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ABsTrACT. Bell pepper (Capsicum annunm L.) is a high-value vegetable crop, and
its productivity in greenhouse and controlled-environment systems depends
strongly on irrigation and nutrient management. Arbuscular mycorrhizal fungi
(AMF) have been proposed as biological tools to improve plant water and
nutrient acquisition, but their functional value in intensively managed vegetable
systems remains uncertain. This study evaluated whether commercial AMF
inoculation improves physiological performance, growth, yield, nutrient status,
and root colonization in greenhouse-grown bell pepper. Two complementary
experiments were conducted using a commercial AMF product containing
Rhizophagus ivvegularis, Funneliformis mosseae, Rbizophagus aggregatum, and
Claroideoglomus etunicatum. In the first experiment, pot-grown plants were
subjected to well-watered or water-deficient irrigation regimes, with or without
AMEF inoculation at seeding. Water deficiency reduced stomatal conductance,
increased leaf temperature, decreased plant height and biomass, and substantially
reduced fruit yield relative to well-watered conditions. Although AMF-
inoculated plants showed measurable root colonization, inoculation did not
improve water consumption, delay wilting, increase stomatal conductance,
enhance photochemical efficiency, or mitigate yield losses under water deficit.

In the second experiment, the timing and method of AMF application were
evaluated at two nitrogen fertilizer rates. Inoculation at seeding and direct
placement near the root zone increased AMF colonization compared with later or
irrigation-based application methods; however, neither inoculation treatment nor
nitrogen rate significantly affected plant height, shoot or root biomass, fruit
yield, foliar nutrient status, or time to flowering. Overall, these results indicate
that AMF root colonization does not necessarily confer physiological or
agronomic benefits in intensively managed greenhouse bell pepper production.
The effectiveness of commercial AMF bioinoculants appears to be highly context
dependent and may be limited when irrigation and fertigation already provide

favorable resource availability.

Introduction

ell pepper (Capsicum annunm
B L.) is an economically impor-

tant vegetable crop cultivated
in both open-field and protected pro-
duction systems. While open-field cul-
tivation remains widely used, tunnels, net
houses, greenhouses, and controlled-
environment systems represent spe-
cialized forms of protected production,
each with distinct structural, environ-
mental, and management challenges.
These high-value systems are particu-
larly important for colored bell peppers
and other intensively managed vegetable
crops (Flores-Velazquez et al. 2022;
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Kabir et al. 2021). While some pro-
tective structures buffer crops from
extreme climates, they are all still in-
fluenced by external weather conditions.
Consequently, bell pepper performance
in both open-field and protective struc-
tures is strongly affected by environmen-
tal fluctuations, irrigation regime, and
nutrient availability, which influence
plant growth, fruit yield, fruit qual-
ity, and water and nutrient use efficiency
(Byeon et al. 2025). Climate change has
further intensified these challenges by in-
creasing the frequency and severity of
drought events through elevated peak
daytime temperatures and higher crop

evapotranspiration demand (Fuentes-
Penailillo et al. 2025; Milly and Dunne
2016; Naumann et al. 2018; Williams
and Abatzoglou 2025). Average an-
nual temperatures and the frequency
of events above 100 °F have increased
across the United States in recent deca-
des (Diffenbaugh and Ashfaq 2010;
Hansen et al. 2012; Portmann et al.
2009). Arbuscular mycorrhizal fungi
(AMEF) are ubiquitous soil microorgan-
isms that form symbiotic associations
with the roots of most land plants
(Parniske 2008). This symbiosis is re-
ported to enhances plants’ access to
water and nutrients, particularly under
conditions of limited or highly variable
availability (Balestrini et al. 2018; Bit-
terlich et al. 2018; Harrison 2012).
Mechanistically, AMF extends the ef-
fective root absorption zone and in-
duces physiological modifications that
improve nutrient acquisition and water
uptake (Aroca et al. 2007; Kakouridis
et al. 2022; Smith and Smith 2011).
In addition, AMF has been reported to
support photosynthetic performance in
plants by maintaining stomatal func-
tion and root hydraulic conductance
during periods of water stress (Augé
et al. 2015). In bell pepper produc-
tion, in which yield and fruit quality
are highly sensitive to short-term dis-
ruptions in water and nutrient supply
(Bello et al. 2025), AMF-mediated
buffering of plant stress responses
may offer a practical strategy to stabi-
lize growth and productivity under
greenhouse conditions. Modern green-
house systems often depend on in-
tensive irrigation and fertilization
management in container-based set-
ups (often plastic pots or bags) that
constrain root development and use
commercially prepared soilless media,
fumigated or with microbially reduced
conditions (Atzori et al. 2021). The
limited volume of growing media in
most containers leaves little margin
for irrigation errors or system mal-
functions before plants experience
water stress. Moreover, because bell
peppers are commonly propagated
in nurseries before field transplant-
ing, the seedling stage offers an op-
erationally suitable window for AMF
inoculation. Assessments of AMF bio-
inoculants in vegetable systems re-
main limited, and published findings
often report inconsistent plant re-
sponses to inoculation, with some studies
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showing enhanced growth or stress
tolerance and others reporting no
measurable benefit, even within the
same crop species (Kokkoris et al.
2019; Rouphael et al. 2015). In bell
pepper, colonization by Rbizophagus
clarus increased growth and fruit yield
under moderate salinity in container-
ized glasshouse conditions (Kaya et al.
2009). However, these benefits di-
minished under severe salinity and were
minimal under nonstressed conditions,
and AMF-inoculated plants exposed to
salinity did not perform as well as non-
stressed controls (Kaya et al. 2009).
Similarly, in cucumber ( Cucumis sat-
ivus), colonization by Funneliformis
mosseae under chilling stress reduced
root colonization compared with opti-
mal temperatures, yet inoculated plants
showed greater total fresh mass and in-
creased secondary metabolite accumu-
lation under both optimal and low-
temperature conditions (Chen et al.
2013). In tomato (Solanum lycopersi-
cum), plant responses were strongly
shaped by environmental context and
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fungal strain. Under low light and low
humidity in glasshouse and hydroponic
systems, inoculation with F. mosseae
did not enhance photosynthetic perfor-
mance; under high light combined with
low atmospheric moisture, mycorrhizal
plants experienced greater water stress,
reduced electron transport, and lower
stomatal conductance, indicating po-
tential carbon costs under unfavorable
conditions (Bitterlich et al. 2019). Con-
versely, another greenhouse study on
tomato evaluating multiple F. mosseac
strains revealed pronounced strain- and
cultivar-specific effects, with significant
variation in root colonization, growth,
yield, and fruit quality (Ullah et al.
2024). Collectively, these studies indi-
cate that AMF application in vegetable
systems is not universally beneficial but
instead depends on stress intensity, host
genotype, and fungal strain selection,
highlighting the need for targeted,
system-specific research (Guo et al. 2022;
Hoeksema et al. 2010). Accordingly,
greenhouse experiments are necessary
to rigorously assess the performance
and reliability of commercial AMF prod-
ucts, particularly for vegetable crops, be-
fore broader field-scale adoption (Biel
et al. 2021; Faye et al. 2013; Salomon
et al. 2022). This study addresses a key
knowledge gap by evaluating whether
AMEF root colonization translates into
measurable physiological, nutritional,
and agronomic benefits under green-
house bell pepper production. Two
complementary greenhouse trials were
conducted to (1) determine the effects
of AMF inoculation on plant water
use, growth, and yield under well-
watered and water-limited conditions;
(2) compare application methods and
timing of a commercially available
AMEF product to identify approaches
that maximize root colonization; and
(3) evaluate AMF influences on bell pep-
per performance under low and sufficient
nitrogen (N) supply. We hypothesized
that AMF inoculation would enhance
plant growth and yield under water- and
nutrient-limited conditions relative
to noninoculated controls and that
these responses would differ among
application methods due to variation
in root colonization.

Materials and methods
Plant material

Two greenhouse trials were con-
ducted at the North Carolina State
University (NC State) main campus.

Both trials used the same commercial
AMF product: MycoApply Ultrafine
Endomycorrhizae (Valent BioSciences,
Libertyville, IL, USA), which con-
tains a clay carrier mixed with four
AME species: Rbizophagus irregularis,
F. mosseae, Rhbizophagus aggregatum,
and Claroideoglomus etunicatum. Bell
pepper seeds for both trials were planted,
germinated, and maintained under a
mist bench at the MaryAnn Fox Green-
house (Fox Greenhouse) at NC State
(lat. 35.7874°N, long. 78.6734°W)
for 56 d. The target temperature was
set at 24 °C during the day and 18°C
at night. On average, actual green-
house temperatures did not exceed
29°C. Relative humidity ranged from
40% to 80%. Bell pepper ‘Red Knight’
F1 hybrid was seeded into 200-cell
black plastic trays (25-cm length X
54-cm width x 4-cm height; cell di-
ameter was 2.3 cm at the top and 1.0 cm
at the bottom) containing Sun Gro
Metro-Mix 830 soilless substrate (Sun
Gro Horticulture, Agawam, MA, USA).
The soilless substrate consisted of sphag-
num peatmoss, bark, perlite, dolomitic
limestone, a wetting agent, and silicon.
The substrate was commercially de-
scribed as having medium drainage,
medium particle size, and moderate
water-holding capacity. A nutrient
analysis of the growing medium was
conducted using a fresh sample col-
lected from the substrate before plant-
ing. Seedling trays were placed in the
greenhouse under an overhead mist
bench equipped with Netafim Cool-
Net Pro four-nozzle foggers (Netafim
Irrigation, Inc., Fresno, CA, USA),
spaced 1 m apart and positioned 1 m
above the bench surface. Irrigation
was managed using a battery-operated
Hunter NODE controller (Hunter In-
dustries, San Marcos, CA, USA) con-
nected to a solenoid valve, programmed
to mist the trays three times daily for
5 min per event. Seedlings were main-
tained on the mist bench for 8 weeks
and fertilized weekly with Miracle-Gro
water soluble-all-purpose plant food
(Scotts Miracle-Gro Company, Marys-
ville, OH, USA) at 50 to 100 ppm as
they developed.

Experiment 1. Effect of AMF on
bell pepper response to
contrasting irrigation regimes
The objective of this experiment
was to simulate water stress under green-
house conditions and assess whether
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AMEF inoculation affects plant perfor-
mance, stress indicators, and plant-water
relations. The experiment was conducted
using a two-factor factorial arrangement
of treatments in a randomized complete
block design. The first factor was the irri-
gation regime, with two levels: well wa-
tered and water deficient. The second
factor was AMF application, consisting
of two levels: AMF applied at seeding
and a noninoculated control. Treatments
were replicated across six blocks (# = 6)
to account for spatial variation in temper-
ature and light within the greenhouse.
Each potted plant was considered a bio-
logical replicate. Well-watered plants
were irrigated on a fixed schedule
twice daily, with irrigation duration
adjusted from 2 to 5 min per event
over time to accommodate increasing
plant water demand. Water-deficient
plants were irrigated only after visible
wilting began. Wilting was assessed daily
between 1100 and 1400 HR, and plants
were watered to container capacity at
each imrigation event when necessary.
This management approach imposed re-
peated cycles of water deficit and recovery
throughout the experimental period. For
the AMF treatments, 0.25 g of the com-
mercial AMF spore product was applied
directly to each planting hole at seeding,
following the product label instructions.
This localized application was selected to
maximize physical contact between AMF
propagules and the emerging root sys-
tem, thereby increasing the likelihood of
early colonization. Planting holes were
manually created to a depth of 0.5 to
1 cm, and the spore product was applied
with a precision measuring spoon before
seced placement. The sceds were then
sown, lightly covered with soilless sub-
strate, and watered in to ensure contact
between the inoculum and the seed
zone. Noninoculated control treatments
did not receive any AMF product. After
8 weeks, the plants were transported
from the Fox Greenhouse to a secondary
greenhouse at the NC State University
Horticulture Field Laboratory (lat.
35.7909°N, long. 78.6977°W), which
housed the specialized equipment
needed to conduct the remainder of
the experiment. Environmental condi-
tions in the second greenhouse were
comparable to those in the Fox Green-
house, although light transmission
was lower, ranging from 60% to 80%.
No supplemental lighting was used.
The seedlings were transplanted into
7.57-L black plastic nursery containers
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(24 cm x 23 cm) filled with 2300 g of
soilless substrate (Sun Gro Metro-Mix
830), adjusted to 51% moisture content
at potting. Six plants per treatment were
retained for analysis, resulting in a final
analytical sample size of 24 plants. In
some cases, irrigation timers failed to ac-
tivate as scheduled or soil-moisture sen-
sors stopped recording; therefore, only
plants with reliable irrigation delivery
and continuous weight records were in-
cluded in the water-use analyses. Fol-
lowing transplanting, the seedlings were
maintained under optimal irrigation
conditions for 4 weeks to ensure ade-
quate root establishment. During this
establishment period, all plants were
irrigated to full container capacity and
allowed to drain freely. After initiation
of irrigation treatments, the plants were
grown for an additional 7 weeks until
harvest. Throughout the experiment,
all plants were fertigated using a piston
injector system (Dosatron, D25, 11 gpm;
Dosatron, Clearwater, FL, USA) supply-
ing Jack’s Professional 20N-10P-20K
Peat-Lite (J.R. Peters, Inc., Allentown,
PA, USA). The electrical conductivity of
the nutrient solution increased from 0.64
to 2.5 dS-m ™! as plant demand increased
over time. At 5 weeks after irrigation treat-
ments were initiated, supplemental cal-
cium was applied through the irrigation
water at a concentration of 200 ppm to
reduce blossom-end rot incidence; conse-
quently, the total amount of calcium re-
ceived by each plant was determined by
its cumulative irrigation volume. To stabi-
lize the plant, a plastic stake was inserted
into the growing media ~5 cm from the
stem and secured to the plant using
Velcro tape. Soil surface evaporation
was minimized by covering the me-
dia with a polyethylene foam sheet
(30.5 cm x 30.5 cm, 0.158-cm thick-
ness) cut to fit the pot diameter. A
Decagon 10HS soil moisture sensor
(Meter Group, Pullman, WA, USA)
was installed in each pot to monitor
volumetric water content. Irrigation
was delivered using two Netafim (Ne-
tafim USA, Fresno, CA, USA) stake
drip emitters (2.3 L-h ™! capacity each)
per container, positioned on opposite
sides of the plant and connected via
spaghetti tubing.

LOAD CELL SYSTEM AND WATER
CATCHMENT DESIGN. The greenhouse
was equipped with a Titan environ-
mental control system (Argus Control
Systems, Langley, Canada) with load
cell Modbus interface modules to

integrate load cells into the control
network (Fig. 1). Container weight
for each plant was recorded at 1-min
intervals and stored via a computer
interface (Advanced Control Solu-
tions, Marietta, GA, USA). The green-
house has six Titan systems, each
controlling three benches, for a total
of 18 benches. Fach bench was equipped
with eight load cells, with four plants in-
stalled per bench. The load cells used
were Ohaus CKW3R single-platform
models with a measurement accu-
racy of 0.001 Ib. To quantify the
amount of water used by each plant,
a gravity-based water-catchment sys-
tem was constructed to measure pot
mass and leachate runoft separately.
Each potted plant was placed on a
raised load cell, while drainage was
collected on an adjacent unraised load
cell. The load cell was mounted on a
platform, and two wooden wedges
(20 cm x 3.175 cm x 0.635 cm)
were placed on the scale to create a
slight downslope. A 25-cm x 51-cm
black plastic propagation tray, modi-
fied with drainage holes drilled into
the downslope side, was positioned
on the wedges. The plant pot was
placed inside the tray on the upslope
end to ensure that all leachate flowed
toward the drainage holes. The propa-
gation tray was carefully aligned so that
its drainage holes emptied directly above
a second, unraised load cell. A 25-cm x
25-cm black plastic tray without drain-
age holes was placed on a second load
cell, parallel to the propagation tray, to
collect and weigh all leachate runoft
from the plant. This design was used to
separate plant-container weight changes
from drainage losses, thereby improving
the estimation of daytime water con-
sumption under contrasting irrigation
regimes.

PLANT GROWTH, PHYSIOLOGICAL
MEASUREMENTS, AND YIELD ASSESSMENT.
Plant height was measured weekly
from the official start of the experi-
ment (initiation of irrigation treat-
ments) until termination (7 weeks in
total) using a handheld yardstick from
the substrate surface to the highest point
of the canopy. Stomatal conductance to
water (gsw), leaf temperature, and maxi-
mum quantum yield of photosystem 11
(leaf Fv/Fm) were measured during four
sampling periods using a handheld poro-
meter/fluorometer (LI-600; LI-COR
Biosciences, Lincoln, NE, USA). At each
sampling event, visibly wilted plants were
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Fig. 1. Greenhouse bell pepper plants grown in individual containers on an
automated gravimetric irrigation platform equipped with load cells, irrigation
tubing, and drainage collection trays for continuous monitoring of plant water

use and controlled irrigation delivery.

counted separately in the two drought
treatments, with and without AMF inoc-
ulation. The smaller of these two counts
was used as the common sample size (7)
for that event. Accordingly, » wilted
plants were sampled from each drought
treatment, and » plants were randomly
selected from each well-watered treat-
ment. This approach maintained equal
replication across all treatments in the
factorial design. Because the number of
wilted plants changed over time, the
sample size also varied among sampling
events. Leaf Fv/Fm was assessed on
leaves adapted to darkness for at least
30 min. For leaf water potential deter-
mination, fully expanded leaves were
collected by cutting the petiole with a
razor blade. The samples were imme-
diately placed in sealed plastic bags
containing damp paper towels, stored
in a cooler, and transported to the
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laboratory for analysis. The PMS instru-
ment model 1505D pressure chamber
(PMS Instrument Company, Albany,
OR, USA) was used to measure leaf wa-
ter potential by applying controlled gas
pressure to excised leaves. Once fruit
coloration had initiated across treat-
ments, the entire crop was harvested,
with all fruit from each plant collected.
Fruits were graded as marketable or
unmarketable based on size, shape,
and visual quality according to US
Department of Agriculture (USDA) bell
pepper grading standards (Agricultural
Marketing Service-US Department of
Agriculture 2025). Fruit number and to-
tal fruit weight per plant were recorded.
Following harvest, the plants were ended
and separated into shoot and root com-
ponents for biomass determination.
Shoot biomass was collected by cut-
ting the stem at the substrate surface,

and the samples were dried in a
forced-air oven at 75 °C for 1 to 2 weeks,
after which dry weights were recorded.
For root biomass determination, the en-
tire root ball was removed from the con-
tainer, and excess substrate was shaken
off. The roots were washed with tap wa-
ter over a 2.5-mm mesh sieve to mini-
mize biomass loss. Clean roots were air-
dried at room temperature for 1 week,
sealed in labeled plastic bags, and
weighed before AMF colonization
analysis.

AMF ROOT COLONIZATION
ASSESSMENT. Root colonization by
AMF was quantified using a stan-
dard staining and microscopy pro-
cedure. Segments of ~2 cm of first-
and second-order lateral roots were
excised from the dried root systems
and rehydrated in deionized water
for 12 h. Due to excessive root pig-
ment, the samples were cleared in a
10% (w/v) KOH solution for 12 to
14 h at room temperature. After-
ward, the used KOH solution was
replaced with fresh solution, and
the sample was cleared a second
time by heating it in a gently boil-
ing water bath at 100°C for 15 min,
followed by three rinses with deionized
water. The roots were then stained
with Pelikan black ink and an acetic
acid (vinegar) solution at 100°C for
7 min. After staining, the roots were
rinsed twice with deionized water and
submerged overnight in deionized wa-
ter to reduce excess stain. Prepared
root segments were mounted in water
on petri dishes and examined under a
dissecting microscope at 10x to 40x
magnification. Root colonization was
assessed based on the presence or ab-
sence of visually identifiable AMF
structures within individual root seg-
ments. Specific AMF structures, in-
cluding arbuscules and vesicles, were
not independently quantified; there-
fore, this assessment provides a mea-
sure of root colonization but does not
directly quantify the functional activity
of the mycorrhizal association.

STATISTICAL ANALYSIS. Daytime
plant water consumption was calcu-
lated from minute-by-minute con-
tainer weight data obtained via load
cells and analyzed in R version 4.5.1
(R Core Team, Vienna, Austria) with
the tidyverse and lubridate packages.
Individual irrigation events were iden-
tified by detecting increases in con-
tainer weight of 30 g or more between
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consecutive 1-min measurements, which
were classified as irrigation “peaks.” For
well-watered treatments, the plants
were irrigated twice daily at 0900
and 1600 HR. Water-use events were
defined as beginning 1 h after the
morning irrigation peak, at 1000 HR,
to allow drainage and postirrigation
weight stabilization to occur, and
ending at 1530 HR, 30 min before
the next scheduled irrigation. This
resulted in a standardized 5.5-h water-
use period. Because water-deficit treat-
ments were not irrigated on a fixed
schedule, their water-use events were
defined as beginning 1 h after each
detected irrigation peak and continu-
ing for the same 5.5-h duration. Us-
ing an equivalent 5.5-h postirrigation
interval for both irrigation treatments
allowed water use to be compared over a
consistent measurement period. Total
water consumption per event was calcu-
lated as the difference in container weight
over the event duration. Hourly water
consumption rates (g-h™') were calcu-
lated by dividing total water use by event
duration. Additional statistical analyses
were conducted using JMP student edi-
tion, version 18.2.2 (SAS Institute Inc.,
Cary, NC, USA). Repeated measure
data, including plant height, stoma-
tal conductance, chlorophyll fluores-
cence, leaf temperature, leaf water
potential, and container weight, were
analyzed using generalized linear mixed
models (GLMM:s) with a normal distri-
bution. Model assumptions were evalu-
ated using residual diagnostic plots,
including normal Q-Q plots and plots
of studentized residuals against pre-
dicted values, to assess normality and
homogeneity of variance. The experi-
ment included six blocks, which were
incorporated into all models as a ran-
dom effect. For repeated-measures
variables, plant nested within block
was included as the experimental sub-
ject to account for repeated observa-
tions on the same plant over time.
Fixed effects included irrigation regi-
men, AMF application, sampling
order, and their interactions. Single-
measurement response variables, in-
cluding aboveground biomass, root
biomass, fruit yield, days between
wilting events, and cumulative water
consumption, were analyzed using
mixed-effects models with a normal
distribution and fixed effects of row,
irrigation regimen, AMF application,
and their interaction. The percentage
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Table 1. Treatments to evaluate the effect of the application method of arbuscu-
lar mycorrhizal fungi on bell pepper under different nitrogen supply levels.

Application method and timing

Treatment Seeding Transplant Nitrogen rate (kg-ha ')’
1 NA (control) NA (control) 134.5
2 Planting hole NA 134.5
3 Irrigation water NA 134.5
4 Mix in media NA 134.5
5 NA Planting hole 134.5
6 NA Irrigation 134.5
7 NA (control) NA (control) 67.25
8 Planting hole NA 67.25
9 Irrigation water NA 67.25
10 Mix in media NA 67.25
11 NA Planting hole 67.25
12 NA Irrigation 67.25

I Nitrogen rates were adjusted using different concentrations of a 20N-10P-20K all-purpose water-soluble

fertilizer.
NA = not applicable.

of AMF root colonization was ana-
lyzed using a GLMM with a binomial
distribution to estimate the probabil-
ity of colonization. All models gen-
erated descriptive statistics, including
means, standard deviations, and 95%
confidence intervals. When significant
main effects or interactions were de-
tected, treatment means were sepa-
rated using Fisher’s least significant
difference test at « = 0.05.

Experiment 2. Effects of AMF
inoculation and N rate on bell
pepper growth and performance
The objective of this experiment
was to evaluate whether the method
and timing of AMF application influ-
enced root colonization and overall
plant performance under contrasting
N fertility regimes. Bell pepper plants
were inoculated with AMF spores ei-
ther at seeding or at transplanting and
grown through harvest to assess treat-
ment effects. Plant performance indica-
tors were measured at key developmental
stages, including vegetative growth, flow-
ering, and fruiting. The experiment em-
ployed a split-plot design with three
factors. The whole-plot factor was N
fertilizer rate, with two levels: 67.25
and 134.5 kg-ha™'. The subplot fac-
tors consisted of AMF application
method with four levels (noninocu-
lated control, planting hole, growing
media, and irrigation water) and ap-
plication timing with two levels (at
seeding or at transplanting). This re-
sulted in six AMF treatment combina-
tions evaluated at each N level, for a
total of 12 treatment combinations,

including one control treatment per
N rate (Table 1). Blocking was used
to account for spatial variation in temper-
ature and light within the greenhouse.

The AMEF spore product described
above was applied using three inocula-
tion methods: (1) direct placement
in the planting hole, (2) application
through irrigation water, and (3) in-
corporation into the growing media.
For the planting-hole treatment at
seeding, 0.25 g of AMF product was
placed directly into each planting hole
using a measuring spoon. The holes
were manually created to a depth of
0.5 to 1.0 cm, after which seeds were
placed and lightly covered with soilless
substrate. New transplants, grown as
described above, were used, and 1.0 g
of the AMF product was applied to
cach planting hole at transplanting. The
holes were dug to a depth of ~4 cm,
corresponding to the size of the trans-
plant plug, and the inoculum was
placed in the hole immediately be-
fore transplanting.

For the irrigation-water treatment,
an AMF suspension was prepared at a
concentration of 12 g of product per
gallon (3.78 L) of water. Following
seeding, germination trays were irri-
gated with the suspension using over-
head irrigation until container capacity
was reached. For treatments receiving
AMEF at transplanting, the same sus-
pension was applied immediately af-
ter transplanting by irrigating each
container, up to container capacity.

For the growing-media treatment,
the AMF product was thoroughly in-
corporated into the soilless substrate at
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arate of 8.5 g-ft > (300 g-m?) before
filling germination trays. The substrate
was mixed until a homogeneous distri-
bution of spores was achieved and
then used for seeding. This applica-
tion method was used only during
seedling production and was not eval-
uated at transplanting because incor-
poration into container media is generally
impractical under commercial production
conditions.

The seedlings were transplanted at
the Fox Greenhouse into 7.57-L black
nursery containers (24 cm x 23 cm)
filled with Sun Gro Metro-Mix 830 soil-
less substrate at ~50% moisture content
at the time of planting. AMF treatments
applied at transplant included planting-
hole application and irrigation-water ap-
plication. A total of 40 seedlings were
transplanted per treatment, resulting in
480 plants in the experiment. Each con-
tainer was equipped with a single Neta-
fim stake drip emitter positioned near
the root zone. Irrigation was sched-
uled using a battery-operated Hunter
NODE controller and applied four
times daily at 0700, 1000, 1300,
and 1600 HR. Irrigation duration
ranged from 2 to 5 min throughout
the growing period as plant water
demand increased and was adjusted
to prevent leaching through the con-
tainer’s drainage holes. The plants
were horizontally trellised using to-
mato twine supported by metal rods
attached to the greenhouse benches.
The plants were fertigated weekly at N
rates equivalent to either 67.25 kg-ha™!
(50% of the average recommended rate
for bell pepper) or 134.5 kg:ha™! (100%
of the average recommended rate for bell
pepper without mulching, according to a
southeast US vegetable production hand-
book) (Kemble 2025). Fertilizer solu-
tions were prepared by weighing and
dissolving 20N-10P-20K all-purpose sol-
uble fertilizer in water to achieve the tar-
get N concentration. Fach plant received
100 mL of the concentrated fertilizer so-
lution once per week during morning
hours. From transplanting, the plants
were grown for 13 weeks until harvest
initiation.

PLANT GROWTH, YIELD, AND
BIOMASS MEASUREMENTS. Plant height
was measured every 2 weeks using a
handheld yardstick from the substrate
surface to the highest point of the
canopy. Aboveground biomass sam-
ples were collected biweekly and at fi-
nal harvest by cutting the stems at the
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Fig. 2. (A) Percentage of root colonization of bell pepper plants by arbuscular
mycorrhizal fungi (AMF) under well-watered and water-deficient irrigation (P =
0.0320). (B) Effect of irrigation and AMF inoculation on bell pepper daytime
water consumption under greenhouse conditions (P = 0.0225). The data include
six biological replicates, and different letters indicate treatments with significantly
different means (Fisher’s least significant difference a = 0.05).

substrate surface and placing the sam-
ples in paper bags. The samples were
dried in a forced-air oven at 75 °C for
1 to 2 weeks and then weighed. Leaf
tissue samples collected at termination
were dried using the same protocol
and subsequently processed for foliar
nutrient analysis. Days to flowering af-
ter transplanting were recorded as the
time point at which 50% of the plants
in a treatment exhibited fully open
flowers. Fruit harvest occurred on
three occasions at 1-week intervals.
Only fruit that had initiated color
change or had fully colored were har-
vested. Fruits were graded as market-
able or unmarketable based on size,
shape, and visual appearance accord-
ing to USDA bell pepper grading
standards. Both the number of fruit
and the fresh weight per plant were
recorded. Following the final har-
vest, all plants were ended and sepa-
rated into shoot and root components
for further analysis, as previously

described. Root biomass was deter-
mined by carefully removing the en-
tire root ball from the container and
shaking oftf excess substrate. The
roots were washed with tap water
over a 2.5-mm mesh sieve to mini-
mize biomass loss. Clean roots were
air-dried at room temperature for 1 week,
sealed in labeled plastic bags, and weighed
before AMF root colonization analysis.

AMF ROOT COLONIZATION
QUANTIFICATION. AMF root coloni-
zation was assessed using the same clear-
ing and staining procedure as outlined
for experiment 1.

STATISTICAL ANALYSIS. Statistical
analyses were conducted using JMP
student edition, version 18.2.2 (SAS
Institute Inc.). The Fit Model plat-
form was used to evaluate data distribu-
tions and explore relationships among
experimental factors, with results dy-
namically linked to statistical summa-
ries. Plant height and fruit yield were
analyzed as repeated-measures responses
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Fig. 3. Effect of irrigation levels and arbuscular mycorrhizal fungi (AMF)
inoculation on stomatal conductance to water (leaf gsw) (P = 0.0001) (A) and
leaf temperature in bell pepper plants under greenhouse conditions (P = 0.0001)
(B). The data include four biological replicates per treatment, evaluated at four
sampling times (# = 16). For water-limited treatments, plants with visible wilting
were selected for measurements. Different letters indicate treatments with
significantly different means (Fisher’s least significant difference o = 0.05).

using generalized linear mixed models
with a normal distribution. Shoot bio-
mass collected across sampling dates was
analyzed with sampling time as a fixed
effect. Final root biomass and foliar nu-
trient concentrations were analyzed
as single-measurement variables us-
ing mixed-effects models with normal
distributions. Fixed effects included
AMF inoculation treatment, fertilizer
rate, weeks after transplanting, and all
corresponding two- and three-way in-
teractions. Block and the appropriate
whole-plot and subplot error terms
were incorporated into the models to
account for the split-plot experimental
design. Percent AMF root coloniza-
tion was analyzed using a GLMM
with a binomial distribution. For this
analysis, each root segment was classi-
fied as colonized or not colonized
based on the visual presence of AMF
structures, and the model estimated
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the probability of colonization. Days
to flowering were analyzed using a
GLMM with an exponential distribu-
tion because the response represented
time until an event occurred. Flower-
ing was considered to have occurred
when at least 50% of the plants within
a treatment reached the flowering
stage. For all response variables, de-
scriptive statistics, including means,
standard deviations, and 95% confi-
dence intervals, were calculated. When
significant treatment effects were de-
tected, the means were separated using
Fisher’s least significant difference test
ata = 0.05.

Data availability

The data supporting the findings
of this study are available from the
corresponding author upon reasonable
request.

Results

Experiment 1

AMF did not mitigate the nega-
tive impact of limited irrigation on
plant function, growth, and produc-
tion. Fungal structures associated with
AMF colonization were not detected
in noninoculated plants, indicating
that the selected growing medium
did not contain detectable native AMF
under the staining and microscopy
conditions used in this study. In con-
trast, AMF-inoculated plants exhib-
ited measurable root colonization,
and colonization levels differed sig-
nificantly between irrigation treat-
ments (Fig. 2). Well-watered plants
showed ~9% greater root coloniza-
tion than water-limited plants, indicat-
ing that the irrigation regime influenced
AMF establishment and persistence
within the root system. Despite dif-
ferences in AMF colonization, inoc-
ulation did not significantly alter the
frequency of visible wilting events
under water-deficit conditions. Among
water-limited plants, the average number
of days to wilting was similar between
the inoculated and noninoculated treat-
ments, with mean intervals of 4.33 and
4.15 d, respectively. These results sug-
gest that under the imposed cyclic
drought stress, AMF inoculation did
not delay the onset of visible wilting
symptoms. Daytime water consump-
tion rates were quantified for each
treatment using load-cell measurements
collected during the morning and late-
afternoon irrigation periods. AMF inoc-
ulation did not significantly affect water
consumption rates within either irriga-
tion regime. In contrast, irrigation
treatment had a pronounced effect on
water use, with well-watered plants
exhibiting a 42% higher rate of water
consumption (g/plant/h) compared
with water-limited plants (Fig. 2).
This difference reflects the imposed
irrigation management strategy and
confirms the effectiveness of the water-
deficit treatment in reducing plant
water use.

The gsw was not significantly af-
fected by AMF inoculation. Across irriga-
tion treatments, AMF-inoculated and
noninoculated plants exhibited mean gsw
values of 0.567 and 0.646 mol-m 25,
respectively. In contrast, the irrigation re-
gime had a strong effect on gsw, with
well-watered plants exhibiting 312%
higher gsw than water-limited plants
(Fig. 3). Leaf temperature was similarly
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Fig. 4. Effect of irrigation levels and arbuscular mycorrhizal fungi (AMF)
inoculation on maximum quantum yield of photosystem II (Leaf FvFm) (P <
0.0017) (A) and leaf water potential in bell pepper plants under greenhouse
conditions (P = 0.0020) (B). The data include four biological replicates per
treatment, evaluated at four sampling times (2 = 16). For water-limited
treatments, plants with visible wilting were selected for measurements. Different
letters indicate treatments with significantly different means (Fisher’s least

significant difference a = 0.05).

unaffected by AMF inoculation, with
mean values of 31.6 and 31.5°C ob-
served for inoculated and noninocu-
lated treatments, respectively. However,
the irrigation regime significantly influ-
enced leaf temperature, as leaves of well-
watered plants were ~10% cooler than
those of water-limited plants (Fig. 3).
These differences reflect the contrasting
plant water status imposed by the irriga-
tion treatments.

In this study, leat Fv/Fm was not
significantly affected by AMF inocula-
tion, with mean values of 0.7625 and
0.7572 observed for inoculated and non-
inoculated plants, respectively (Fig. 4).
These values indicate no severe photo-
chemical impairment across treatments
and no detectable effect of AMF on pho-
tosystem II efficiency under the imposed
conditions. Water-limited plants contin-
ued to exhibit high leaf Fv/Fm values
(Fig. 4), indicating that although the
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water-deficit regime affected gsw and leaf
temperature, it was not severe enough
to cause severe PSII impairment. Dif-
ferences in leaf Fv/Fm between well-
watered and water-limited plants were
minor and should not be interpreted
as evidence that water limitation im-
proved plant health. A significant in-
teraction between AMF inoculation
and irrigation regime was observed
for leaf water potential (Fig. 4). Un-
der water-deficit conditions, leaf water
potential of AMF-inoculated plants
was statistically similar to that of well-
watered plants receiving AMF, whereas
noninoculated water-deficit plants
exhibited lower values than those of
well-watered plants. Across treatments,
water-deficient plants displayed leaf water
potential values that differed by ~15%
from those of well-watered plants.
Similarly, plants inoculated with AMF
under well-watered conditions showed

a slight tendency toward a higher
negative pressure than plants with-
out AMF. This interaction indicates
that the irrigation regime strongly
influenced plant water status and that
AMF inoculation was associated with
a modified leaf water potential re-
sponse under water-deficit conditions.
However, this physiological response
did not coincide with improvements
in plant growth, water consumption,
or fruit yield.

Bell pepper canopy height was
not significantly affected by AMF in-
oculation under either irrigation re-
gime. When averaged across irrigation
treatments, AMEF-inoculated plants
reached a mean height of 43.03 cm,
whereas noninoculated plants aver-
aged 42.4 cm. In contrast, the irriga-
tion regime significantly influenced
canopy height, with well-watered plants
exhibiting a 21% greater height com-
pared with plants subjected to water-
deficit conditions (Fig. 5). Similarly,
average fruit weight per plant was not
significantly affected by AMF inocula-
tion across irrigation treatments. AMF-
inoculated plants produced an average
of 582.3 g of fruit per plant, while noni-
noculated plants averaged 513.6 g. The
irrigation regime had a pronounced ef-
fect on fruit yield, with well-watered
plants producing ~50% greater fruit
mass per plant than water-deficient
treatments (Fig. 5). Aboveground bio-
mass was not significantly influenced
by AMF inoculation under either irri-
gation regime. When averaged across
irrigation treatments, AMF-inoculated
plants produced a mean aboveground
biomass of 54.67 g, while noninocu-
lated plants averaged 52.7 g. In con-
trast, the irrigation regime had a
significant effect on aboveground bio-
mass, with well-watered plants exhib-
iting 61% greater biomass compared
with plants grown under water-deficit
conditions (Fig. 6). Root biomass fol-
lowed a similar pattern, with the irri-
gation regime emerging as the only
factor significantly affecting growth
(Fig. 6). Plants maintained under
well-watered conditions produced root
biomass that was ~22% greater than
that of water-deficit plants. No signifi-
cant effect of AMF inoculation on root
biomass was detected within either irri-
gation treatment.

ExpERIMENT 2. AMF did not im-
prove plant development or yield. Bell
pepper root colonization by AMF was
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Fig. 5. Effect of irrigation levels and arbuscular mycorrhizal fungi (AMF) inoculation
on plant height over the growing period (P = 0.0006) (A) and fruit weight at
harvest of bell pepper plants under greenhouse conditions (P =< 0.0027) (B). The
data include six biological replicates, and different letters indicate treatments with
significantly different means (Fisher’s least significant difference a = 0.05).

significantly influenced by N fertilizer
rate, with plants receiving 67.25 kg-ha ™
of N exhibiting ~8 percentage points
greater root colonization compared with
those receiving 134.5 kg-ha™' (Fig. 7).
Inoculation method also had a signifi-
cant effect on colonization. AMF ap-
plication at seeding resulted in higher
colonization rates than at transplant,
with mean colonization values of 57%
and 49%, respectively, corresponding
to an increase of ~8 percentage points
when inoculation occurred at seeding.
Difterences between AMF application
methods were also observed. Both the
planting-hole application at seeding
and incorporation of AMF into the
growing media resulted in significantly
greater root colonization compared
with application via irrigation at trans-
plant (Fig. 7). These results indicate
that both N fertility level and the tim-
ing and method of AMF application
substantially influenced the extent
of root colonization in greenhouse-
grown bell pepper. Bell pepper foliar
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nutrient concentrations also differed
significantly between N fertilizer treat-
ments for all measured elements except
phosphorus and manganese (Table 2).
Foliar nutrient concentrations differed
between N fertilizer treatments, but
several nutrients were outside the es-
tablished sufficiency ranges for bell
pepper. Plants receiving 67.25 kg-ha ™!
of N exhibited elevated S, B, and Zn
concentrations, whereas plants fertil-
ized at 134.5 kg-ha™! of N showed el-
evated N, K, Mg, Ca, S, B, and Zn
concentrations, along with Cu concen-
trations below the sufficiency threshold
(Table 2). No consistent effects of
AMF inoculation method on foliar
nutrient concentrations were detected.
Time to flowering following transplant-
ing was not significantly influenced
by N fertilizer rate, AMF inoculation
method, or their interaction (Table 3).
Across all treatments, plants reached flow-
ering at an average of 37.6 d after trans-
plant, indicating similar developmental

timing regardless of fertility level or
inoculation strategy.

Fruit yield was not significantly
influenced by N fertilizer rate, AMF
inoculation method, or their interac-
tion (Table 3). The absence of yield
differences among N rates suggests
that N availability was sufficient even
at the lowest rate evaluated, with addi-
tional N providing no measurable yield
benefit. Because the N rates used in
this study were based on open-field rec-
ommendations, these results suggest
that directly transferring field-based N
rates to greenhouse production may
overestimate crop N requirements.
Greater control of irrigation and nutri-
ent delivery under greenhouse condi-
tions can reduce nutrient losses and
improve N-use efficiency, potentially
allowing comparable productivity with
lower N inputs. Likewise, although
AMEF colonized the roots, the symbi-
osis provided little additional agro-
nomic benefit when nutrient availability
was already sufficient. The absence of
treatment effects on canopy height and
shoot and root biomass further sup-
ports this interpretation. Mean fruit
weight declined progressively across
harvests, from 151 g in the first har-
vest to 121 g in the second and
94.16 g in the third. Because this de-
cline occurred across treatments, plant
developmental stage or changes in en-
vironmental conditions likely exerted
a greater influence on fruit growth
later in the production cycle than N
supply or AMF inoculation. This in-
terpretation is also consistent with the
reduction in canopy height growth at-
ter week 7, which coincided with fruit
development and harvest and likely re-
flected a shift in assimilate allocation
from vegetative to reproductive growth.

Discussion

Across two complementary green-
house experiments, AMF inoculation re-
sulted in measurable root colonization
but did not consistently improve bell
pepper growth, physiological perfor-
mance, yield, nutrient status, or phe-
nological development under either
contrasting irrigation regimes or N
fertility levels. Neither the timing
nor the method of commercial AMF
application altered plant height, bio-
mass accumulation, fruit yield, or
time to flowering, despite clear treat-
ment effects on AMF establishment.
Collectively, these results indicate that,
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Fig. 6. Effect of irrigation levels and arbuscular mycorrhizal fungi (AMF)
inoculation on dry aboveground biomass (P = 0.0001) (A) and dry root biomass
of bell pepper plants under greenhouse conditions (P = 0.0161) (B). The data
include six biological replicates, and different letters indicate treatments with
significantly different means (Fisher’s least significant difference o = 0.05).

under intensively managed greenhouse
conditions, AMF colonization alone is
insufficient to confer agronomic bene-
fits to bell pepper. Nitrogen fertilizer

rate also did not significantly affect
plant growth or yield, as similar per-
formance was observed at 67.25 and
134.5 kg-ha™'. This outcome likely

reflects the high efficiency of irriga-
tion and fertigation management in
greenhouse systems, where nutrients
are supplied frequently and losses
are minimized, resulting in consis-
tently adequate nutrient availability
across treatments (Carrasco et al. 2024).
Despite the lack of plant performance
responses, AMF root colonization was
strongly influenced by application
method and timing. Inoculation at
seeding consistently resulted in greater
colonization than inoculation at trans-
plant, while planting-hole application
and incorporation into the growing
media generally resulted in greater col-
onization than irrigation-water applica-
tion. These patterns indicate that early
physical proximity between AMF prop-
agules and developing roots favored
colonization in this containerized sys-
tem (Griinfeld et al. 2022). However,
the colonization assessment used in
this study quantified the presence of
AMEF structures within roots but did
not quantify arbuscule abundance or
other indicators of functional nutrient
exchange (Luginbuehl and Oldroyd
2017; Roth and Paszkowski 2017,
Wang et al. 2017). Therefore, al-
though the commercial inoculant pro-
duced detectable root colonization,
the functional status of the resulting
association cannot be determined from
colonization percentage alone. This
represents an important limitation
when interpreting the absence of phys-
iological or agronomic responses.
High nutrient availability and
repeated stress cycles may suppress
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Fig. 7. Effect of nitrogen fertilizer rates (kg-ha™') and arbuscular mycorrhizal fungi (AMF) inoculation method on root
colonization rates in bell pepper plants grown under greenhouse conditions. Inoculation methods include AMF applied to
seed at the time of seeding (seed) and AMF applied to transplant at the time of transplanting (transplant). Application was to
the planting hole (PH), via irrigation (IR), or directly into the media mix (MM). The data include six biological replicates,
and different letters indicate treatments with significantly different means (Fisher’s least significant difference a = 0.05).
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Table 2. Effect of two nitrogen rates on bell pepper foliar nutrient content un-
der greenhouse conditions, in Raleigh, NC, in 2025.

Nitrogen rates and recommended range

Nutrient and P value 67.25 kg-ha™! 134.5 kg-ha™! Range

N % (P = 0.0001) 4430 537 a 3% to 5%

P % (P = 0.1496) 0.37 0.34 0.3% to 0.6%
K % (P = 0.0003) 447 b 5.38 a 3% to 5%
Mg % (P = 0.0005) 0.71b 1.02 a 0.3% to 0.6%
Ca% (P = 0.0109) 2.38Db 2.72a 1.5% to 2.5%
S % (P = 0.0001) 0.95a 0.75 b 0.3% to 0.4%
B ppm (P = 0.0003) 80.17 a 66.83 b 20 to 60 ppm
Zn ppm (P = 0.0009) 125.01 a 100.50 b 25 to 50 ppm
Mn ppm (P = 0.0709) 90.17 104.17 30 to 150 ppm
Fe ppm (P = 0.0201) 125.67 b 155.33 a 50 to 200 ppm
Cu ppm (P = 0.0119) 6.17 a 483 b 5 to 20 ppm

Different letters among N rate columns for each nutrient indicate significant differences according to Fisher’s

least significant difference (a = 0.05).

AMF functionality, providing a likely
explanation for the disconnection be-
tween colonization intensity and plant
response. Results from the irrigation
experiment further reinforce that water
availability was the dominant factor con-
trolling bell pepper physiological re-
sponses and productivity. Well-watered
plants exhibited greater biomass accu-
mulation, fruit yield, and AMF colo-
nization than water-limited plants,
whereas water-deficit treatments were
characterized by reduced gsw, elevated
leaf temperature, and substantially lower
yields. Although AMF inoculation did
not significantly affect gsw, daytime wa-
ter consumption, or the frequency of
visible wilting events, a significant inter-
action between AMF inoculation and ir-
rigation regime was observed for leaf
water potential. Under water-deficit
conditions, AMF-inoculated plants

showed leaf water potential values
comparable to those of well-watered
plants receiving AMF, while nonino-
culated water-deficit plants exhibited
lower values. This suggests a limited
physiological effect of AMF on plant
water status during stress. However,
this response did not translate into
improved stomatal conductance, wa-
ter consumption, growth, or yield,
indicating that the observed change
in leaf water potential was insuffi-
cient to confer an agronomic benefit
under the conditions of this study.
These findings underscore that even
moderate, repeated water stress can
significantly reduce bell pepper pro-
ductivity and that irrigation manage-
ment remains the primary determinant
of yield in greenhouse systems. The
absence of AMF-mediated improve-
ments in stomatal conductance and

daytime water use during well-watered
and water-limited conditions contrasts
with numerous reports on field crops,
in which AMF have been shown to en-
hance drought resistance and water-
use ecfficiency under more severe or
prolonged droughts (Duan et al. 2024;
Oliveira et al. 2022; Xiao et al. 2023).
Differences in crop species, stress inten-
sity, substrate volume, nutrient regime,
and carbon availability likely account
for these contrasting outcomes. Simi-
larly, results from the N experiment
demonstrated that foliar nutrient con-
centrations were driven by fertilizer
rate rather than AMF inoculation.
Although AMF are commonly associ-
ated with enhanced nutrient uptake,
particularly phosphorus, no consistent
effects of AMF on foliar nutrient sta-
tus were observed. High baseline lev-
els of P and K| typical of greenhouse
vegetable production, may have re-
duced plant reliance on mycorrhizal
nutrient acquisition pathways. This
finding aligns with reports on maize
and other crops showing that AMF
benefits can be neutral or even negative
under high-input conditions, under
which nutrient imbalances or carbon
costs outweigh potential gains (Thielicke
et al. 2023). In intensive vegetable sys-
tems, this creates a fundamental tension:
nutrient regimes required to maximize
yield may inherently limit AMF func-
tionality. The limited effectiveness
of AMF observed in this study ap-
pears to be closely tied to the character-
istics of intensively managed greenhouse
vegetable systems. High nutrient avail-
ability, frequent and precise irrigation,

Table 3. Effect of nitrogen rates and AMF inoculation method on plant height, dry biomass, fruit yield, and time to flow-
ering in bell pepper plants cultivated under greenhouse conditions, in Raleigh, NC, in 2025.

Biomass (g/plant)

Conditions Plant height (cm) Shoot Root Fruit yield (g/plant) Days to flowering
Fertilizer rate
67.25 kg-ha™! nitrogen 90.68 14.04 8.08 1004.88 38
134.5 kg-ha™! nitrogen 99.92 15.84 7.68 995.97 37
Significance ns ns ns ns ns
Inoculation method
Control 94.87 15.07 7.83 1014.37 37
Seed planting hole 95.22 15.11 8.05 988.75 38
Seed irrigation 96.75 14.89 7.84 1001.77 38
Seed media mix 96.72 14.96 7.77 1040.83 38
Transplant planting hole 95.28 15.21 8.08 1044.75 37
Transplant irrigation 92.96 14.40 7.79 912.08 38
Significance ns ns ns ns ns
Interaction
Fertilizer rate x inoculation method ns ns ns ns ns

AMF = arbuscular mycorrhizal fungi; ns = nonsignificant according to Fisher’s least significant difference (o = 0.05).
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soilless substrates, and restricted root
volume are likely to reduce plant depen-
dence on mycorrhizal-mediated re-
source acquisition (Baum et al. 2015;
Fuentes-Penailillo et al. 2024; Gruda
2019; McNew et al. 2025). In addi-
tion, the carbon cost of maintaining
AMF symbiosis may outweigh poten-
tial benefits when water and nutrients
are readily available (Kiers et al. 2011).
Evidence of this trade-off was sug-
gested by trends in leaf water potential
under well-watered conditions, under
which AMF-inoculated plants tended
to exhibit more negative values than
noninoculated plants, suggesting a
possible physiological cost in resource-
rich environments. Under the specific
environmental conditions, fertility re-
gimes, and commercial AMF product
evaluated in this study, AMF inocula-
tion did not enhance plant function,
nutrient uptake, or yield performance in
water-limited greenhouse-grown bell
pepper. These findings do not negate
the potential value of AMF in vegeta-
ble production; rather, they highlight
the context-dependent nature of my-
corrhizal benefits and the need for
system-specific evaluation (Torres-
Quezada et al. 2025). In intensively
managed greenhouse systems, in which
plant stress is minimized through pre-
cise control of irrigation, nutrition,
temperature, light, and humidity, the
functional role of AMF may be inher-
ently constrained.

Conclusions

This study evaluated the perfor-
mance of a commercial AMF inocu-
lant in greenhouse-grown bell pepper
across contrasting irrigation regimes,
N fertility levels, and application strat-
egies. Measurable AMF root coloniza-
tion occurred and varied with application
timing, method, and fertility level; how-
ever, these differences did not translate
into consistent improvements in plant
growth, physiological performance, fruit
yield, plant nutrition, or developmental
timing. Although root colonization
alone does not demonstrate that a
tully functional mycorrhizal symbio-
sis was established, the presence of
AMEF structures within the roots con-
firms that the inoculant reached and
colonized the root system. Under this
premise, AMF inoculation did not pro-
vide measurable improvements in bell
pepper performance under the green-
house conditions evaluated. Irrigation

Horflechnology + October 2026 36(5)

regime remained the dominant factor
affecting plant water use, growth, and
productivity, and AMF inoculation did
not mitigate the negative eftects of water
limitation. Likewise, AMF inoculation
did not improve plant nutritional status
despite measurable root colonization.
Therefore, while the functional status of
the mycorrhizal association cannot be
determined from colonization measure-
ments alone, the overall agronomic
outcome was clear: application of the
commercial AMF inoculant did not
improve crop performance relative to
noninoculated plants under the man-
agement conditions tested. Future
studies should incorporate direct as-
sessments of arbuscule abundance or
other indicators of functional nutri-
ent exchange while evaluating AMF
under production systems in which
biological mediation of water and nutri-
ent acquisition may play a greater role.
Overall, these findings provide a useful
benchmark for growers and researchers
and support a more targeted, evidence-
based approach to AMF integration in
greenhouse vegetable production.
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