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ABSTRACT

Chemical fertilizers are commonly used for controlled environment agriculture
because they provide essential plant nutrient efficiently. However, rising fertilizer costs,
global phosphorous shortage, and the negative impacts of producing and using chemical
fertilizer are concerns for sustainable crop production. As sustainable alternatives to
chemical fertilizers, there is a growing interest in using organic fertilizers with beneficial
plant growth promoting microorganisms. The objectives of this research were to
investigate how the application of plant growth promoting bacteria and arbuscular
mycorrhizal fungi influences plant growth of lettuce (Lactuca sativa) and tomato
(Solanum lycopersicum) seedlings in soilless media under organic fertilization. In the first
study, the effects of Azosprillium brasilense and Rhizophagus intraradices inoculation on
lettuce and tomato seedling growth were quantified under two different organic fertilizer
types compared to under chemical fertilizer. The results showed that A. brasilense and R.
intraradices had little to no effect on any growth parameter measured in either species
regardless of fertilizer type. In the second study, an investigation of the co-inoculation of
A. brasilense and R. intraradices or increasing the application frequency of A. brasilense
or/and R. intraradices increased plant growth promoting effects in lettuce ‘Cherokee’ and
‘Rex’ grown under organic fertilization. An application frequency of every 2-days of the
R. intraradices without or with A. brasilense increased shoot fresh weight in both lettuce
cultivars by 51-58%, compared to un-inoculated control. In contrast, lettuce seedling
growth were similar without or with applying R. intraradices weekly or A. brasilense

regardless of frequency. Together, the results suggest that applying R. intraradices with a



proper application frequency can enhance plant growth of lettuce under organic

fertilization.
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CHAPTER1

LITERATURE REVIEW



LITERATURE REVIEW

Hydroponics

Hydroponics refer to growing plants in a nutrient solution with or without the use
of a soilless medium (Sharma et al., 2018). Different types of media can be used to
provide a foundation for plant growth including gravel, vermiculite, rockwool, peat moss,
saw dust, coir dust, and coconut fiber. Hydroponics enable precise controls of root-zone
environments, such as nutrient concentration, pH, dissolved oxygen, and temperature,
which all affect plant growth and nutrient uptake (Kozai et al., 2019). Compared to
traditional soil-based farming, the benefits of using hydroponics often include higher
yields, reduced crop production time, higher crop quality, water conservation, higher
benefit to cost ratios, and reduced need for arable soil (Majid et al., 2020).

Among several hydroponic systems, deep-water culture (DWC) and nutrient film
technique (NFT) are most used for commercial production (Sharma et al., 2018). In a
DWC system, plant roots are pendulated in a nutrient solution to receive an uninterrupted
quantity of water, oxygen, and nutrients (Aires, 2018). To prevent the plant roots from
downing in a DWC system, air pumps are employed to oxygenate the nutrient solution
(Aires, 2018). NFT systems pump nutrient solutions through channels and return the
solution to the starting point of the system. NFT recirculates the initial nutrient solution
analogous to a DWC system, however in an NFT system, the plant roots are not

completely immersed in the nutrient solution (Aires, 2018). DWC systems are more



favored because it is simpler and more inexpensive to install and use DWC over NFT

(Majid et al., 2020).

Nutrient solutions

Nutrient solutions in hydroponic systems need to supply 14 essential elements,
including six macronutrients [nitrogen (N), phosphorus (P), potassium (K), sulfur (S),
calcium (Ca), and magnesium (Mg)] and eight micronutrients at adequate concentrations
throughout the life cycle of the crop (Hochmuth and Hochmuth, 2001, Wada, 2019).
Synthetic inorganic fertilizers have been commonly used to formulate hydroponic
nutrient solutions with multiple advantages because the composition and concentrations
of macro and micronutrients can be easily refined with inorganic fertilizer; the inorganic
forms of macro and micronutrients are immediately available for plant uptake; and
chemical fertilizers can maintain a stable pH (Saeed et al., 2015). However, chemical
fertilizers can cause environmental problems such as fertilizer run-off into oceans causing
algal blooms as well as contaminating groundwater (Paull, 2009; Zaman et al, 2009).

Some recent studies report the potential of using sustainable organic fertilizers for
hydroponic crop production. Phibunwatthanawong and Riddech (2019) have
demonstrated that Green Cos lettuce (L. sativa var. longifolia) can be grown
hydroponically using liquid organic fertilizers produced from distillery slop, molasses,
and sugarcane leaves. Compared to Green Cos lettuce grown with chemical fertilizer,
those grown with organic fertilizers for 28 days had greater root length at least partly
associated with the existence of beneficial microorganisms and indole-acetic-acid (IAA)
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in organic fertilizers (Phibunwatthanawong and Riddech, 2019). In another study, fish-
based organic fertilizers in combination with Japanese maple tree bark compost as a
microbial inoculate increased lettuce (Lactuca sativa var. capitata) shoot fresh weight
compared to that grown with conventional fertilizer although this trend was not observed
in tomato (Solanum lycopersicum cv. ‘Ponderosa’) (Shinohara et al., 2011). In bok choy
(Brassica rapa var. Chinensis), the plants grown with corn steep liquor or conventional
chemical fertilizer at the same amount of total N had similar dry weight of leaves and

nutrient concentration, including K, Ca, and Mg (Kano et al., 2021).

Plant growth promoting microorganisms

Plant growth-promoting microorganisms (PGPMs) include symbiotic bacteria and
fungi that can provide benefits such as modulating the production of phytohormones,
increase the availability of soil nutrients, and protecting their host plants from disease and
abiotic stresses using a variety of plant-interaction mechanisms (Abhilash et al., 2016;
Asghari et al., 2020; Souza et al., 2015; Etesami, 2020). Some genera of plant growth
promoting bacteria (PGPB) used in commercial agriculture productivity include
Azospirillum, Bacillus, Burkholderia, Enterobacter, Flavobacterium, Pseudomonas,
Rhizobium, Frankia, Klebsiella, Clostridium, Trichoderma, Beauveria, Serratia, and
Streptomyces (Abhilash et al., 2016; Van Oosten et al., 2017; Goudacet al., 2018). Genera
for arbuscular mycorrhizal fungi (AMF) include Acaulospora, Entrophospora,
Gigaspora, Scutellospora, Glomus, Rhizophagus, and Sclerocystis (Dodd et al., 2000).
Two of the most studied plant growth promoting microorganisms include PGPB
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Azospirillum brasilense and AMF Rhizophagus intraradices formerly known as Glomus

intraadices.

Azospirllum brasilense

Azospirllium are plump, slightly curved rod gram-negative bacteria with a single
polar flagellum around 0.6-1.7 x 2.1-3.8 um in size (Baldani et al., 2015). The optimal
temperature for bacterial growth varies from 33 to 41°C and pH from 5.5 to 7.5 (Baldani
et al., 2015). Azospirillium bacterium can fixate atmospheric N into usable forms for
plant roots (Steenhoudt and Vanderleyden, 2000). In biological N fixation, nitrogenase is
the catalyst enzyme for the biochemical system (Kim and Rees, 1994). The mechanisms
which Azospirillium use to regulate nitrogenase activity is heavily dependent on oxygen
concentration, N availability, and type of strain. Azospirillium spp. enzyme activity is
most available at lower oxygen levels and become less active as oxygen levels increase
(Vande Broek et al., 1996). For A. Brasiliense, the optimum nitrogenase activity occurred
between 1%-2% of oxygen (Vande Broek et al., 1996). In contrast, when A. brasilense is
grown in an anaerobic environment below 1-2% of oxygen, N fixation structural genes
can dissimilate nitrate to nitrite or to nitrous oxide and N gas (Baldani et al., 2015;
Steenhoudt and VVanderleyden, 2000).

The beneficial effects of Azospirllum brasillense inoculation on plant growth and
development have been reported in a diverse array of crops. For example, wheat
(Triticum aestivum L.) inoculated with specific A. brasilense stain produced an increase
in shoot biomass and total plant N content compared to a disinfected control, showing
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that an increase of N fixed by A. brasilense positively correlated with an increase of NO3z-
in plant tissue (Saubidet et al., 2002). When lettuce seeds were inoculated with
Azospirillum sp., germination percentages and seedling biomass increased under saline
conditions compared to non-inoculated control (Barassi et al., 2006). In addition,
inoculation of A. brasilense to pearl millet (Pennisetum Americanum L.) roots increased
the number of lateral roots and root hair growth thereby increasing root fresh weight by
nearly 20% (Tien et al., 1979). It has been known that some Azosprillium species can
promote root growth by the secretion of phytohormones such as indole-3-acetic acid.
Indole-3-acetic acid. Indole-3-acetic acid (IAA) is a plant hormone that alters the
carbohydrates in plant cell walls allowing for the formation of new cell wall material
(Britannica, 2021). A symbiotic mechanism known as bacterial | AA synthesis where the
plant secretes tryptophan to stimulate the growth of root-colonizing bacterium to enhance
I AA synthesis by the rhizobacterium (Keswani et al., 2020). A common Azospirillium
inoculation method to increase the colonization success and obtain the beneficial effects
has been to soak the seeds in the bacterial suspension before planting (Mangmang et al.,
2015). Inoculating seeds with Azospirillum brasillens by soaking was generally a little
more effective in promoting germination and seedling growth in tomato (Lycopersicon

esculentum L., cv. Grosse lisse) than drenching (Mangmang et al., 2015).

Rhizophagus intraradices
The primary mechanism of AMF development on the root surface

(ectomycorrhizas) or within the roots (ericoid and arbuscular mycorrhizas) is to grow and
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extend hyphae that penetrate root cell pores thus increasing the uptake of water and
nutrients like N from organic sources (Kuzyakov and Xu, 2013). It is thought that
mycorrhizal hyphae contribute nearly 30% of N accumulation to its host plant (Xie et al.,
2021). AMF that colonizes inside the root cortex of host plants and form highly branched
structures inside the cells are known as arbuscules, which are considered the exchange
site of mineral nutrients for the plants in return for carbohydrates, and vesicles which are
specialized fungi sites for storing carbohydrates (Berruti et al., 2016; Balestrini et al.,
2015).

Rhizophagus intraradices can aid in the fixation of N. Itsability to N fixation is
affected by environmental factors, such as available P and carbon (C) (Soretire et al.,
2020; Xie etal., 2021). AMF uses P as a catalyst to absorb both NOzand NH4, in the
production of plant metabolites in exchange for C that AMF uses to proliferate hyphae
and produce more metabolites (Biicking and Kafle, 2015). Optimum P levels promote
AMF nodules in return increasing plant shoot and root dry weight. For example,
Mohammad et al. (2004) investigated the growth potential of wheat (Triticum aestivum
var. Swift) inoculated with AMF that were fertilized with different amounts of P. Their
results show plants that were given P fertilizer between 5-10 kg ha'! had significantly
increased mycorrhizal growth leading to improved crop productivity in both shoot dry
weight, and number of grains per spike compared to control plants. The study suggests
that plant growth can be attributed to early AMF colonization of the roots leading to
increased efficiency of P absorption enhancing plant growth (Mohammad et al., 2004). In
contrast, excessive or inadequate amounts of P can prevent the activation of N fixing

7



enzymes over time (Mohammad et al., 2004; Soretire et al., 2020). Soretire et al. (2020)
reported that soybean plants (Glycine max L.) fertilized with P rates of 20 kg ha* and
infected with R. intraradices increased shoot and root biomass compared to plants
fertilized with P at 40 kg haL. It has been documented that colonization rate of R.
intraradices positively correlated with a total C and N content, suggesting that host plants
that receive more N will exchange higher rates of C to its symbiotic fungi growing on the
plants roots (Xie et al., 2021).

AMF have evolved in conjunction with plants to produce plant hormone
compounds, such as I|AA and various gibberellic acids, to easily penetrate plant cells and
favor growth without activating the plant’s basal immunity to protect themselves from a
possible fungal infection. Gibberellic acid (GA) is a naturally occurring plant hormone
that is also present in fungi, and its role as a plant growth regulator is to stimulate cell
division and elongation in roots and shoots. Trifoliate orange (Citrus trifoliata) seedlings
infected with R. intraracides had higher amounts of root IAA and greater root hair
density and average root hair diameter compared to non-infected plants (Wu et al., 2016).
Similarly, fungal-produced IAA stimulated a better root system formation, enhancing
water and nutrient uptake in crop plants like maize (Zea mays) and rice (Oryza sativa)
(Keswani et al., 2020). It has been documented that some plants, such as tobacco
(Nicotiana tabacum) and birdsfoot (Lotus japonicsu) infected with AMF show increases

in GA in the roots resulting in increased root diameter (Shaul-Keinan et al., 2002).
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CHAPTER 2

QUANTIFYING GROWTHRESPONSES OF LETTUCE AND TOMATO
SEEDLINGSTOPLANT GROWTH-PROMOTING BACTERIA AND
MYCORRHIZAL FUNGI INOCULATION UNDER DIFFERENT FERTILIZER
TYPES
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ABSTRACT

There is an increasing interest of using organic fertilizers and plant growth-
promoting microorganisms (PGPMSs) as sustainable alternative to chemical fertilizer for
horticultural crop production. However, a variety of factors, including fertilizer types,
PGPM species, and plant species, can influence the effectiveness of PGPM inoculation
and organic fertilizer. In the present study, the effects of Azospirillium brasilense and
Rhizophagus intraradices inoculation in combination with different fertilizer types were
evaluated on the seedling growth of soilless lettuce (Lactuca sativa ‘Cherokee”) and
tomato (Solanum lycopersicum ‘Red Robin’). In a temperature-controlled vertical farm,
the seeds of lettuce and tomato were sown in rockwool substrate, and A. brasilense (1.05
x 108 CFU/L) or R. intraradices (580 propagules/L) were applied through sub-irrigation
weekly at and after sowing. The seedlings were fertilized with chemical fertilizer, fish-
based organic fertilizer, and organic fertilizer derived from food waste at 100 ppm total
nitrogen and grown at 23°C under sole-source LED lighting at a photosynthetic photon
flux density of 200 pmol-m2-s™1 with an 18-hour photoperiod. At the transplant stage,
lettuce seedlings had 75% less shoot fresh weight and 64% less dry weight under organic
fertilizers than chemical fertilizer. Similarly, tomato seedlings grown with organic
fertilizers had one less leaf, 36% smaller stem diameter, 40% shorter stem length, and
75% or 67% less shoot fresh or dry weight, respectively, compared to seedlings grown
with chemical fertilizer. In contrast, there was little to no effects of A. brasilense or R.

intraradices inoculation seedling growth in both species. Further research is needed to
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determine the effective application methods of A. brasilense, and R. intraradices to have
beneficial effects of using sustainable alternative fertilizers for indoor vegetable

transplant production.

Keywords: anaerobically digested food waste, Azospirillium, beneficial microbe,

controlled environment agriculture, chemical fertilizer, organic fertilizer, Rhizophagus

Abbreviations: AMF, Arbuscular Mycorrhizal Fungi; DW, Shoot Dry Weight; FW, Shoot
Fresh Weight; LEDs, Light-emitting Diodes; N, Nitrogen; PGPB, Plant Growth Promoting
Bacteria; PGPMs, Plant Growth Promoting Microorganisms; PPFD, Photosynthetic

Photon Flux Density; SPAD, Soil-plant Analysis Development.

Introduction

Issues with using synthetic chemical fertilizers for growing food crops include
greenhouse gas emissions from fertilizer production, soil phosphorus shortage, and soil
and water pollution are all considered severe threats to sustainable food production
(Nosheen et al., 2021; Oelkers and Valsami-Jones, 2008; Savci, 2012). Nearly 30-50% of
the food produced using chemical fertilizers is not consumed by humans, resulting in a
significant waste of natural resources, energy, and fertilizer. Additionally, food waste in
landfills produce greenhouse gases which further contribute to air pollution and
groundwater contamination (Buzby et al., 2014; Jurgilevich et al., 2016). One proposed

solution to combat the inefficiency and negative environmental impacts of today’s
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traditional food system model is a transition towards a circular food system, which
recycles food wastes, by-products, and nutrients (Jurgilevich et al., 2016). Therefore, the
production and use of sustainable environmental-friendly fertilizers derived from food
waste in a circular food system is starting to be recognized as a sustainable agriculture
solution (Chojnacka et al., 2020). Recently, anaerobically digested food waste has been
demonstrated to be an effective fertilizer for a variety of food crops, such as bok choy
(Pelayo Lind et al., 2021), tomato (Mickan et al., 2022; Stoknes et al., 2017), lettuce and
other leafy vegetables (Nosheen et al., 2021; Stoknes et al., 2019).

Using organic fertilizers has multiple advantages, such as recycling nutrients,
supplying beneficial organic bio-stimulants, and decreasing the demand for minerals used
to produce chemical fertilizers (Bergstrand et al., 2022). However, the effects of organic
fertilizer can vary depending on the nutrient sources (Shinohara et al., 2011). Inaddition,
nutrient management is more challenging with organic fertilizers than chemical fertilizers
since many nutrients bound to organic substances are not immediately available for plant
uptake and require microbially mediated mineralization processes (Bergstrand et al.,
2022; Watts-Williams et al., 2014). Using sterile and inert soilless substrates naturally do
not support a robust microbial community, making organic fertilizer even more
challenging to supply sufficient nutrients during soilless crop cultivation (Grunert et al.,
2016).

One suggested method of increasing the effectiveness of organic fertilizers is
harnessing the abilities of PGPMs (Bartelme et al., 2018; Paradiso et al., 2017; Sheridan
et al., 2017). PGPMs are free-living or symbiotic bacteria and fungi that colonize plant
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roots and provide benefits to their host plants by promoting mineralization and
solubilization of nutrients, regulating phytohormone production, and improving
resistance to environmental stresses (Batista and Singh, 2021; Lopes et al., 2021; Souza
et al., 2015). Some popular species of PGPMs for commercial use include the PGPB
species Azospirillum brasilense and AMF species Rhizophagus intraradices.
Azospirillium brasilense is an associative/free-living bacterium that can fix N under low
oxygen environments (Hernaandez-Esquivel et al., 2021). Bacteria belonging to the
genus Azospirillium have been known to promote plant growth by solubilization of
nutrients, synthesize plant hormones such as auxins and cytokinins, and produces
siderophores for increased uptake of nutrients (Lopes et al., 2021). Rhizophagus
intraradices, as an AMF, colonize plant root cells by forming arbuscules for the
exchange of nutrients with their host plants (Li et al., 2014). AMF aids in plant growth by
enhancing the efficiency of plants to uptake water and nutrients, synthesizing plant
hormones, and increasing the decomposition of organic materials (Begum et al., 2021).
Previous studies also showed using PGPMs can also increase nutrient use efficiency and
plant growth under chemical fertilizer conditions (Khanghahi et al., 2018).

However, while many abiotic factors affect the establishment and function of
PGPM on plants, most studies on the effects of PGPM were conducted in soil and field
conditions and relatively few studies were performed in soilless media under a controlled
environment (Majeed et al., 2018; Mishra and Sundari, 2013; Mwashasha et al., 2016). In
general, PGPM effects were greater under harsh or stressful environment as PGPMs
employ to protect themselves and host plants from drought, salinity, and pathogens
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(Balkrishna et al., 2022). Under soil conditions, PGPM effects were more prominent than
in soilless conditions, because soil contains organic material that microbes can use for
nutrient sources and rhizosphere environmental conditions are optimal for microbes.
(Khare and Arora, 2014). Due to controlled environments having conditions that are most
optimal for plant growth, PGPMs sometimes tend to outcompete plants for essential
nutrients, such as nitrate and oxygen, negatively affecting overall plant growth
(Macintyre et al., 2011; Moncadaet al., 2021). Therefore, it is expected that the different
environmental characteristics under the controlled environment and soilless environment
will affect the interactions between plants and PGPM and subsequently, plant benefits
derived by PGPM (de Haas, et al., 2021; Paradiso et al., 2017; Sheridan et al., 2017).

The objectives of this study were (1) to evaluate food waste anaerobic digestate as
an organic fertilizer source for soilless cultivation of lettuce and tomato transplants
compared to commercially available organic and chemical fertilizers and (2) to
investigate how introducing Azosprillum brasilense and Rhizophagus intraradices in a
soilless media influence lettuce and tomato seedling growth under organic and inorganic

fertilizers.

Materials and Methods
Plant materials and growing environment

This study was performed two times, and in each replication, there were nine
treatments (3 microorganism treatments x 3 fertilizer treatments). For each treatment, 40
rockwool cubes (A-OK Starter Plug 3.6 cm x 3.6 cm x 4.1 cm, Grodan, Milton, ON,
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Canada) were placed in a plastic plant tray (52.8 cm x 27.4 cm x 6.1 cm, Hawthorne,
Vancouver, WA), and 20 seeds of tomato ‘Red Robin’ (Park Seeds, Greenwood, SC) and
20 seeds of lettuce ‘Cherokee’ (Johnny’s Selected Seeds, Winslow, ME) were sown into
individual rockwool cubes. The seeded trays were covered with humidity domes and
placed in a growing rack with three tiers (Fig 2.1). Three trays under the same fertilizer
with three microorganism 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.

The seedlings were grown at a set air temperature of 23°C under sole-source

lighting from blue + red + white LEDs (T8 Double-Row LED Indoor Grow Light; Homer
Farms Inc., Mesa, AZ) at a photosynthetic photon flux density (PPFD) of 200 pmol-m2-s-
1 with an18-h photoperiod. PPFD was measured using a spectroradiometer ((PS-300,,
StellerNet, Inc., Tampa, FL) by taking the average of nine predetermined points inside
each growing rack tier with the quantum sensor measuring at seedling tray height. The
temperature and relative humidity were monitored on the center of each tier of the
growing rack at the seedling height using a hygrometer thermometer (H57075; Shenzhen

Intellirocks Tech Co., Shenzhen, Guangdong, China) (Table 2.1).

Microorganism and fertilizer treatments
Microorganism treatments were applied at sowing and weekly after sowing. At
sowing, rockwool cubes were presoaked, each three trays with tap water, AMF solution,

or PGPB solution (Table 2.2). The AMF solution was made with Rhizophagus
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intraradices at a concentration of 580 propagules/L by hand mixing 2.36 g of

mycorrhizal inoculum wettable powder (Mykos mycorrhizal wettable powder;
Reforestation Technologies International; Gilroy, CA) per 1L of tap water. PGPB
solution was made with Azospirillium brasilense at a concentration of 1.05 x 108 CFU/L
by supplementing tap water with 1.05 mL liquid bacteria (Azos red liquid plant growth
promoting bacteria; Reforestation Technologies International) per 1L of tap water. After
sowing, the rockwool cubes were inoculated weekly through sub-irrigation with 1L of tap
water, AMF solution, or PGPB solution.

One week after sowing when both lettuce and tomato seeds germinated, seedlings
were irrigated as needed, every two or three days, through sub-irrigation with nutrient
solutions made from tap water supplemented with chemical (15-5-20 Jack’s Nutrients
FeED, JR Peters, Allentown, PA), organic (3-3-2 AgroThrive Organic Bio-fertilizers;
AgroThrive, Gonzales, CA), or food waste fertilizer (0.06-0.026-0.1191 Climate Saver,
Homer Farms Inc.) at a 100 ppm N. Before each application, the pH of microorganism
inoculation solutions and nutrient solutions were adjusted with a diluted (1:1) 95-89%
sulfuric acid (J.Y. Baker, Inc) and potassium bicarbonate (Earthborn Elements; American

Fork, UT), and the EC and pH of each solution were measured using a pH and EC meter

(H19814; Hannah Instruments; Woonsocket, RI) (Table 2.3).

Data collection and analysis
In each replication, the following seedling growth data were collected from 10

plants per treatment three weeks after sowing seeds: leaf number (leaf length > 1.5 cm),
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leaf length and width for the first true leaf, relative chlorophyll concentration (SPAD
index) [with a handheld SPAD meter (SPAD-502; Konica Minolta Sensing, Inc.,
Chiyoda, Tokyo, Japan)], shoot fresh and dry mass following >5 days in a drying oven
(Hafo 1600 Oven, VWR International, LLC, Aurora, CO) at 86°C [with an analytical
balance (PB602-S; Mettler Toledo, Columbus, OH)], plant diameter (lettuce only) with a
ruler, stem diameter (tomato only) with a caliper device, and seedling height (tomato
only) witha ruler.

The experiment used a randomized complete block design with two blocks and
ten subsamples per block. Each replication was regarded as a block. Each plant tray was
regarded as the experimental unit for microorganism and fertilizer treatments. Within
each plant tray, ten individual seedlings per species were the sub-samples or
observational units. Data were analyzed with the SAS (version 9.4; SAS Institute, Inc.,
Cary, NC) with the PROC MIXED procedure [with two fixed factors for microorganism
and fertilizer treatments, two random factors of blocks and the interaction among blocks,
microorganism treatments, and fertilizer treatments] that provided pairwise comparisons

between treatments by using Tukey’s honestly significant test at P<0.05.

Results
Lettuce

There was little to no effects of microorganisms on lettuce seedling growth (Fig
2.2 and Table 2.5). Lettuce seedlings grown with chemical fertilizer had larger plant
diameter (58-60%), leaf length (57-58%), leaf width (60-65%), shoot fresh and dry
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weight (117-128% and 92-104%, respectively) than those grown with organic or food
waste fertilizer. Leaf number and SPAD index were generally similar among fertilizer
treatments, although SPAD index was greater under food waste fertilizer with AMF than
under chemical fertilizer. Organic and food waste fertilizer had similar effects on lettuce

seedling growth.

Tomato

Microorganism treatments did not influence tomato seedling growth (Fig 2.3 and
Table 2.6). Tomato seedlings grown with chemical fertilizer had 37-40% more leaves and
greater shoot fresh and dry weight (115-134% and 94-115%, respectively) than those
grown with organic or food waste fertilizer. Stem lengths were 47-52% longer and stem
diameters were 43-54% wider under chemical fertilizer than under organic or food waste
fertilizers. Leaf length with chemical fertilizer were larger than with organic or food
waste fertilizer except for with PGPB, in which leaf lengths were similar with that with
food waste fertilizer with AMF. Leaf widths with chemical fertilizer were greater than
those with organic fertilizer or greater than or similar to with food waste fertilizer. In
general, organic and food waste fertilizer had similar effects on leaf number, leaf size,
leaf width, and shoot fresh and dry weight. SPAD index were similar regardless of

microorganisms and fertilizer treatments.
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Discussion
Effects of fertilizers

In this study, when lettuce and tomato seedlings were fertilized at the same 100
ppm N, shoot fresh (dry) weight of lettuce and tomato seedlings were 117-128% (92-
104%) and 115-134% (94-115%) greater under chemical fertilizer than with organic or
food waste fertilizer, respectively. Similarly, a few studies reported that at the same total
nitrogen (N) level, plants have greater biomass with chemical fertilizer than with organic
fertilizer. For example, in bok choy (Brassica rapa v. chinensis cv. ‘Seitei Chingensai’),
chemical fertilizer increased shoot fresh weight (dry weight) by 6-140% (3-10%)
compared to corn steep liquor fertilizer at 260 and 520 ppm N, respectively (Kano et al.,
2021). In a separate study, squash (Cucurbita pepo L. cv. ‘F1 Alata Yesili’) under
chemical fertilizer increased shoot and root fresh weights by 18% compared to liquid
organic fertilizer containing organic chicken manure at 151 ppm N (Dasgan and
Bozkoylu, 2007). Plant biomass accumulation positively correlates with N availability
(Fichtner and Schulze, 1992). N is available to plants as either ammonium or nitrate, and
most plants preferably uptake nitrate over ammonium (Li et al., 2013). Chemical
fertilizers provide N in the form of nitrate or ammonium ions. However, N in organic
fertilizer exists in the organic form that is needed to be converted into nitrate and
ammonium for plant uptake (Bi etal., 2010; Gaskell and Smith, 2007; Smith and Hadley,
1989). 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 fertilizer existed in
the ammonium (63%) and organic N (37%) forms, and the organic fertilizer derived from
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corn steep liquor and fermented fish by-products provided only 5% of the N in the
ammoniacal N. Considering that plant growth increases with increasing N availability
and organic N is not readily available for plant uptake, the stunted plant growth under
organic fertilizers at the same N level could be at least partly attributed to the lower N
availability or inorganic N concentration.

In this study plant growth effects of organic fertilizer and food waste fertilizer
were similar. The results from this study agree with multiple studies involving cabbage
(Brassica oleracea var. capitata) under different types of organic fertilizers having
similar non-significant effects on plant growth parameters compared to chemical fertilizer
(Kang et al., 2021; Zahradnik and Petrikova, 2007). This study’s results also agree with
studies involving tobacco (Nicotiana tabacum L.) and mint (Mentha X piperita L.)
fertilized with different types of organic fertilizers having similar effects on overall plant
growth regardless of fertilizer source (Costa et al., 2013; Kurt and Ayan, 2014). Results
from the studies could be due to nutrient deficiencies from non-readily available N forms
in organic fertilizers that cannot be rapidly absorbed and require mineralization processes
overtime unlike chemical fertilizers (Bergstrand, 2022; Chen, 2006;

Phibunwatthanawong and Riddech, 2019).

Effects of PGPMs
The application of AMF and PGPB had little to no effect on plant growth in
lettuce and tomato seedlings. The plant growth promoting effects of AMF and PGPB,

mediated by increased nutrient uptake and plant hormone production, have been reported
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in a wide range of crops (Grobelak et a., 2015; Kim et al., 2017; Oljira et al., 2020;
Shinohara et al., 2011). However, the beneficial effects of AMF and PGPB on plant
growth can depend on rootzone temperature and pH because they can affect plant-
microbe interactions (Agehara and Warncke, 2005; Gaskell and Smith, 2007; Moncada et
al., 2020; Saijai et al., 2016; Silgram and Shepherd, 1999). In general, plant growth
promoting effects of AMF and PGPB increased under warm rootzone temperature (25-
40°C) and basic pH (7.5-8.5) as these conditions become more favorable for microbial
activity (Curtin et al., 2012; Franzluebbers, 1999; Jones and Hood, 1980; Lopes et al.,
2021; Linn and Doran, 1984; 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 uptake. Little effect of AMF and PGPB
application could be due to lower temperature and lower pH than the ideal conditions,
which can suppress the activities of AMF and PGPB.

The little effects of AMF and PGPB on plant growth could be a result of
unsuccessful inoculation of lettuce and tomato seedlings with AMF and PGPM. The plant
growth promoting effects of PGPMs require the successful inoculation of plants with
microorganisms, which dependson inoculation method, microbe inoculant density, and
root colonization (Lopez et al., 2021). For example, plant growth promoting effects from
the PGPM Phyllobacterium brassicaearum showed dose-dependent responses with the
maximum growth potential on roots of rapeseed (Brassica napus) from bacterial densities
of around 108 CFU/mL. In addition, as microorganisms are usually immobile from the
inoculation site to the rhizosphere, applying inoculums close to the root zone has been
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suggested (Lopez et al., 2021). In this study, inoculation densities were 580 propagules/L
for AMF and 1.0 x 108 CFU/mL for PGPB. These propagation concentration densities
could have been non-ideal with most successful plant growth effects from studies
involving strains of A. brasilense with densities at 108 CFU/mL, and successful plant
growth effects from R. intraradices with densities at 1000 propagules/g (Bashan and de-
Bashan, 2002; Mangmang et al., 2015; Mikiciuk et al., 2019). AMF and PGPB were
applied via the sub-irrigation. Relatively low inoculation density of AMF and PGPB and
inoculation only via the sub-irrigation without direct inoculation into the seed and
seedling roots possibly contributed to less successful establishment of PGPM population
in the root zone and their growth promoting effects.

Biologically active root exudates range from discharged ions, free oxygen, water,
enzymes, mucilage, and carbons compounds containing primary and secondary
metabolites, such as amino acids and sugars (Hayat et al., 2017, Neumann et al., 2014).
Root exudates act as key mechanisms for interactive communication signals between
plant and microbes in the rhizosphere (Ortiz-Castro et al., 2009). For example, root
exudates in arabidopsis (Arabidopsis thaliana), including malic acid, aided in the
recruitment of PGPB Bacillus subtilis to seedling roots (Rudrappaet al., 2008). In
tobacco (Nicotiana tavacum) and alfalfa (Medicago sativa), transgenic plants modified to
overproduce root exudates showed increases in PGPM colonization and shoot biomass
compared to control plants (Lopez-Bucio et al., 2000; Tesfaye et al., 2003). A major
factor influencing root exudation production is plant age as seedings exudate smaller
amounts compared to mature plants (Aulakh et al., 2001; Badriand Vivanco, 2009; Lucas
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Garcia et al., 2001). Given that the present study investigated the effects of AMF and
PGPB inoculation during the seedling stage in lettuce and tomato, the small amounts of
root exudates released from seedlings could be less effective to facilitate the plant-

microbial interaction.

Conclusion

Here we evaluated organic fertilizer made from food waste and PGPMs as
sustainable fertilizer options for indoor vegetable transplant production. At the same total
nitrogen concentration, in both lettuce and tomato, seedling growth were similar under
fish-based organic and food waste fertilizer, but under chemical fertilization, plants
showed increased growth. With rockwool substrate, PGPM inoculants had little to no
effect on lettuce and tomato seedlings growth, regardless of fertilizer type. Future
research is needed to investigate how rootzone environment, PGPM inoculation method,
and host-specificity influence the inoculation success and the beneficial effect of PGPMs

on plant growth.
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Figure 2.1. Image of Experimental Setup Inside Vertical Farm.
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Table 2.1. Means (£SD) of Air Temperature (°C) and Relative Humidity (%) of Both
Replications Inside of Growing Rack.

Location Air Temperature (°C) Relative Humidity (%)
inside of

growing rack  Replication 1 ~ Replication 2  Replication 1  Replication 2

Top 22.2+1.72 24.2+1.96 63.7£10.7 60.9+10.4
Middle 22.7+1.96 23.8+1.83 58.9+10.4 64.6+10.1
Bottom 22.4+1.87 23.5+1.91 61.2+10.2 67.1+9.54
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Table 2.2. Means (£SD) of Electrical Conductivity (EC) and pH of Control, Plant Growth
Promoting Bacteria (PGPB), Arbuscular Mycorrhizal Fungi (AMF) Solutions.

EC (mS/cm) pH

Replication 1~ Replication 2 Replication 1 Replication 2

Control 0.82+0.04 0.99+0.08 5.84+0.04 5.83+0.01
PGPB 0.97+0.04 0.99+0.08 5.91+0.15 5.84+0.02
AMF 1.03+0.07 1.09+0.04 5.94+0.18 5.86+0.03
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Table 2.3. Means (£SD) of Electrical Conductivity (EC) and pH of Fertilizer Treatments.

EC (mS/cm) pH

Replication 1~ Replication 2  Replication 1 Replication 2

Chemical 1.60+0.06 1.51+0.15 5.85+0.10 5.85+0.02
Food waste 2.02+0.08 2.13+0.21 5.89+0.12 5.87+0.03
Organic 1.33+0.10 1.36+0.14 5.84+0.05 5.87+0.03
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Table 2.4. Results from Two-factor Analysis of Variance (P Values Are Listed) for the
Effects of Fertilizers (F), Microorganisms (M), or Their Interaction on Plant Growth
Parameters of Lettuce and Tomato Seedlings.

Lettuce Tomato

Factor F M FxM F M FxM
Plant diameter <0.001 0.587 0.504 - - -

Stem length - - - <0.001 0.701 0.667
Stem diameter - - - 0.001 0.857 0.935
Leaf number 0.001 0.939 0.809 <0.001 0.318 0.606
Leaf length <0.001 0.512 0.329 <0.001 0.201 0.997
Leaf width <0.001 0.553 0.550 <0.001 0.763 0.319

Shoot fresh weight  <0.001 0.250 0.673 <0.001 0.343 0.719
Shoot dry weight <0.001 0.105 0.499 <0.001 0.091 0.516
SPAD index 0.001 0.254 0.671 0.007  0.177 0.117
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Control PGPB AMF

(A. brasilense) (R. intraradices)

Chemical

Figure 2.2. Fresh Weight (g) of Lettuce Seedlings Grown under Chemical, Organic, or
Food Waste Fertilizer Without (Control) or with Plant Growth Promoting Bacteria (PGPB)
or Arbuscular Mycorrhizal Fungi (AMF) Solutions Three Weeks after Treatments. Data
Present the Mean of Two Replications with 10 Plants per Replication. Different Letters
Avre Statistically Different at P <0.05.
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Table 2.5. Plant Growth Characteristics of Lettuce Seedlings Grown under Chemical,
Organic, or Food Waste Fertilizer Without (Control) or with Plant Growth Promoting
Bacteria (PGPB) or Arbuscular Mycorrhizal Fungi (AMF) Solutions Three Weeks after
Treatments. Data Present the Mean of Two Replications. Different Letters Are
Statistically Different at P<0.05.

Plant Leaf Leaf Leaf SPAD Shoot dry
diameter  number length width index weight
(cm) (cm) (cm) )
Chemical
Control 6.5a 4.7 a 49a 41a 244c 0.08 a
PGPB 6.4a 44a 49a 39a 23.4 bc 0.07 a
AMF 6.5a 45a 51a 40a 25.4 bc 0.08 a
Organic
Control 35b 3.1la 27D 22b 28.2abc  0.03b
PGPB 29b 2.8a 23b 19b 26.5abc  0.02b
AMF 39b 32a 31b 25b 26.7abc  0.03b
Food waste
Control 3.6b 32a 2.7b 2.1b 32.1abc 0.03b
PGPB 3.7b 3.5a 3.0b 2.2b 30.5ab 0.03b
AMF 35b 31a 27D 20D 34.4 a 0.03b
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AMF

Chemical

Organic

Food waste

Figure 2.3. Fresh Weight (g) of Tomato Seedlings Grown under Chemical, Organic, or
Food Waste Fertilizer Without (Control) or with Plant Growth Promoting Bacteria (PGPB)
or Arbuscular Mycorrhizal Fungi (AMF) Solutions Three Weeks after Treatments. Data
Present the Mean of Two Replications with 10 Plants per Replication. Different Letters
Avre Statistically Different at P < 0.05.
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Table 2.6. Plant Growth Characteristics of Tomato Seedlings Grown under Chemical, Organic, or Food Waste Fertilizer
Without (Control) or with Plant Growth Promoting Bacteria (PGPB) or Arbuscular Mycorrhizal Fungi (AMF) Solutions
Three Weeks after Treatments. Different Letters Are Statistically Different at P<0.05.

9¢

Stem Stem length  Leaf Leaf length  Leaf width  SPAD Shoot dry
diameter (cm) number (cm) (cm) index weight (g)
(cm)
Chemical
Control 25a 3.5a 3.0a 43a 3.5a 53.2a 0.07 a
PGPB 2.3ab 3.3ab 3.0a 3.9ab 3.2ab 525a 0.05a
AMF 25a 3.7a 3.2a 43 a 3.7a 50.8 a 0.07 a
Organic
Control 15b 21c 2.1b 20c l4c 41.8a 0.02b
PGPB 15b 1.8c 20b 1.8¢ 1.3c 43.1a 0.02b
AMF 15ab 20c 20D 22¢cC 16¢c 45.1a 0.02b
Food
Waste
Control 1.6ab 2.2b 20D 25¢C 1.8 bc 421 a 0.02b
PGPB 1.6ab 2.4 bc 2.2b 23¢cC 2.4 abc 525a 0.02b

AMF 1.6 ab 2.2 bc 23b 2.6 bc 1.9 bc 53.8a 0.02b
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CHAPTER 3

INVESTIGATING THE EFFECTS OF APPLICATION FREQUENCIES OF
PLANT GROWTH-PROMOTING MICROORGANISMS’ EFFECT ON
LETTUCE SEEDLINGS
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ABSTRACT

Many studies have sought to understand how plant growth-promoting
microorganisms (PGPMs) can be used to improve plant growth in both soil and soilless
cultivation. However, PGPM inoculation methods have yet to be fully developed for
soilless crop production in controlled environments. In this study, we investigated how
the application frequency of arbuscular mycorrhizal fungi (AMF), plant growth
promoting bacteria (PGPB), and combination of AMF+PGPB influence seedling growth
in lettuce (Lactuca sativa) cultivars ‘Cherokee’ and ‘Rex’. Lettuce seeds were sown in
rockwool plugs and inoculated with Azospirillium brasilense (1.0 x 108 CFU/L),
Rhizophagus intraradices (250 propagules/L), or a combination of inoculum were
applied to the rootzone via sub-irrigation at sowing and every two or seven days
afterwards. Lettuce seedlings were fertilized at 100 ppm total nitrogen with an organic
fertilizer derived from food waste and grown in an indoor vertical farm at 22 °C under
sole-source LED lighting with an 18-h photoperiod at a photosynthetic photon flux
density of 200 umol'm2-s'1. Three weeks after seed sow, a 2-day frequency of AMF
application increased shoot fresh weight of lettuce ‘Cherokee’ by 58% and ‘Rex’ by 51%
compared to un-inoculated control. In contrast, PGPB application, regardless of
frequency, and a 7-day frequency application of AMF without or with PGPB had little
effects on lettuce seedling growth in both cultivars. These results suggest that increasing
the application frequency can enhance the plant growth promoting effects of some
PGPMs, such as AMF.
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Abbreviations:

AD, Anerobic Digestate; AMF, Arbuscular Mycorrhizal Fungi; ANOVA, Analysis of
Variance; DLI, Daily Light Integral; Dw, Shoot Dry Weight; EC, Electrical Conductivity;
FW, Shoot Fresh Weight; K, Potassium; LEDs, Light Emitting Diodes; N, Nitrogen; P,
Phosphorus; PGPB, Plant Growth Promoting Bacteria; PGPMs, Plant Growth Promoting
Microorganisms; PPFD, Photosynthetic Photon Flux Density; SPAD, Soil-plant Analysis

Development

Introduction

A fertilizer is any kind of material, either be naturally or synthetically made that
supplies plants with essential nutrients for plant growth and maximum yield (Hati and
Bandyoopadhay, 2011). Some fertilizers can be organic that come from either plant or
animal origin, whereas inorganic fertilizers are compounds that are mined from mineral
deposits or manufactured from chemical processes (Guptaand Hussain, 2014;
Jastrzgbska et al., 2022). Inorganic fertilizers are commonly used for crop production
because they have high nutrient concentration, easily dissolve in water, and provide
readily available nutrients to plants (Jastrz¢bska et al., 2022). However, using inorganic
fertilizers has detrimental effects on the environment by mining activities, greenhouse gas

emissions, and in-ground water contamination (Jastrzebska et al., 2022). In addition, as
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recent inorganic fertilizer shortage raises fears of a global food crisis (Brunelle et al.,
2015), there is a growing demand for organic fertilizers, such as manure and anaerobic
digestates. Yet organic fertilizers have lower nutrient content and nutrient release rate, so

they have been less effective in meeting crop nutrient needs (Connor, 2008).

Using plant growth promoting microorganisms (PGPMs) has been suggested as
one way to improve the efficacy of organic fertilizers. PGPMs are symbiotic rhizosphere
dwelling microorganisms that can colonize plant roots and provide benefits to their hosts
by means of phytohormones production, increased nutrient uptake, pathogen resistance,
and environmental stresses (Lopes et al., 2021). Commonly used PGPMs for crop
production include arbuscular mycorrhizal fungi (AMF) and plant growth promoting
bacterial (PGPB) communities. Under organic fertilization, PGPMs can facilitate
mineralization process of the organic fertilizer, and thus nutrient availability and uptake

(Kumar etal., 2018).

However, the effects of PGPMs on plant growth depend on successful inoculation
of PGPMs and the interaction between PGPMs and plants which are influenced by co-
inoculation, inoculum density, inoculation method, and microbial competition
(Hernandez-Montiel et al., 2017; Msimbira and Smith, 2020; Venturi and Keel, 2016).
For example, Meena et al. (2010) demonstrated co-inoculation AMF Piriformospora
indica in combination of a PGPB Pseudomonas striata promoted increases shoot dry
weight of chickpea (Cicer arietinum) by 22-50% compared to single species inoculation

and uninoculated controls. Similarly, a greenhouse study by Begum et al. (2021) have
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shown co-inoculation of AMF Glomus versiforme with PGPB Bacillus

methyloptrophicus promoted increased shoot fresh weight of Nicotiana tabacum L. by
21-66% compared to single species or control plants. Inrapeseed (Brassica napus),
PGPM Phyllobacterium brassicaearum showed plant growth promoting effects in a dose-
dependent manner with the maximum growth potential on roots from bacterial densities

of around 108 CFU/mL.

Inour previous study, the inoculation of AMF Rhizophagus intraradices and
PGPB Azospirillium brasilense didn’t influence plant growth in both lettuce and tomato
seedlings regardless of fertilizer types (Chapter 2). Given that we used single species
inoculation of AMF or PGPB and applied them weekly, we assumed that little effects of
AMEF and PGPB on plant growth could be attributed to insufficient method for
inoculation. The objective of this study was to investigate how inoculation frequencies
and co-inoculation of PGPMs influence their plant growth promoting effects on lettuce
seedlings. We postulated that (1) a higher frequency application of PGPM would improve
PGPM colonization with host plant and promote plant growth and (2) co-inoculation of
AMF Rhizophagus intraradices and PGPB Azospirillium brasilense will promote

symbiotic interactions between the two species and host and subsequently, plant growth.

Materials and Methods
Seed inoculation and propagation
Butterhead lettuce ‘Rex’ and red leaf lettuce ‘Cherokee’ (Johnny’s Selected

Seeds, Winslow, ME) were selected for this study. On November 15t, 2021 (rep. 1), and
48



March 16™, 2022 (rep. 2), four PGPM solutions were made to inoculate seeds and
rockwool medium before sowing seeds: AMF, PGPB, mixture of AMF and PGPB
inoculants (Mix), and tap water without inoculants (Control). The AMF solution was
made to provide 0.57 propagules/mL of Rhizophagus intraradices by hand mixing 44 g
of mycorrhizal wettable powder (Mykos; Reforestation Technologies International;
Gilroy, CA)into 19 L of tap water. The PGPB solution was made to provide 5 x 108
CFU/mL of Azosprillium brasilense by mixing 100 mL of liquid bacterial inoculant
(Azos ® red liquid plant growth promoting bacteria; Reforestation Technologies
International; Gilroy, CA) into 19 L of tap water. The Mix solution was made by adding
44 g of mycorrhizal wettable powder (Mykos; Reforestation Technologies International)
and 100 mL of liquid bacterial inoculant (Azos ® red liquid plant growth promoting
bacteria; Reforestation Technologies International) to 19 liters of tap water. The pH of all
microorganism solutions was adjusted to 5.8-6.0 with 50% sulfuric acid. The pH and EC
of PGPM solutions were measured using a handheld pH and EC meter (H19814; Hannah
Instruments; Woonsocket, RI).

Eighty seeds of each lettuce cultivar were soaked for one hour in 10 mL of the
AMF, PGPB, Mix, or Control solution in 50 mL glass beakers following Mangmang et
al. (2014). The 200-cell (2.5 cm x 2.5 cm) rockwool plugs (AO 25/40 Starter Plugs;
Grodan, Milton, ON, Canada) were cut into 5 sections, each with 40 cells, and each
section was soaked with one of the PGPM solutions for 20 mins. Inoculated rockwool
plugs were then placed in plant trays (20.8 cm x 10.8 cm x 2.4 cm; HGC726298 Super
Sprouter Quad Thick Tray 10 x 20; Hawthorne, Vancouver, WA), and the inoculated

49



seeds were sown into the inoculated rockwool. The seeded rockwool plugs were covered
with humidity domes and placed on one growing rack with three tiers inside the
temperature controlled environmental research vertical farm (Arizona State University
Polytechnic campus, Mesa, AZ). The humidity domes were removed three days after

sowing when the seeds of both lettuce cultivars were fully germinated.

Seedling inoculation

After germination, the remaining initial PGPM solutions were discarded, and the
lettuce seedlings were sub-irrigated every two (2-day frequency) or seven days (7-day
frequency) with food waste fertilizer (0.06-0.026-0.1191 Climate Saver, Homer Farms
Inc.) ata 100 ppm N without (Control) or with PGPM inoculants. During the seedling
stage, PGPM inoculants provided 0.57 propagules/mL of Rhizophagus intraradices for
AMF treatments, 1 x 108 CFU/mL of Azospirillium brasilense for PGPB treatments, and
0.57 propagules/mL of Rhizophagus intraradices + 1 x 108 CFU/mL of Azospirillium
brasilense for Mix treatments. All food waste fertilizer + PGPM solutions maintains the
pH of 5.8 by using potassium bicarbonate (Earthborn Elements; American Fork, UT)
and/or 50% sulfuric acid (Tables 3.1). The pH and EC of PGPM solutions were
monitored with a handheld pH and EC meter (HI9814; Hannah Instruments). For 7-day
frequency PGPM treatments, seedlings were sub-irrigated every two or three days with

food waste fertilizer at a 100 ppm without PGPM inoculants.
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Growth conditions

During the experiment period, air temperature was set to 22 °C and was
monitored at each tier of growing rack and recorded once every 15 minutes by a
thermometer hydrometer (H57075; Shenzhen Intellirocks Tech Co., Shenzhen,
Guangdong, China) (Table 3.2). Sole-source lighting was provided from blue + red +
white LEDs (T8 Double-Row LED Indoor Grow Light; Homer Farms Inc., Mesa, AZ) at
an average photosynthetic photon flux density (PPFD) of 200 pmol-m-2-s't with an 18-
hour photoperiod. The average PPFD was measured using a spectroradiometer (PS-300,
StellerNet, Inc., Tampa, FL) at nine predetermined locations on the growing area at tray
height.
Data collection and analysis

At transplant stage, which was 24 days after sowing, photographs of an average
size plant from all treatments were taken under a white LED lamp to distinguish plant
growth attributes. After the photos were taken, ten random plants from each treatment per
cultivar were selected for data collection. For individual lettuce seedlings, we measured
the plant diameter (with a ruler), leaf number (when >1.5 cm), SPAD index as an
indicator for relative chlorophyll concentration per unit leaf area [with a handheld SPAD
meter (SPAD-502; Konica Minolta Sensing, Inc., Chiyoda, Tokyo, Japan)], and shoot
fresh and dry weights [on an analytical balance (PB602-S; Mettler Toledo, Columbus,
OH)]. For shoot dry weight, the plants were drying for five daysin a drying oven (Hafo
1600 Oven, VWR International, LLC, Aurora, CO) at 86°C. The statistical analysis was
preformed using a two-factor ANOVA test using SAS statistical program.
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This experiment was conducted as a randomized complete block design with
replication (block), PGPM and frequency treatments (experimental unit), and plant per
species (subsample). Data from two replications were pooled and analyzed them with
SAS (version 9.4; SAS Institute, Inc., Cary, NC) using the PROC MIXED procedure
[with two fixed factors for PGPM and application frequency treatments, two random
factors of blocks and the interaction among blocks and treatments] that provided pairwise

comparisons between treatments by using Tukey’s honestly significant test at P<0.05.

Results

In both lettuce ‘Cherokee’ and ‘Rex’, seedlings grown with a 2-day frequency of
AMF had 51-58% greater shoot fresh weight compared to control (Figure 3.2 and Tables
3.3 and 3.4). However, there was little to no effect from a 7-day frequency of AMF or
application of PGPB alone or with AMF on plant diameter, leaf number, SPAD index,

shoot dry weight.

Discussion

Inoculation density and frequency influence the successful microbial inoculations
(Lopes et al., 2021; Hernandez-Montiel et al., 2017). In this study, using AMF increased
shoot fresh weight of lettuce ‘Cherokee’ and ‘Rex’ seedlings only with 2-day frequency
but not with 7-day frequency compared to control. AMF are attracted to root exudates
especially when radicals first develop, and hyphae can more easily penetrate thin-walled
cells from terminal roots (Xie et al., 2020). However, because AMF are not very mobile
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within the rhizosphere, high density of AMF increases the chance for the propagules to
develop successful colonies on the developing plant roots (Franson and Bethlenfalvay,
1989). Once AMF develop colonies in plant roots, AMF facilitate host plant growth by
increasing root surface area via hyphae formation increasing nutrient and water uptake,
phosphate allocation, and increasing nutrient availability by decomposing organic matter
(Birhane et al., 2012; Bowles et al., 2016; Rouphael et al., 2015; Paterson et al., 2016).
The increases in plant growth with AMF 2-day frequency in our study is therefore likely
from the increased successful AMF colonization with the increased density of AMF

propagules near rootzone.

In contrast to AMF applications, the PGPB treatment had no effect on plant
growth parameters in two lettuce cultivars regardless of application frequency.
Azospirillum, as one of the most commonly and popularly used PGPB genera, have
shown plant growth promoting effects in a wide range of vegetable species (Bashan and
de-Bashan, 2010). In lettuce, several studies investigated the impacts of Azospirillum
brasilense inoculation, but plant responses varied. For example, in lettuce ‘Salina’,
inoculation of Azospirillum brasilense increased seedling growth (Mangmang et al.,
2014). In lettuce ‘Elisa’, seed inoculation of Azospirillum brasilense increased
photosynthesis and plant growth with salt stress but not without salt stress (Fasciglione et
al., 2015). Given that growth promoting ability of some bacteria can be highly specific to
certain cultivar and depend on plant growing conditions (Mangmang et al., 2015; Katiyar

et al., 2016), little effects of Azospirillum brasilense on lettuce growth in this study could
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be attributed to cultivar specific responses or/and a relatively ideal plant growing

environment.

Inaddition, little effects from PGPB in this study could be a consequence of less
favorable environmental conditions, such as temperature, pH, and moisture content, for
Azospirillum brasilense. Temperature ranges can affect microbial growth by dictating the
function of proteins within their cells (Sargen, 2020). Specifically, for PGPB, 30°C -37°C
has been reported to be most optimum for Azospirillum brasilense (Romero-Perdomo et
al., 2015; Tarrand et al., 1978). pH has been recognized to strongly influence microbial
growth (Ratzke and Gore, 2018). Azospirillum brasilensegrow vigorously ata pH
between 6.8 and 7 (Bocatti et al., 2022; Coughlan et al., 2000; Romero-Perdomo et al.,
2015). Low water availability can inhibit PGPB activity by reduced hydration limiting
the activity of microbial enzymes, while too much available water can lower oxygen
levels in turn reducing microbial activity (Borowik and Wyszkowska, 2016; Stark and
Firestone, 1995). Inthis study, as the air temperature of 22°C, nutrient solution pH of
5.8, and continuously wet rootzone were maintained for optimum lettuce growth, lower
temperature, pH, and oxygen availability than the desired conditions for Azospirillum
brasilense might contribute to the limited activity and plant growth promoting effects

from Azospirillum brasilense.

Compared to single inoculation, co-inoculating plants with AMF and PGPB can
have greater plant growth promoting effects associated with their beneficial

interrelationship (Begum et al., 2022). For example, co-inoculation of Rhizophagus
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irregularis and Bradyrhizobium spp. increased shoot dry weight of Acacia magnum by
19-50% compared to single-species or un-inoculated controls (Weber et al., 2005). In
cherry tomato (Solanum lycopersicum var. cerasiforme ‘Camelia’), co-inoculation of
Azospirllium and Rhizophagus increased overall plant biomass of by 15-33% compared
to single-species inoculation or un-inoculated controls (Lira-Saldivar et al., 2014). In
contrast, in this study, co-inoculation of AMF and PGPB treatments showed a relatively
similar plant growth promoting effects with AMF in both lettuce and tomato seedlings.
Considering that there were little effects from PGPB treatment itself, our results is likely
mostly from AMF without synergetic effects between AMF and PGPB treatments.
Similarly, co-inoculation of Azospirllium and Rhizophagus did not significantly increase
plant growth or yield of soilless Cucumis sativus compared to a single-species inoculation

or the un-inoculated controls (Abdelaziz and Pokluda, 2007).

Conclusion

This study shows that increasing inoculation frequency of AMF Rhizophagus
irregularis from weekly to every two days increases plant growth of lettuce ‘Cherokee’
and ‘Rex. However, inoculating PGPB Azospirillum brasilense had little effects on plant
growth in two lettuce cultivars regardless of application frequency. With little effects
from Azospirillum brasilense, co-inoculation with Rhizophagus irregularis showed a
relatively similar plant responses with single inoculation of Rhizophagus irregularis.
These results suggest the application frequency can influence the successful inoculation

of PGPMs and their plant growth promoting effects for at least some PGPM species.
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However, further research is needed to identify the optimum application methods and

environmental conditions to improve the effectiveness of PGPMs uses.
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Table 3.1. Means (£SD) of Electrical Conductivity (EC) and pH of Control, Arbuscular
Mycorrhizal Fungi Solutions (AMF), Plant Growth Promoting Bacteria (PGPB) Solution,
and AMF+PGPB (Mix) Solutions.

EC (mS/cm) pH
Replication 1 Replication 2 Replication 1 Replication 2
Control: 2-day 3.41+0.34 3.61+0.02 5.84+0.03 5.86+0.03
Control: 7-day 3.43+0.34 3.61+0.02 5.86+0.02 5.87+0.03
AMF: 2-day 3.47+0.38 3.60+0.01 5.87+0.02 5.87+0.02
AMF: 7-day 3.40+0.34 3.60+0.02 5.85+0.03 5.87+0.03
PGPB: 2-day 3.49+0.23 3.60+0.00 5.86+0.03 5.86+0.02
PGPB: 7-day 3.45+0.31 3.61+0.02 5.86+0.03 5.87+0.03
Mix: 2-day 3.46%0.24 3.62+0.04 5.87%0.02 5.87+0.02
Mix: 7-day 3.44%0.30 3.62+0.04 5.87+0.03 5.86+0.03
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Table 3.2. Means (£SD) of Air Temperature (°C) and Relative Humidity (%) of Both
Replications Inside of the Growing Rack.

Location Air Temperature (°C) Relative Humidity (%)
inside of

growing rack  Replication 1  Replication 2 Replication 1 Replication 2

Top 22.5+1.34 22.5+2.21 67.1+9.95 70.9+9.42
Middle 22.4+1.41 22.3+2.26 67.2+9.12 74.8+9.17
Bottom 22.4+1.34 22.2+2.24 68.8+9.31 75.6+9.80
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Cherokee

Figure 3.2. Lettuce Seedlings ‘Cherokee’ and ‘Rex’ Grown at 22 °C Without (Control) or with Arbuscular Mycorrhizal
Fungi (AMF), Plant Growth Promoting Bacteria (PGPB), or Mixture of AMF and PGPB (Mix) Solutions at 2-day or 7-
day Application Frequency for 24 Days after Sowing.



Table 3.3. Growth Characteristics of Lettuce Seedlings ‘Cherokee’ Grown at 22 °C
Without (Control) or with Arbuscular Mycorrhizal Fungi (AMF), Plant Growth
Promoting Bacteria (PGPB), or Mixture of AMF and PGPB (Mix) Solutions at 2-day or
7-day Application Frequency for 24 Days after Sowing. Data Present the Mean of Two
Replications. Different Letters Are Statistically Different at P < 0.05.

Plant leaf SPAD Shoot FW  Shoot DW
diameter number (9) (9)
(cm)
2-day
Control 4.3a 53a 28.3¢C 0.63b 0.04 ab
AMF 5.5abc 59a 29.7 bc 1.16a 0.07a
PGPB 4.2 abc 52a 31.5abc 0.60b 0.04 ab
Mix 5.2ab 5.6a 29.1c 0.85ab 0.05ab
7-day
Control 34c 4.7 a 32.3abc  0.39b 0.03b
AMF 3.8 bc 5.0a 34.4 a 0.46 b 0.04 ab
PGPB 3.6 bc 4.8a 33.6ab 0.40b 0.03b
Mix 3.9hc 50a 3l4abc 050b 0.04 ab
Significance
Frequency (F) 0.001 0.008 0.001 0.001 0.009
Microorganism (M) 0.037 0.198 0.025 0.024 0.030
FxM 0.296 0.756 0.278 0.071 0.197
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Table 3.4. Growth Characteristics of Lettuce Seedlings ‘Rex” Grown at 22 °C Without
(Control) or with Arbuscular Mycorrhizal Fungi (AMF), Plant Growth Promoting
Bacteria (PGPB), or Mixture of AMF and PGPB (Mix) Solutions at 2-day or 7-day
Application Frequency for 24 Days after Sowing. Data Present the Mean of Two
Replications. Different Letters Are Statistically Differentat P < 0.05.

Plant leaf SPAD  ShootFW Shoot DW
diameter number 9) 9)
(cm)
2-day
Control 39b 6.6 ab 29.7a 0.58 bc 0.04 ab
AMF 56a 7.2a 32.1a 0.97 a 0.06 a
PGPB 33b 54b 319a 0.39c¢ 0.03b
Mix 53a 7.0a 30.1a 0.92 ab 0.06 a
7-day
Control 40D 5.7 ab 33.1a 0.46 ¢ 0.03 ab
AMF 42D 6.0 ab 334 a 0.52c 0.04 ab
PGPB 3.7b 5.7 ab 31.0a 0.45c 0.04 ab
Mix 3.8b 6.0 ab 34.0a 0.57 bc 0.05ab
Significance
Frequency (F) 0.003 0.008 0.038 0.002 0.069
Microorganism (M) 0.001 0.020 0.570 0.002 0.005
FxM 0.002 0.095 0.178 0.015 0.181
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