanation
for these effects.
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