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Abstract. Because hydroponic operations in the United States can be certified as organic,
and because the price of chemical fertilizers has increased, there is an increasing interest
in using organic fertilizers and beneficial microorganisms for controlled-environment agri-
culture. However, there is a scarcity of information regarding their effectiveness and ap-
plication methodologies. We investigated the effects of inoculating Azospirillum brasilense
and Rhizophagus intraradices and using organic fertilizers on growing lettuce (Lactuca sat-
iva ‘Cherokee’) and tomato (Solanum lycopersicum ‘Red Robin’) young plants in an in-
door vertical farm. Seeds were sown in rockwool substrate, with A. brasilense (1.05 x 10
colony-forming units-L™") or R. intraradices (580 propagules-L™") applied weekly via sub-
irrigation. Seedlings received chemical fertilizer, organic fertilizer derived from corn steep
liquor and fermented fish by-products, and food waste-derived organic fertilizer at 100 ppm
total nitrogen every 2 or 3 days. They were grown indoors at 23 °C under light-emitting diode
lighting at a photosynthetic photon flux density of 200 pmol-m~>-s~" with an 18-hour photo-
period. Lettuce under organic fertilizers had 75% lower shoot fresh mass and 64% less shoot
dry mass compared with lettuce under chemical fertilizer. Similarly, tomato seedlings with
organic fertilizers had fewer leaves, 75% less shoot fresh mass, and 67% less shoot dry mass.
In both lettuce and tomato, the macronutrient and micronutrient concentrations in plant tis-
sues were generally similar regardless of fertilizer treatments, but nitrogen use efficiency and
nitrogen uptake efficiency were lower under organic fertilizers compared with those under
chemical fertilizer. The inoculation of A. brasilense or R. intraradices showed limited effects
on plant nutrient uptake, nutrient concentrations, and seedling growth in both lettuce and to-
mato. Further research is necessary to optimize application methods for organic fertilizers
and beneficial microorganisms to fully harness the benefits of sustainable alternative fertil-
izers in soilless and hydroponic crop production.

In controlled-environment agriculture, in-
cluding indoor vertical farms and greenhouses,
the use of soilless media and hydroponics has
gained more popularity than traditional soil-
based approaches. The use of soilless media
and hydroponic techniques for crop production
presents several benefits compared with tradi-
tional soil-based approaches, including the po-
tential for increases in crop yields and quality,
greater water and nutrient use efficiency, the
option to recycle water and nutrients, effective
environmental control, and mitigation against
soilborne diseases and pests (Barbosa et al.
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2015; Bergstrand et al. 2020; Lorenzo et al.
2013). Because the current food production
system is facing challenges, such as decreases
in freshwater resources and arable lands, climate
change, rapid population growth, and food inse-
curity, the use of soilless and hydroponic culti-
vation with controlled-environment agriculture
is increasing (Jan et al. 2020; Schnitzler 2013).
Although chemical fertilizer remains the
primary nutrient source in soilless and hydro-
ponic crop production, there is growing interest
in using organic fertilizers (Hooks et al. 2022;
Phibunwatthanawong and Riddech 2019). Or-
ganic fertilizers are made from diverse organic
sources, such as animal manure, fish by-prod-
ucts, plant residues, food waste, and algae
(Bergstrand 2022). Using organic fertilizers re-
sults in several advantages, such as nutrient re-
cycling, diminished reliance on minerals used
to produce chemical fertilizers, the supply of
beneficial biostimulants, and the potential to
harvest organic produce (Bergstrand et al.
2020; Hidalgo et al. 2021; Mazeh et al. 2021;
Niu and Masabni 2022). However, incorporat-
ing organic fertilizers into soilless and hydro-
ponic cultivation can pose more challenges
compared with chemical fertilizers. When or-
ganic fertilizers are used, many nutrients bound
within organic substances are not readily

accessible for direct plant uptake, necessitating
microbially mediated mineralization processes
to release the nutrients (Bergstrand et al. 2020;
Burnett et al. 2016). However, sterile and inert
soilless substrates, such as rockwool, typically
lack a robust microbial community, making it
challenging to provide adequate and accessible
nutrients during soilless and hydroponic crop
cultivation (Grunert et al. 2016; Shinohara et al.
2011; Thomas et al. 2023).

One potential method of increasing the effi-
ciency of organic fertilizers in soilless and hy-
droponic crop production is harnessing the
abilities of plant growth-promoting microor-
ganisms (PGPMs) (Bartelme et al. 2018; Para-
diso et al. 2017; Sheridan et al. 2017). PGPMs
are free-living or symbiotic bacteria and fungi
that colonize plant roots and provide benefits
to their host plants by increasing the availabil-
ity of nutrients, enhancing plant nutrient up-
take, regulating phytohormone production, and
improving resistance to environmental stresses
(Batista and Singh 2021; de Souza et al.
2015; Lopes et al. 2021). Some popular
PGPMs for commercial use include the plant
growth-promoting bacteria (PGPB) Azospiril-
lum and arbuscular mycorrhizal fungi (AMF).
Bacteria belonging to the genus Azospirillum
have been known to promote plant growth by
fixing nitrogen (N), synthesizing phytohor-
mones (including auxins, cytokinins, gibberel-
lins, abscisic acid, ethylene, and salicylic acid),
solubilizing phosphate, and stimulating root
growth (Cassan and Diaz-Zorita 2016; Fukami
et al. 2018; Zeffa et al. 2019). Although most
studies included cereal crops, the plant growth-
promoting effects of Azospirillum were ob-
served in 113 plant species of 35 botanical
families (Pereg et al. 2016). The AMF colonize
plant root cells by forming arbuscules for the
exchange of nutrients with their host plants (Li
et al. 2014). The AMF aid in plant growth by
increasing the decomposition of organic mate-
rials, thus enhancing the efficiency of plants to
uptake water and nutrients and synthesizing
plant hormones (Begum et al. 2019; Parniske
2008). The majority of land plants establish a
symbiotic relationship with AMF, which oc-
curs in 70% to 90% of land plant species
(Wang et al. 2017). During the past decades,
studies of AMF inoculation involving 43 plant
families, including Asteraceae, Fabaceae,
Poaceae, and Solanaceae, have reported
the effects of AMF on plant biomass gain,
increased crop yield, and enhanced plant
nutrition; however, there are variabilities
of the effects of AMF on their host plants,
which are associated with the host specific-
ity (Berruti et al. 2016; Chen et al. 2018;
Yang et al. 2012).

However, although the establishment,
function, and efficacy of PGPM on plants can
be influenced by various abiotic factors, the
majority of studies of PGPM effects were
conducted in traditional soil and field condi-
tions, with relatively few investigations per-
formed in soilless and hydroponic settings under
a controlled environment (Majeed et al. 2018;
Mishra and Sundari 2013; Mwashasha 2016). In
general, the impact of PGPMs is more pro-
nounced under harsh or stressful environment
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because PGPMs often play a protective role for
both themselves and host plants against condi-
tions like drought, salinity, and pathogens
(Balkrishna et al. 2022). In controlled environ-
ments optimized for plant growth, PGPMs
can occasionally outcompete plants for es-
sential nutrients, such as nitrate and oxygen,
negatively affecting overall plant growth
(Maclntyre et al. 2011; Moncada et al. 2021).
The PGPM effects tend to be more significant
under soil conditions than in soilless condi-
tions because of the presence of organic mat-
ter in the soil that serves as a nutrient source
for microbes and the favorable environmental
conditions in the rhizosphere that promote
microbial activity (Khare et al. 2014). There-
fore, it is expected that the distinct environmental
characteristics under the controlled environment
and soilless media will influence the interactions
between plants and PGPM, subsequently affect-
ing plant benefits derived by PGPMs (De Haas
et al. 2021; Paradiso et al. 2017; Sheridan et al.
2017).

This study aimed to evaluate the impact of
using organic fertilizers and PGPMs instead of
chemical fertilizer for soilless and hydroponic
crop production in controlled-environment ag-
riculture. We grew lettuce (Lactuca sativa) and
tomato (Solanum lycopersicum) in rockwool
in an indoor vertical farm using two different
types of organic fertilizers, both with and with-
out inoculation with PGPB Azospirillum or
AMF. We chose lettuce and tomato as our fo-
cal crops because they are among the most
commonly grown using hydroponic and soilless
cultivation techniques (Walters et al. 2020). Ad-
ditionally, there is relatively limited information
regarding the impact of PGPMs in hydroponic
and soilless cultivation, especially when com-
pared with the abundance of studies of cereal
crops. By focusing on lettuce and tomato, this
study sought to contribute practical insights into
the potential implications of organic fertilizers
and PGPMs in soilless and hydroponic crop
production.

Materials and Methods

Plant materials and growing environment.
This study was conducted twice, in Aug 2020
and Mar 2021; in each replication, there
were nine treatments (3 PGPM treatments x
3 fertilizer treatments). For each treatment,
40 rockwool cubes (A-OK Starter Plug 3.6 cm %
3.6 cm x 4.1 cm; Grodan, Milton, ON, Canada)
were placed in a plastic plant tray (52.8 cm x
274 cm x 6.1 cm; Hawthome, Vancouver, WA,
USA), and 20 seeds of tomato ‘Red Robin’
(Park Seeds, Greenwood, SC, USA) and 20
seeds of lettuce ‘Cherokee’ (Johnny’s Selected
Seeds, Winslow, ME, USA) were sown in indi-
vidual rockwool cubes. The seeded trays were
covered with humidity domes and placed in a
growing rack with three tiers inside a research in-
door vertical farm on the Arizona State Univer-
sity Polytechnique campus (Mesa, AZ, USA).
Three trays under the same fertilizer with three
PGPM treatments were placed on the same tier
of the growing rack. One week after sowing,
when both lettuce and tomato seeds germinated,
the humidity domes were removed.
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The seedlings were grown at a set air tem-
perature of 23 °C under sole-source lighting
from blue + red + white LEDs (T8 Double-
Row LED Indoor Grow Light; Homer Farms
Inc., Mesa, AZ, USA) at a photosynthetic 2pho-
ton flux density (PPFD) of 200 wmol-m~>-s™"
with an 18-h photoperiod. The air temperature
was continuously monitored on the center of
each tier of the growing rack at the seed-
ling height using a hygrometer thermome-
ter (H57075; Shenzhen Intellirocks Tech Co.,
Shenzhen, Guangdong, China). The radiation
spectrum and PPFD were measured using a
spectroradiometer (PS-300; StellerNet, Inc.,
Tampa, FL, USA) by taking the average of
nine predetermined points inside each grow-
ing rack tier at the seedling tray height. The
radiation spectrum from blue + red+ white
LEDs consisted of 28.0% blue (400-500
nm), 17.6% green (500600 nm), 78.8% red
(600-700 nm), and 3.6% far-red (700-800
nm) photons.

PGPM and fertilizer treatments. PGPM
treatments were applied at sowing and weekly
after sowing. At sowing, rockwool cubes were
presoaked, and there were three trays of tap wa-
ter (control), three trays of AMF solution, and
three trays of PGPB Azospirillum solution. The
AMF solution was formulated with Rhizopha-
gus intraradices at a concentration of 580 prop-
agules-L ™', which was achieved by manually
blending 2.36 g of mycorrhizal inoculum wet-
table powder (Mykos mycorrhizal wettable
powder; Reforestation Technologies Interna-
tional, Gilroy, CA) with every 1 L of tap water,
in adherence to the recommended dosage indi-
cated on the product label. The PGPB solution
was prepared using A4. brasilense at a concentra-
tion of 1.05 x 10® CFU-L ™. This was achieved
by adding 1.05 mL of Azos red liquid plant
growth-promoting bacteria (Reforestation Tech-
nologies International) to every 1 L of tap water
according to the manufacturer’s recommended
dosage as stated on the product label. After
sowing, the rockwool cubes were inoculated
weekly through sub-irrigation with 1 L of tap
water, PGPB Azospirillum solution, or AMF
solution.

One week after sowing, when both lettuce
and tomato seeds germinated, seedlings were
irrigated as needed, every 2 or 3 d, through
sub-irrigation with nutrient solutions made
from tap water supplemented with chemical
fertilizer (Chemical) [15N (3% ammoniacal N
and 12% nitrate N)-5P,05—20K,0; Jack’s
Nutrients FEED; JR Peters, Allentown, PA,
USA], organic bio-fertilizer derived from corn
steep liquor and fermented fish by-products
(OCF) [3N (0.16% ammoniacal N, 2.63%
other water soluble N, and 0.21% water in-
soluble N)-3P,05-2K,0; AgroThrive Organic
Bio-fertilizers; AgroThrive, Gonzales, CA,
USA], or organic fertilizer derived from an-
aerobically digested food waste (OF) [0.06N
(0.0378% ammoniacal N and 0.0222% or-
ganic N)-0.026P,05-0.1191K,0; Climate
Saver, Homer Farms Inc.] at 100 ppm N
(Table 1). Furthermore, 100 ppm N was se-
lected as the typical N rate used for hydroponic
and soilless lettuce and tomato transplants
(Henry et al. 2018; Whipker et al. 2018).

Table 1. The calculated concentration (in ppm) of
nitrogen (N), phosphorous (P), and potassium
(K) concentrations of fertilizer treatment solu-
tions made with chemical fertilizer (Chemical),
organic fertilizer derived from corn steep li-
quor and fermented fish by-products (OCF),
and organic fertilizer derived from food waste
(OF).

N (pm) P (ppm) K (ppm)
Chemical 100 15 111
OCF 100 44 55
OF 100 19 165

Before each application, the pH of PGPM treat-
ment solutions and fertilizer treatment solutions
were adjusted to a pH of 5.8 to 6.0 with diluted
(1:1) 95% to 98% sulfuric acid (J.Y. Baker,
Inc.) and potassium bicarbonate (Earthborn
Elements; American Fork, UT, USA), and the
electrical conductivity (EC) and pH of each
solution were measured using a pH and EC
meter (HI9814; Hannah Instruments; Woon-
socket, RI, USA) (Table 2). Additionally, to de-
termine the effects of fertilizer treatments on
the dissolved oxygen level in the nutrient solu-
tion, additional fertilizer treatment solutions
were made in 5-gallon buckets according to the
previously described method. Then, we moni-
tored the dissolved oxygen level of these fertil-
izer treatment solutions in the 5-gallon buckets
every 2 d for 2 weeks after their preparation
using a dissolved oxygen meter (850048; Sper
Scientific, Scottsdale, AZ, USA).

Data collection and analysis. In each rep-
lication, the following seedling growth data
were collected from 10 plants per treatment
per species 3 weeks after sowing seeds: leaf
number (leaf length =1.5 cm); leaf length
and width for the first true leaf; relative chlo-
rophyll concentration [Soil and Plant Anal-
ysis Development (SPAD) index] with a
handheld SPAD meter (SPAD-502; Konica
Minolta Sensing, Inc., Chiyoda, Tokyo,
Japan); shoot fresh mass and shoot dry
mass after =5 d in a drying oven (Hafo
1600 Oven; VWR International, LLC, Au-
rora, CO, USA) at 86 °C with an analytical
balance (PB602-S; Mettler Toledo, Colum-
bus, OH, USA); plant diameter (lettuce
only) measured with a ruler; stem diameter
(tomato only) measured with a digital cali-
per; and seedling height (tomato only)
measured with a ruler.

To analyze plant tissue nutrients, we com-
bined dried plant samples from each treat-
ment within each replication and submitted
them to an analytical laboratory (Plant Tis-
sue, Waste & Compost, Solutions and Soil-
less Media Testing Laboratory, Agronomic
Division, North Carolina Department of Agri-
culture and Consumer Services, Raleigh, NC,
USA). In the analytical laboratory, samples
were dried overnight (12-24 h) at 80°C and
then processed through a stainless steel grinder
with a 20-mesh (1-mm) screen. The total
N concentration was determined by oxygen
combustion gas chromatography with an ele-
mental analyzer. The total concentrations of
phosphorous (P), potassium (K), calcium (Ca),
magnesium (Mg), sulfur (S), iron (Fe), manganese
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Table 2. Means (£SD) of electrical conductivity (EC) and pH of plant growth-promoting microorgan-
isms (PGPMs) treatment solutions, including tap water (control), arbuscular mycorrhizal fungi
(AMF), and plant growth-promoting bacteria Azospirillum (PGPB), and fertilizer treatment solu-
tions made with chemical fertilizer (Chemical), organic fertilizer derived from corn steep liquor
and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF),

throughout two replications (reps).

EC (mS-cm™") pH
Rep 1 Rep 2 Rep 1 Rep 2

PGPM treatment solutions

Tap water 0.82 £ 0.04 0.99 £+ 0.08 5.84 £ 0.04 5.83 £0.01
AMF 1.03 £ 0.07 1.09 + 0.04 5.94 +0.18 5.86 = 0.03
PGPB 0.97 £ 0.04 0.99 £+ 0.08 591 +0.15 5.84 £ 0.02
Fertilizer treatment solutions

Chemical 1.60 = 0.06 1.51 £ 0.15 5.85+0.10 5.85 £ 0.02
OCF 1.33 £0.10 1.36 £ 0.14 5.84 £ 0.05 5.87 £ 0.03
OF 2.02 +£0.08 2.13 £0.21 5.80 +£0.12 5.87 = 0.03

(Mn), zinc (Zn), copper (Cu), and boron
(B) were determined with inductively coupled
plasma-optical emission spectrometry (Spectro
Arcos EOP and Arcos II EOP; Spectro Ana-
lytical). Because of the limited dry mass of to-
mato plants, total concentrations of P, K, Ca,
Mg, S, Fe, Mn, Zn, Cu, and B were assessed
using combined samples from both replica-
tions. The N use efficiency [shoot dry mass
(mg)/applied N (mg)], N uptake efficiency
[shoot N content (mg)/applied N (mg)], and N
utilization efficiency [shoot dry mass (mg)/
shoot N content (mg)] were calculated (Anas
et al. 2020; Colla et al. 2010; Goins et al.
2004; Masclaux-Daubresse et al. 2010), and
each value was presented relative to that of
the plants grown under chemical without
PGPMs. Similar to the N uptake, the P up-
take efficiency [shoot P content (mg)/applied
P (mg)] and K uptake efficiency [shoot K
content (mg)/applied K (mg)] were calcu-
lated, and each value was presented relative
to that of the plants grown under chemical
without PGPMs.

The experiment used a randomized com-
plete block design (RCBD) with two blocks.
With the RCBD design, a block is a grouping
of experimental units that share similar charac-
teristics aimed at minimizing the impact of po-
tential sources of variability. In this context,

Control

Chemical |

each replication in the study was considered a
block. The experimental units were plant trays,
and the plant trays were considered the basis
for applying PGPM and fertilizer treatments.
For the plant growth analysis, within each plant
tray, the observational units were 10 individual
seedlings per species serving as the sub-
samples for analysis. This RCBD design al-
lowed for controlled variability management,
thus ensuring a comprehensive evaluation of
the treatments on individual seedlings within
the specified blocks. Data from two replica-
tions were pooled and analyzed with the SAS
(version 9.4; SAS Institute, Inc., Cary, NC,
USA) using the PROC MIXED procedure
with two fixed factors (PGPM and fertilizer
treatments) and two random factors (blocks
and the interaction among blocks, PGPM treat-
ments, and fertilizer treatments). Using PROC
MIXED, the pairwise comparisons between
treatments were conducted by performing
Tukey’s honestly significant test at 7 < 0.05.

Results

Lettuce. The PGPM treatments had little to
no effect on lettuce seedling growth (Fig. 1 and
Table 3). Lettuce seedlings grown with OCF or
OF had a smaller plant diameter (39%—55%),
leaf length (37%—55%), leaf width (36%—54%),

Fig. 1. Lettuce seedlings grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic
fertilizer derived from corn steep liquor and fermented fish by-products (OCF), and organic fertil-
izer derived from food waste (OF), either without (control) or with arbuscular mycorrhizal fungi
(AMF) or plant growth-promoting bacteria Azospirillum (PGPB).
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shoot fresh mass (65%—-85%) and shoot dry
mass (51%—78%) than those grown with Chem-
ical. The leaf number and SPAD index were
generally similar among fertilizer treatments, al-
though the SPAD index was greater under OF
with AMF than under Chemical. The OCF
and OF had similar effects on lettuce seed-
ling growth.

Tomato. The PGPM treatments did not in-
fluence tomato seedling growth (Fig. 2 and
Table 4). Tomato seedlings grown with OCF
or OF had 0.7 to 1.2 fewer leaves and lower
shoot fresh mass and shoot dry mass (65%—81%
and 54%-76%, respectively) than those grown
with Chemical. Stem lengths were 33% to 51%
shorter and stem diameters were 30% to 40%
smaller under OCF or OF than under Chemical.
The leaf lengths with OCF and OF were 33% to
53% shorter than those with Chemical, except
for those with PGPB, for which the leaf lengths
were similar to those with Chemical with AMF.
Leaf widths with OCF and OF were similar or
25% to 65% smaller than those with Chemical.
In general, OCF and OF had similar effects on
the leaf number, leaf size, leaf width, shoot fresh
mass, and shoot dry mass. The SPAD index val-
ues were similar regardless of microorganisms
and fertilizer treatments.

Plant tissue nutrient concentrations. For
lettuce seedlings, PGPM treatments did not af-
fect the concentration of any macronutrients
and micronutrients in lettuce seedlings
(Table 5). Lettuce seedlings accumulated 55%
to 71% less P under OF compared with Chemi-
cal and OCF, except when lettuce seedlings
had similar P levels under OCF and OF with
PGPB. Lettuce seedlings with OCF and OF
had similar or 40% to 43% lower K concentra-
tions than those with Chemical. Conversely, let-
tuce seedlings with OF had 333% to 685%
higher or similar Fe levels compared to those
with Chemical and OCF. Lettuce seedlings
with OCF showed similar or 67% to 68%
lower Zn levels compared to those with Chemi-
cal, whereas lettuce seedlings with OF had sim-
ilar or 60% to 72% higher Zn than those with
Chemical. The N, Ca, Mg, S, Mn, Cu, and B
levels were similar among fertilizer treatments.
In general, the nutrient concentrations of to-
mato seedlings showed a similar trend with
lettuce in response to PGPM and fertilizer
treatments (Table 6).

Discussion

Effects of organic fertilizers. In this study,
when lettuce and tomato seedlings were fer-
tilized at the same 100 ppm total N concen-
tration, the shoot fresh mass measurements of
lettuce and tomato seedlings were 65% to
85% (shoot dry mass, 51%—78%) and 65% to
81% (shoot dry mass, 54%—76%) smaller un-
der organic fertilizers, regardless of the spe-
cific type, compared to chemical fertilizer,
respectively (Tables 3 and 4). Similarly, sev-
eral studies reported that at the same total N
level, plants have smaller biomass with or-
ganic fertilizer than with chemical fertilizer.
For example, in lettuce ‘Rouxai’, the fresh
mass was 29% to 35% smaller with fish-based
organic fertilizer than with the conventional
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Table 3. Effects of fertilizer treatments and plant growth-promoting microorganisms (PGPMs) treatments on plant growth characteristics of lettuce seed-
lings. Lettuce seedlings were grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic fertilizer derived from corn steep liquor
and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF), either without (control) or with arbuscular mycorrhizal
fungi (AMF) or plant growth-promoting bacteria Azospirillum (PGPB). Data represent the mean of two replications.

Plant Leaf Leaf Leaf SPAD Shoot fresh Shoot dry
Fertilizer PGPM diam (cm) number length (cm) width (cm) index mass (mg) mass (mg)
Chemical Control 6.5a' 4.7" 49 a 41a 244 ¢ 1352 a 85a
AMF 6.5a 4.5 51a 40a 25.4 be 1291 a 79 a
PGPB 6.4a 4.4 49 a 39a 23.4 be 1141 a 68 a
OCF Control 350 3.1 27b 22b 28.2 abc 295 b 27b
AMF 39b 32 3.1b 25D 26.7 abc 396 b 33b
PGPB 29b 2.8 23b 19b 26.5 abc 206 b 19b
OF Control 3.6b 3.2 270 21b 32.1 abe 357b 31b
AMF 350 3.1 270 20D 344 a 336 b 28 b
PGPB 370 35 30D 22b 30.5 ab 336 b 28 b
Significance
Fertilizer skl B ssksk sksksk sksksk sk sksksk
PGPM NS NS NS NS NS NS NS
Fertilizer x PGPM NS NS NS NS NS NS NS

vaifferent letters are statistically different at P < 0.05.
fiMeans with no lettering were found to have no significant difference at P < 0.05.
NS, *, #% or *** indicate not significant or significant at P < 0.05, 0.01, or 0.001, respectively.

nutrient solution at 150 ppm N (Lau and
Mattson 2021). In a separate study, squash
(Cucurbita pepo L.) ‘F1 Alata Yesili’ that
received liquid organic fertilizer containing
organic chicken manure showed an 18% re-
duction in shoot fresh mass compared with
chemical fertilizer at 151 ppm N (Dasgan and
Bozkoylu 2007). Together, these results indi-
cate that N use efficiency, defined as the ratio
of crop yield per N supplied (Anas et al. 2020;
Masclaux-Daubresse et al. 2010), is generally
lower under the organic fertilizers than under
chemical fertilizer.

The N use efficiency in plants is deter-
mined by N uptake efficiency and N utiliza-
tion efficiency (Anas et al. 2020; Masclaux-
Daubresse et al. 2010). The N uptake effi-
ciency quantifies how effectively plants ab-
sorb N from N sources, whereas N utilization
efficiency describes the ability of plants to as-
similate and remobilize N (Anas et al. 2020;
Masclaux-Daubresse et al. 2010). Our results
showed that the lower N use efficiency under
organic fertilizers was mainly caused by
lower N uptake efficiency, not N utilization
efficiency (Table 7). The N uptake efficiency

Control

Chemical

of plants depends on the types of N available
(Li et al. 2013). The N is available to plants
as either nitrate or ammonium. Most plants
preferably uptake nitrate over ammonium,
and ammonium at higher concentrations can
be toxic to the plants (Li et al. 2013). Chemi-
cal fertilizers provide N mostly in the form of
nitrate or ammonium ions. However, N in or-
ganic fertilizer often exists in the organic or
ammonium form that is needed to be con-
verted into nitrate for optimal plant uptake
(Bi et al. 2010; Dasgan and Bozkoylu 2007;
Gaskell and Smith 2007). In this study, 80%
and 20% of the N in the chemical fertilizer
were nitrate and ammonium, respectively. In
contrast, most of the N in the food waste-
based organic fertilizer existed in the ammo-
nium (63%) and organic N (37%) forms, al-
though the forms of N in the organic fertilizer
derived from corn steep liquor and fermented
fish by-products was less clear. The observed
lower N uptake efficiency under organic fer-
tilizers, compared with chemical fertilizer at
the same N level, could be, at least partly, at-
tributed to the lower nitrate concentration and

Fig. 2. Tomato seedlings grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic
fertilizer derived from corn steep liquor and fermented fish by-products (OCF), and organic fertil-
izer derived from food waste (OF), either without (control) or with arbuscular mycorrhizal fungi
(AMF) or plant growth-promoting bacteria Azospirillum (PGPB).
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higher organic and ammonium N content in
organic fertilizers.

When the fertilizer effects were compared
at the same N level in this study, while the
macro- and micronutrient concentrations in
plant tissues were generally similar among
fertilizer treatments, lettuce seedlings con-
tained less P under OF than under chemical
fertilizer (Table 5). The differences in P con-
centrations in lettuce seedlings was associated
with the concentrations of P (or N:P ratios) of
the fertilizers used in this study and the uptake
efficiency of P. The N:P ratios (in ppm) of
Chemical, OCF, and OF were 100:15, 100:44,
and 100:19, respectively (Table 1). The up-
take efficiency of P was 87%—94% lower un-
der organic fertilizers than under chemical
fertilizer (Table 7). Subsequently, the lower P
concentration in lettuce seedlings under OF
coincided with the similar P levels between
OF and the chemical fertilizer. When P level
was elevated under OCF compared to the
chemical fertilizer the concentrations of P in
plant tissues were similar to those observed
with the chemical fertilizer. Considering the
essential roles of P in plant development, the
lower concentrations of P in lettuce seedlings
under OF could be contributing factors to the
observed decreased plant growth and biomass
accumulation under OF.

In soilless media and hydroponics, the
dissolved oxygen level in the nutrient solu-
tion greatly affects the availability of oxygen
to plant roots, thereby influencing nutrient
uptake and root growth (Meselmani 2022;
Moran 2018). It is recommended to maintain
the dissolved oxygen concentration of nutri-
ent solution at or above the natural saturation
point (Moran 2018). However, in nutrient
solutions containing organic fertilizers, mi-
crobial decomposition and organic material
breakdown can decrease dissolved oxygen
levels (Kano et al. 2021). In addition, organic
fertilizers can promote the formation of bio-
film on plant roots, further decreasing dissolved
oxygen (Kano et al. 2021; Lau and Mattson
2021; Shinohara et al. 2011). The dissolved ox-
ygen level in the nutrient solution made with
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Table 4. Effects of fertilizer treatments and plant growth-promoting microorganisms (PGPMs) treatments on plant growth characteristics of tomato seed-

lings. Tomato seedlings were grown for 3 weeks after sowing under chemical fertilizer (Chemical),

and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF), either

organic fertilizer derived from corn steep liquor
without (control) or with arbuscular mycorrhizal

fungi (AMF) or plant growth-promoting bacteria Azospirillum (PGPB). Data represent the mean of two replications.

Stem diam Stem length Leaf Leaf length Leaf width SPAD Shoot fresh Shoot dry
Fertilizer PGPM (cm) (cm) number (cm) (cm) index mass (mg) mass (mg)
Chemical Control 2.5a 35a 30a 43 a 35a 53.2" 680 a 67 a
AMF 25a 37a 32a 43a 37a 50.8 680 a 67 a
PGPB 2.3 ab 33 ab 30a 39 ab 32 ab 52.5 566 a 53a
OCF Control 1.5b 21¢ 2.1b 20c¢ l4c 41.8 135b 18b
AMF 15b 20c¢ 20b 22¢ 1.6¢ 45.1 142 b 20 b
PGPB 1.5 ab 18 ¢ 20b 1.8 ¢ 13¢ 43.1 126 b 16 b
OF Control 1.6 ab 22b 20b 25¢ 1.8 be 42.1 184 b 24 b
AMF 1.6 ab 2.2 be 23D 2.6 be 1.9 be 53.8 197 b 24 b
PGPB 1.6 ab 2.4 be 22b 23¢ 2.4 abc 52.5 169 b 21b
Significance
Fertﬂizer skl sksksk sksksk sksksk sksksk 3k sksksk sksksk
PGPM NS NS NS NS NS NS NS NS
Fertilizer x PGPM NS NS NS NS NS NS NS NS

‘ Different letters are statistically different at P < 0.05.
" Means with no lettering were found to have no significant difference at P < 0.05.
"NS, *, ** or *** indicate not significant or significant at P < 0.05, 0.01, or 0.001, respectively.

organic fertilizer decreased by 1 to 6 ppm in
comparison with the nutrient solution made
with chemical fertilizer (Arancon et al. 2019;
Kano et al. 2021). It was observed that when
moderate amounts of hydrogen peroxide were
added to nutrient solution containing fish
emulsion, the resulting lettuce yield was com-
parable to that of conventional controls, pos-
sibly because of the increase in the dissolved
oxygen level (Lau and Mattson 2021). In this
study, following the preparation of the nutri-
ent solution, no additional oxygen supply
was provided, and the dissolved oxygen level
was consistently 1.5 to 5.6 ppm lower in the
nutrient solution made with organic fertilizer
derived from corn steep liquor and fermented
fish by-products, as well as organic fertilizer
derived from food waste, compared with the
nutrient solution made with chemical fertil-
izer (Fig. 3). Thus, there is a possibility that
the reduced nutrient uptake and plant growth
under organic fertilizers is at least partly asso-

Effects of PGPMs. The plant growth-
promoting effects of AMF and PGPB, medi-
ated by increased nutrient uptake and plant
hormone production, have been reported in a
wide range of crops (Grobelak et al. 2015;
Kim et al. 2017; Oljira et al. 2020; Shinohara
et al. 2011). However, in this study, the appli-
cation of AMF and PGPB had little to no effect
on nutrient uptake and plant growth in lettuce
and tomato seedlings (Tables 3—6). The ben-
eficial effects of AMF and PGPB on plant
growth can depend on root zone temperature
and pH because they can affect plant-microbe
interactions (Agehara and Warncke 2005;
Gaskell and Smith 2007; Moncada et al. 2021;
Saijai et al. 2016; Silgram and Shepherd 1999).
In general, plant growth-promoting effects of
AMF and PGPB increased under warm root
zone temperatures (25-40°C) and basic pH
(7.5-8.5) because these conditions become more
favorable for microbial activity (Curtin et al.

2012; Franzluebbers 1999; Jones and Hood
1980; Linn and Doran 1984; Lopes et al. 2021;

ciated with decreased oxygen levels in the
root zone.

Saijai et al. 2016). In this study, we grew lettuce
and tomato seedlings at the set air temperature
of 23 °C with an average nutrient solution pH of
5.8 principally for plant growth and nutrient up-
take. Little effects of AMF and PGPB applica-
tions could be attributable to lower temperatures
and lower pH than the ideal conditions for AMF
and PGPB, which can suppress the activities of
AMF and PGPB.

The little effects of AMF and PGPB on nu-
trient uptake and plant growth could be a re-
sult of unsuccessful inoculation of lettuce and
tomato seedlings with AMF and PGPB. The
plant growth-promoting effects of PGPMs
require the successful inoculation of plants
with microorganisms, which depend on the in-
oculation method, microbe inoculant density,
inoculation frequency, and root colonization
(Lopes et al. 2021). For example, plant growth-
promoting effects from the PGPB Phyllobacte-
rium brassicaearum showed dose-dependent
responses with the maximum growth poten-
tial on roots of rapeseed (Brassica napus)
from bacterial densities of approximately

Table 5. Effects of fertilizer treatments and plant growth-promoting microorganisms (PGPMs) treatments on the concentration of macronutrients [nitrogen
(N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S)] and micronutrients [iron (Fe), manganese (Mn), zinc (Zn), copper
(Cu), boron (B)] in lettuce seedlings. Lettuce seedlings were grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic fertilizer de-
rived from corn steep liquor and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF), either without (control) or
with arbuscular mycorrhizal fungi (AMF) or plant growth-promoting bacteria Azospirillum (PGPB). Data represent the mean of two replications.

Macronutrients (% dry mass)

Micronutrients (wg-g~' dry mass)

Fertilizer PGPM N P K Ca Mg S Fe Mn Zn Cu B
Chemical Control 4.44' 0.46 a" 6.12 ab 1.26 0.29 0.30 140 b 103 57b 10 161
AMF 4.74 0.52 a 6.52 a 1.29 0.31 0.34 174 b 112 60 ab 10 158
PGPB 4.63 052 a 6.57 a 1.27 0.30 0.33 105 b 101 53 be 9 130
OCF Control 3.59 0.44 ab 388D 0.88 0.26 0.24 105 b 55 19d 7 187
AMF 3.57 0.45 ab 4.26 ab 0.88 0.26 0.24 96 b 55 20 cd 4 111
PGPB 3.49 0.39 abc 376 b 0.82 0.25 0.23 108 b 46 19d 9 138
OF Control 4.90 0.15¢ 3770 0.91 0.23 0.32 416 ab 131 72 ab 8 102
AMF 4.74 0.17 ¢ 4.50 ab 1.20 0.33 0.34 754 a 240 91 a 14 145
PGPB 4.69 0.20 be 4.12 ab 0.85 0.24 0.32 316 ab 104 58 ab 8 116
Significance
Fertilizer 111 keoksk skeksk * NS seksk sk * keksk NS NS
PGPM NS NS NS NS NS NS NS NS NS NS NS
Fertilizer x PGPM NS NS NS NS NS NS NS NS NS NS NS

' Means with no lettering were found to have no significant difference at P < 0.05.
" Different letters are statistically different at P < 0.05.
MNS, *, ** or *** indicate not significant or significant at P < 0.05, 0.01, or 0.001, respectively.
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Table 6. Effects of fertilizer treatments and plant growth-promoting microorganisms (PGPMs) treatments on the concentration of macronutrients [nitrogen
(N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S)] and micronutrients [iron (Fe), manganese (Mn), zinc (Zn), copper
(Cu), boron (B)] in tomato seedlings. Tomato seedlings were grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic fertilizer
derived from corn steep liquor and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF), either without (control) or
with arbuscular mycorrhizal fungi (AMF) or plant growth-promoting bacteria Azospirillum (PGPB). Data represent the mean of two replications.

Macronutrients (% dry mass)

Micronutrients (pg-g~' dry mass)

Fertilizer PGPM N P K Ca Mg S Fe Mn Zn Cu B
Chemical Control 4.78' 0.42 431 1.80 0.45 0.34 137 49 36 8 117
AMF 5.05 0.46 4.26 1.71 0.42 0.38 144 42 36 7 134
PGPB 5.01 0.42 4.12 1.87 0.46 0.35 159 50 38 8 135
OCF Control 3.20 0.50 2.56 1.42 0.46 0.38 101 38 17 1 98
AMF 2.89 0.51 2.28 1.32 0.43 0.47 84 37 22 2 195
PGPB 2.85 0.51 2.26 1.38 0.46 0.41 96 40 18 1 103
OF Control 4.53 0.17 3.53 1.15 0.44 0.47 321 71 79 8 113
AMF 4.72 0.15 3.24 1.24 0.39 0.53 231 52 58 5 99
PGPB 4.60 0.12 2.85 1.13 0.39 0.43 292 66 61 6 100
Significance B
Fertilizer okl = - - - - - - - - -
PGPM- NS - - - - - - - - - -

Fertilizer x PGPM NS -

' Means with no lettering were found to have no significant difference at P < 0.05.
NS, *, ** or *** indicate not significant or significant at P < 0.05, 0.01, or 0.001, respectively.

i Statistical analysis was not conducted.

10" colony-forming unit (CFU)-L™" (Larcher
et al. 2008). In addition, because microor-
ganisms are usually immobile from the in-
oculation site to the rhizosphere, applying
inoculums close to the root zone has been
suggested (Lopes et al. 2021). In this study,
inoculation densities were made at 580
propagules/L for AMF and 1.05 x 10®
CFU-L ! for PGPB, in line with the recom-
mended levels for PGPM products. How-
ever, these concentration densities may not
have been optimal because the most success-
ful plant growth effects have been reported
by other studies that involved strains of
A. brasilense with densities of approximately
10° CFU-L™" and successful plant growth
effects from R. intraradices with densities
at 1000 propagules-g~' (Bashan and de-
Bashan 2002; Mangmang et al. 2015; Miki-
ciuk et al. 2019). Furthermore, in this study,

the applications of AMF and PGPB were
conducted weekly solely through sub-irriga-
tion. The relatively low inoculation density
and frequency of AMF and PGPB, along
with the absence of direct inoculation into
the seed and seedling roots, might have
contributed to the limited establishment of
PGPM populations in the root zone and,
consequently, hindered their subsequent
growth-promoting effects.

Additionally, the limited effects ob-
served with PGPMs might be attributed to
the relatively short duration (3 weeks) of
experimental periods. Although there is ev-
idence supporting the rapid inoculation of
AMF and the manifestation of plant growth-
promoting effects within a short timeframe
within 3 to 4 weeks after inoculation in various
crops, including lettuce (Aini et al. 2019), to-
mato (Balliu et al. 2015; Oseni et al. 2010),

cowpea (Vigna unguiculata) (Oyewole et al.
2017), cannabis (Cannabis sativa) (Kakabouki
et al. 2021), leek (Allium porrum), (Jansa et al.
2008), and medic (Medicago truncatula) (Jansa
et al. 2008), the effectiveness of AMF inocula-
tion in terms of successful root colonization
and plant growth promoting effects tends to in-
crease over time after inoculation (Jansa et al.
2008; Kakabouki et al. 2021; Qin et al. 2022).
Biologically active root exudates range
from discharged ions, free oxygen, water, en-
zymes, mucilage, and carbon compounds con-
taining primary and secondary metabolites,
such as amino acids and sugars (Hayat et al.
2017; Neumann et al. 2014). Root exudates act
as key mechanisms of interactive communica-
tion signals between plant and microbes in the
rhizosphere (Ortiz-Castro et al. 2009). For ex-
ample, root exudates in arabidopsis (4rabidop-
sis thaliana), including malic acid, aided in the

Table 7. Effects of fertilizer treatments and plant growth-promoting microorganisms (PGPMs) treatments on the relative nitrogen (N) use efficiency, N up-
take efficiency, and N utilization efficiency of lettuce and tomato seedlings and on the relative phosphorous (P) and potassium (K) uptake efficiency of
lettuce seedlings. Lettuce and tomato seedlings were grown for 3 weeks after sowing under chemical fertilizer (Chemical), organic fertilizer derived
from corn steep liquor and fermented fish by-products (OCF), and organic fertilizer derived from food waste (OF), either without (control) or with ar-
buscular mycorrhizal fungi (AMF) or plant growth-promoting bacteria Azospirillum (PGPB). Data represent the mean of two replications.

Lettuce Tomato
N N N P K N N N
use uptake utilization uptake uptake use uptake utilization
Fertilizer PGPM efficiency efficiency efficiency efficiency efficiency efficiency efficiency efficiency
Chemical Control 1.00 a' 1.00 a 1.00™ 1.00 a 1.00 a 1.00 a 1.00 a 1.00
AMF 093 a 0.99 a 0.93 1.05a 0.99 a 1.00 a 1.05 a 0.93
PGPB 0.81 a 0.84 ab 0.97 0.90 a 0.87 ab 0.79 a 0.84 a 0.95
OCF Control 032b 025¢ 1.22 0.10 b 0.40 be 027b 0.18 b 1.54
AMF 039b 0.31 be 1.22 0.12 b 0.55 abc 029 b 0.18 b 1.62
PGPB 022 b 0.17 ¢ 1.25 0.06 b 028 ¢ 0.24 b 0.14 b 1.67
OF Control 037b 0.39 be 0.89 0.10 b 0.16 ¢ 036 b 033 b 1.05
AMF 033 b 0.33 be 0.95 0.10 b 0.16 ¢ 0.36 b 034 b 1.00
PGPB 033 b 0.36 be 0.96 0.12 b 0.15¢ 031 b 030 b 1.02
Significance
Fertilizer kil Hk ) Hk Hokk Hk sk Hx
PGPM NS NS NS NS NS NS NS NS
Fertilizer x PGPM NS NS NS NS NS NS NS NS
vaifferent letters are statistically different at P < 0.05.
“ Means with no lettering were found to have no significant difference at P < 0.05.
NS, *, #% or *** indicate not significant or significant at P < 0.05, 0.01, or 0.001, respectively.
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Fig. 3. Means (£SD) of the monitored dissolved oxygen concentration of fertilizer treatment solution
made with chemical fertilizer (Chemical), organic fertilizer derived from corn steep liquor and fer-
mented fish by-products (OCF), and organic fertilizer derived from food waste (OF) for 2 weeks af-
ter their preparation. Data represent the mean of two replications. On each day, different letters
indicate a statistical difference among fertilizer treatment solutions at P < 0.05.

recruitment of PGPB Bacillus subtilis to seed-
ling roots (Rudrappa et al. 2008). In tobacco
(Nicotiana tavacum) and alfalfa (Medicago
sativa), transgenic plants modified to overpro-
duce root exudates showed increases in PGPM
colonization and shoot biomass compared with
control plants (Lopez-Bucio et al. 2000;
Tesfaye et al. 2003). A major factor influenc-
ing root exudation production is plant age
because seedings exudate smaller amounts than
mature plants (Aulakh et al. 2001; Badri and
Vivanco 2009; Lucas Garcia et al. 2001).
Because the present study investigated the ef-
fects of AMF and PGPB inoculation during the
young plant stage of lettuce and tomato, the
small amounts of root exudates released from
seedlings could less effectively facilitate the
plant-microbial interaction.

Conclusions

In this study, we evaluated the potential of
organic fertilizers and PGPMs as sustainable
alternatives to chemical fertilizer for two popu-
lar hydroponic crops, lettuce and tomato. Our
findings indicated that at the same total N con-
centration, the N use efficiency and N uptake
efficiency were lower under organic fertilizers
than they were under chemical fertilizer. Sub-
sequently, organic fertilizer derived from corn
steep liquor and fish by-product and from an-
acrobically digested food waste yielded com-
parable seedling growth in lettuce and tomato,
whereas chemical fertilization increased crop
yield. The inoculation of PGPB Azospirillum
and AMF had a limited or no effect on the nu-
trient uptake and plant growth of lettuce and
tomato seedlings, regardless of the fertilizer
types used. We suggest that the limited effec-
tiveness of PGPB Azospirillum and AMF in
this study could be attributed to less ideal envi-
ronmental conditions for PGPMs, suboptimal
establishment of PGPM populations because
of less effective inoculation methods and
relatively shorter experimental periods, and
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the early developmental stage of the plants
examined.

To further enhance our understanding of ef-
fective uses of organic fertilizers and PGPMs
for soilless and hydroponic crop production in
controlled-environment agriculture, additional
research is needed to understand the specific
factors that contribute to the observed low nu-
trient use and uptake efficiency under organic
fertilizers. This investigation could involve ex-
amining the effects of application rate, nutrient
release dynamics, dissolved oxygen concentra-
tions, and microbial interactions within the
root zone under organic fertilization. Consider-
ing the limited impact of PGPB Azospirillum
and AMF on nutrient uptake and plant growth,
it is necessary to explore potential optimization
strategies for their application. The research
focused on refining inoculation methods, ex-
ploring diverse microbial strains and their inter-
actions with host plant species and cultivars,
and considering the influence of environmental
factors, may enhance the inoculation success
of beneficial microorganisms and their plant
growth-promoting effects. Additionally, extend-
ing the scope of soilless and hydroponic crop
trials to include more species, cultivars, sub-
strates, hydroponic systems, and environmental
conditions could provide a more nuanced under-
standing of the applicability and generalizability
of our findings.
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