ABSTRACT
COONEY, DANIELLE ROSE. Investigating the Use of Arbuscular Mycorrhizal Fungi to
Improve Potassium Acquisition for Soybeans Grown in North Carolina (Under the direction of
Drs. Kevin GarciaandWei Shi)
Over 450 million years ago, tlexolution of plants growing on land required the support of a
mutualistic symbiotic relationship with arbuscular mycorrhizal (AM) fungi in order to survive
and thrive. Today, these mutualist occurrences between soil microorganisms, soil nutrients, and
plant roots still occur, with AM fungi being the most prevalent type of symbiosis among land
plants. This longstanding mutualistic relationship between AM fungi and plants is now gaining
substantial attention as a potential type of biofertilizer in produsiietems. Currently, AM
fungal research is predominantly focused in higtdntrolled laboratory settings with model
plant species. In contrast, foundational agronomic work related to potassium and soybean
production occurs in fiebased settings. In ord address both the micro and macro
information spaces of these areas related to soil microorganisms, soil nutrients, and plant roots
relative to translating knowledge between basic and applied sciences; a collection of interrelated
studies was conducted evaluate the potential of AM fungi in improving the acquisition of
potassium in a prominent agricultural ranop commaodity, soybeans. All with the overarching
goal of increasing the translational value of laboratmaged success into beneficial proiifon
agriculture management, for the betterment of global challenges related to food, fiber, and fuel
security. The scientific quantification of such hypotheses required three distinct types of research
trials that span the realms of basic to appliednsgs, utilizing growing media, environmental
conditions, and controls to help facilitate improved access to unbiased information. These three
trials as individuals work to answer specific questions and, together overall, will open essential

insights into bidging together the basic research community to serve a role in addressing grower



concerns towards potential solutions regarding novel production practices focused on longer
term production resilience. The first study was a-ywar, fieldbased, researdhal conducted

in North Carolina that evaluated twelve treatment combinations consisting of: potassium
fertilizer, AM fungal inoculum, and soybean maturity groups across three different site locations
with distinctive soil types. The results derive ttha environment, management, and selected
maturity group were significant drivers in relative soybean responses. Regarding the treatment
factors of potassium fertilizer application and the commercial mycorrhizal inoculum product,
results show limited impaof the fungal inoculation. To continue evaluating the translation of
knowledge from the laboratory to the field, a complementary greenhouse trial was conducted. By
adding this intermediate step, authors were able to provide additional control to thexttymp

of the fieldbased study in effort to better quantify the inference space from the trials conducted,
as well as, understanding the potential impact on root development related to the application of
commercial arbuscular mycorrhizal fungi. The restuirther elaborate the impact of soil as a
significant driver in these studies, and underscores the importance of inoculum source viability.
Finally, the last study is laboratebased effort with an isolated pure culture of AM fungi that
focuses specifally on evaluating the ability of AM to exclusively transport potassium ions

while utilizing rubidium as an elemental proxy for potassium. Published results with the model
legume Medicago truncatulademonstrate the success of rubidium as a proxy arattive role

of AM fungi in facilitating potassium transport to their host. To build upon these findings, the
experiment was repeated in controlled settings with soybA#ngether this work provides a

lens to the perspectwof intersecting the areasmfcroorganisms, nutrients, plants, and soil in

effort to drive improvement in agricultural production systems.
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CHAPTER 1
The Importance andMotivation for Evaluating the M utualistic Relationship of Arbuscular
Mycorrhizal Fungi Relative to PotassiumAcquisition for SoybeansGrown in North

Carolina.

Soil is the essential host and critical facilitator for many living organisms, interactions, and
processes, which is vital to the sucaafssurrentday agricultural production (Young & Crawford,

2004). The intricacies of modern agricultural production and crop management systems necessitate
continuous innovation to address challenges such as the forecasted increase in extreme weather
pattens and events impacting the growing environment (Harris et al., 2018; Arora, 2019).
Furthermore, our current and increasing global populations require sufficient access to sustainably
sourced supplies of food, feed, fiber, and fuel. The producers ard task&ining these increased
demands, all while continuing to be good stewards through responsible utilization of tools,
monetary funds, natural resources, and people in an environmentally and effective manner
(Harbinson et al., 2021; Tilman et al., 2014l, 2008; Yin & Ding, 2021).

One of the most intriguing and complex issues encompassing these conversations concerns
identifying the best techniques for production management, recognizing the dynamic diversity of
soil across our production systemseTdnited States (U.S.) soil classification has twelve different
orders based on the five factors of soil formation: 1) Climate, 2) Organisms, 3) Parent Materials,
4) Relief, and 5) Time (Soil Science Division Staff, 2017). Within a soil order, the specific
properties allow for further classification into a specified taxonomy, thus, leading to over 14,000
different soil series in the U.S. Locally, North Carolina is host to sixteen different soil regions and

hundreds of different soil series, creating notalersity of conditions (Daniels et al., 1999).



As of 2019, agricultural production is North Carolina’'s top industry, with the production of
food, fiber, and forestry contributing $95.9 billion in state income (Mike Walden, 2021 Agriculture
and Agribusinss report, pdf). This critical economic importance, combined with the immense
diversity of environmental conditions found within North Carolina, creates a dynamic need for
continuous improvement of management systems to address production challengespsselip
management strategy is the role of biologicals in crop production systems. Endomycorrhizal fungi
are one specific type of biologicals gaining substantial attention for their potential roles as
biofertilizers, increasing crop resilience to abiotressors, and improving yields (Bhardwaj et al.,
2014). These mutualist occurrences between soil microorganisms, soil nutrients, and plant roots
has led to a rapidly growing stgegment of industry working to harness this beneficial symbiosis,
presenting pportune potential for product performance that might not sustain the hype (Salomon
et al., 2022).

Further highlighting the need for Universibased research to provide unbiased
information to support producers in decision making regarding novel emepyaaiices
surrounding longerm sustainability. Addressing these research needs led to our interest in
developing research questions in both controlled and production based systems to understand the
mutualistic relationship of an endomycorrhizal biologi@buscular mycorrhizal fungi, with a
relevant agricultural crop. Outlined in the review of the literature below, we provide the framework
behind the importance and our motivation for evaluatiegnutualistic relationship of arbuscular
mycorrhizal (AM)fungi relative to potassium (K) acquisition for soybeans grown in North

Carolina.



Arbuscular Mycorrhizal Fungi: History & Structural Overview

The beneficial symbiotic role that AM fungi provide to most land plants is driving interest in
utilizing thesemicrobes to improve the resilience of agricultural systems (Smith & Read, 2008).
AM fungi are the most prevalent type of mycorrhizal symbionts since they colonize more than
80% of land plants, including many crop species (Smith & Reed, 2008; Wang & Q@ H2drley

& Smith, 1983). Evidence including fossils, functional molecular mechanisms, and other tools
related to taxonomic classification and evolution has indicated the relationship between AM fungi
and land plants eevolved to facilitate adaptations the harsh early land environments (Rich et
al., 2021; Puginier et al., 2022). Additionally, mycorrhizal associations tend to be preserved within
an entire family of plants, providing essential insights for evaluating classification parameters and
favorable conditions for symbiotic associations (Brundrett & Tedersoo, 2018).

Classification of AM fungi is a complex process with constant revisions as molecular
advancements provide more intimate insight in the diversity of mycorrhizal fungi. Currently, AM
fungi are classified as members of the-plilglum Glomeromycotina (Spatafoet al., 2017). The
controlled laboratory experiments that will be discussed in further detail in future chapters will
utilize AM fungal strains that are in the order Glomerales, family Glomeraceae, genus
Rhizophagus, and speciBhizophagus irregularifNCBI:txid588596; Schoch, et al., 2020).

The classical word origins of the nammuscular mycorrhizalungi, provides insight into
the definition and function of this particular microbe. To begin, the word arbuscule has a Latin
origin arbuscula which furher breaks int@rbor, which can be defined as a tree or a branched,
treelike structure (MerriarWebster), and the diminuate additiorcafaimplies small stature, or
a small, branched, trdike structure. The root word myemeans fungus and originatesm the

Greek base ainT k iUnsushroom, fungus; the root worthiza refers td root, connection to a



root; and the rhizosphere is the area immediately surrounding the root (Méveaster).
Altogether this allows for the understanding that thisiispecialized type of fungus associated
with roots and forming small trdée structures in host cells. However, AM fungi do not form a
mushroom fruiting body like other mycorrhizal fungi do.

AM fungi are asexual, symbiotic, obligate biotrogha host fant is essential for their
existence and the resulting ability to develop spores containing nuclei for asexual reproduction,
sustained by a kdirectional resource exchan(fearniske, 2008 5uch that even most laboratery
grown fungal species and subsetuspore production still require a host plant; the standard
method across different genesis is to utilize a RINA-transformed carrot root culturB@ucus
carotaclone DCI) (Karandashov et al., 2000) and using a minimal M medium (Bécard & Fortin,
1988).

Under ideal conditions, a germinated spore results in the functional AM fungi structure
composed of three main features: 1) the extraradical hyphae, which serve in the exploration of soll
beyond the initial root zone; 2) the arbuscules, highly branctredtsres that facilitate the
exchange of water and nutrients with colonized host cells; and 3) the vesicleshaped
structures that function as internal storage unéihough, formation of vesicles is not ubiquitous
to all AM specieskigure 1.1) (Parniske, 2008). The formation of arbuscules and vesicles occurs
inside the root cortical cells. Thus, these internal hyphal structures associated with the plant root

result in the categorization of AM fungi as an endomycorrhizal fungus (Bonfante & @em6y,
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Figure 1.1lllustration of Arbuscular Mycorrhizal Fungi .
An illustration showing a vertical cross section of a roots cortical layers that depicts the structural
components of arbuscular mycorrhizal fungi including 1) the extraradical hyipduaallows for
the exploration of soil outside the initial root zone, 2) the arbuscules that allow for the exchange
of water and nutrients with the colonized host cell, 3) the vesicles that are storage units developed
inside host cells. Figure developetilining BioRender
Arbuscular Mycorrhizal Fungi: Root Associations
To successfully establish a functional symbiotic association between AM fungi and plant roots,
four critical stages are required including 1) spore germination, péacgption, and kilirectional
signaling 2) fungal/plant interception and ingression 3) internal root hyphae associations with cells
and 4) formation of functional arbuscules (Gutjahr & Parniske, 2013).

Due to the symbiotic nature and host plant dependéxid fungal spore germination is a
cyclical process. Under suitable conditions in the bulk soil solution, spores utilize stored lipid
resources to support a brief period of hyphal initiation and exploration for a perception of plant

signals; if not perceed, the spore recalls the cytoplasm and the spore returns to dormancy

(Bonfante & Genre, 2010). However, if the hyphae intercept and perceive strigolactone, a hormone



exudated by plant roots, the hyphae will branch and elongate in exploration in teeibsikution
to find the rhizosphere zone of an acceptable host plant (Besser et al., 2006; Smith & Read, 2008;
Bonfante & Genre, 2010). The discussion surrounding the classification oflzosbplant is a
conversation of complexity surrounding the was stages of signaling, perception and the
definition of colonization vs functional colonization, as further discussed in Cosme et al. (2018).
Upon successful germination of the spore and the resulting initiation of AM fungal
symbiosis, the plants fodewhat is known as the Common Signaling Pathway (CEBufe 1.2
A). The CSP is a plant molecular pathway, involving a cascade of regulation that drives the
establishment of both AM symbiosis and the root nodules in leguminous plants (Foo, 2019;
Oldroyd, 2013). As hyphae perceive localization to a host plant, a signal that is essentially
requesting the initiation of these symbiotic relationships is released as an exudate called lipo
chitooligosaccharides (LCOs). Both AM fungi, as well as Rhizobia, hapedfis type of LCQ
Myc factor for AM fungi and Nod factor for Rhizobia (Foo et al., 2019; Bucher et al., 2014;
Schmitz & Harrison, 2014; Limpens & Bisseling, 2003). The LCO signal is perceived by receptors
embedded in the plasma membrane of host plalst ddlis perception results in the production of
a secondary messenger (i.e., mevalonate) that will reach the cell nucleus where calcium channels
(DMI1/Pollux/Castor) on the nuclear membrane alter the nuclear calcium concentrations
(Venkateshwaran et al2015). These calcium concentration oscillations, or spikes, are then
decoded by a calciirand calmodulirdependent kinase (DMI3/CCaMK), which leads to the
expression of various transcription factors and eventually to the formation of nodules or the AM
symbiosis, depending on the bacterial or fungal LCOs initially perceived by the cell (Gutjahr &
Parniske, 2013). Simultaneously, the induction of epidermis substances allow the hyphal formation

and attachment of the hyphopodium to the root epidermis, thofgrdag signals to cortical cells



of impending ingression (Bonfante & Genre, 2010). From the hyphopodium, a hyphal peg called
an appressoria ingresses into the epidermal cell as fodditago truncatulglants (Genre et
al., 2005).

The plant prepargtn for inviting the fungal hyphae into the intercellular portion of the
root requires the nucleus to move from the appressoria site towards the cortical layer, structuring
the development of a shadrm tube like structure composed of microtubules, rfilaroents and
endoplasmic reticulum, referred to as the-peaetration apparatus (PPA), that separates the cell
cytoplasm from the entering hyphae (Genre et al., 2005). From there the PPA is responsible for
guiding the hyphae to the inner cortex, and itite apoplastic space among cells, where the
intraradical hyphae move in a longitudinal fashion, in progression towards the formation of
arbuscules within the cells found in the ingertex of the plant roots (Gutjahr & Parniske, 2013).
Throughout this dration, calcium oscillations continue to occur and have been recorded to last
the duration of an hour (Sieberer et al., 2012).

Up to this point, even though the hyphae are present intracellularly, this would not be
classified as colonized. Functional aolwation requires the formation of arbuscules within
individual cells. In order to facilitate arbuscule formation, the plant undergoes considerable cell
architectural changes, through the progression of five phases. Molecular processes and various
genes & crucial for progression through the five phases, as work with model plants such as
Medicago truncatuldnas demonstrated and is further discussed by Gutjahr & Parniske, (2013).

In the first stage, another PPA is formed within the individual cell, cigatminitiation
pocket that, notably, the nuckeus located near, amshce formedthe arbuscule will develop
around the nucleus (Harrison, 2012). Next, as the hyphae enters into the cell the components of

the cytoskeleton continue to congregate aroundyiphae to continue this pocket found within



the cell. The plasma membrane of the cell forms a distinctive feature called the periarbuscular
membrane that completely surrounds the arbuscule, further the total transition from plasma
membrane to periarbuseunlseems dependent on arbuscule branching as established by presence
of particular functional proteins (Pumplin & Harrison, 2009). This double membrane allows for
increased surface area with each arbuscule for maximeoiirdational symbiotic exchanges
(Gutjahr & Parniske, 2013). As such, the hyphae is associated with the cell, but is not integrated
within the internal cell composition. The third stage is the initiation of the hyphae branching, which
then progresses into the fourth stage a fully functibigtt density branched arbuscukedure

1.2 O). The functionality for a single arbuscule occurs foaaarageduration of three days, and

then collapses ending the entirety of the lifecycle in approximately a week's time (Pumplin &
Harrison, 2009). Totgdercentage colonization of the plant root remains steady as the lifecycle of

individual arbuscules ebbs and flows (Cox & Tinker, 1976).
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Figure 1.2The Formation of a Functional Arbuscule.

A) A depiction of the Common Signaling Pathway (CSP) that occurs in the transition from a
germinatingspore to a functional arbuscdt@ming. When aspore germinatgmycelium extends

into the soil exuding hormone signals (gredgot hormoneignals encourge increasettyphal
branching(purple) The hyphéasignalsinitiate the CSP as shown the green cellsContinued
molecular processes allow the fungus to attach to the plant via the hyphopodium on the surface,
where the nuclei and cytoplasm congregatalltmv the prepenetration apparatus to form in the
outer cortex cells (PPAyellow). Guiding the hyphae from the outer cortex into the inner cortex
wherethe PPA is induced within an inner cdflorminga highly branched arbuscutethe cell A
functiond arbusculethen facilitates nutrients and watéransportinto the cells for the plant
Adaptedfrom (Bonfante & Genre, 2010). B) A colonized soybean root that has undergone the
staining visualization process to highlight the presence of arbuscles fioficolonization, the

red oval highlights a fully formed arbuscule. C) A magnified image showing the density of a
highly-branched arbuscule visible via the staining process from (Garcia et al., 2016).



The presence of colonization also influences pfaotesses, enzymatic activities and
concentrations found with plant root and shoot cells. One such example includes the report that
abscisic acid (ABA) a hormone known to stimulate root elongaticoncentrations are higher in
shoots and roots of AM colared plants relative to nemycorrhizal plants, and also elevated
levels present in hyphae (Meixner et al., 2005). Further, in comparing an ABA mutant and wild
type, mutant performances exhibit potential importance in arbuscule abundance and function
(HerreraMedina et al., 2007). Plant cell responses driven by colonization indicate the intricate
relationship across many plant cells processes focused around these symbiotic relationships.

Colonization resulting in functional arbuscules facilitates nuttiamsfer within the cells
of the root, and many questions exist in understanding the specific transport mechanisms occurring
in the root cells, along with interactions and support that occurs relative to multiple AM species
potentially competing for carbam the same root. Yet, in order for this nutrient exchange to occur,

a critical step occurs: the extraradical hyphae extensively expand and explore beyond the root zone
into greater volumes of the soil solution. Hyphal growth is advantageous over nath gree to

the expansive surface area within 1 cm of soil as well as the ability to enter tiny macropores (Hodge
et al., 2009). The extraradical hyphae exploration between soil macroaggregate pore spaces
improves upon current soil structure by forming aimatling up many soil microaggregates within

the hyphae to form macroaggregates, and is influenced by soil texture (Leifheit et al., 2014; Six et
al., 2004; Oades, 1984). Distinctions in hyphal growth were also attributed to the family level, in
which Gloma&eae and Acaulosporaceae averag@dcin: and Gigasporaceae averagefl énmr

for extraradical growth, conversely Glomacea and Acaulosporaceae producer higher amounts of

intraradical hyphal biomass compared to Gigasporaceae (Hart & Reader, 2002). Baseskdn
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classifications, a recent controlled study observed extraradical hyphae facilitated the movement of

P solubilizing bacteria to aid in mineralizing and acquiring nutrients (Jiang et al., 2021).

Arbuscular Mycorrhizal Fungi: Nutrienfrading
In this mutualistic symbiosis, once functional colonization is established, the plant provides a
critical fraction of the photosynthetically fixed carbon in return for nutrients and water collected
by the fungus beyond the limits of the plantteo(Roth & Paszkowski, 2017; Smith & Smith,
2011; Garcia et al., 2016). The host plant favors this beneficial symbiosis so highly that it
contributes up to 25% of the sugars produced through photosynthesis, but this contribution
depends on the host plamtcaenvironmental conditions (Fajardo Lopez et al., 2008; Wyatt et al.,
2014). Furthermore, in quantifying plaassimilated carbon's movements, AM fungi hyphal
features may also facilitate carbon transfer to surrounding soil rhizosphere communitieseKaiser
al., 2015). Increased carbon then drives the commibaisgd decomposition of organic matter
found within the soil and influences the availability of many essential nutrients relative to organic
matter breakdown, pH changes, and commufithizosphege microorganisms in the soil solution
(Frey, 2019). Despite all these positive benefits, there are limitations to the symbiotic relationship
of AM fungi, as high soil phosphorus levels tend to inhibit their growth and function (Balzergue
et al., 2013; Gughr & Parniske, 2013), and due to high plant carbon costs, colonizations can be
suppressed if nutritional needs are sufficient (Gutjahr & Parniske, 2013).

The level ofavailable essential macrand micronutrients in the soil for plants and fungal
speciess often an influencing factor in yield potential related to agricultural crop productivity.
Focused research interest i n -Arkrgedsnstred97@st&i ond s

680s and continues current | gtheowticd rble of AVsfungir c h  f
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in the uptake of essential nutrients such as nitrogen (Miransari, 2011: TRemea et al., 2012;
Bucking & Kafle, 2015) and phosphorus (George et al., 1995; Smith et al., 2011); along with the
role of buffering potentiallyharmful nutrients in large quantities and mitigating environmental
stresses (Miransari, 2010; Miransair et al., 2008). Yet, despite the focus of fungal nutrition,
minimal work has focused on the third key mantdrient,K (Garcia & Zimmerman, 2014).

Soil microbial communities conduct crucial processes that directly impact the soil's
fertility levels through decomposition, mineralization, and the storage and release of nutrients
(Parmar & Sindhu, 2013). More specifically, regardikg bacterial and fungaspecies have
demonstrated a role in solubilizing fixédinto a plantavailable form within the soil solution.
Plants have increased this resiliency through beneficial symbiotic relationships formed with
specialized fungi, including AM fungi (Garcia & Zmermann, 2014). The microbial role in
solubilizing K from rock structures was first reported by Muentz (1890). Several bacteria, fungi,
actinomycetes, and AM fungi effectively mobiliggrom the soil minerals into the soil solution
(Etesami et al., 201 Meena et al., 2015). Fungi, specifically, facilitate the solubilizatioi tof
aid in the transformation process through the secretion of organic acids leading to a breakdown in

the structure of the minerals that compose the soil matrix (Sindhu etlat), 20

Potassium: The Mineralogy & Cycling in the Soil

ElementaK is an alkali metal, is the eighth most abundant element, and has a concentration in the
soi l matrix of the eart hEguret.3),busthisignatmaressagy f r o
in a plant available form (Tisdale, Nelson, Beaton, 1985; Schulze, 1P8€ssiumis a
monovalent cation in the soil matrix and mainly occurs as a structural component for a 2:1 layer

(Schulze, 2005; Benito et al.,, 2014Hotassiumoriginates from variousources like micas,
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feldspars, and micaceous minerals in the clay fraction (Pratt, 1965), with often relatively small

amounts found in the exchangeable form avail a

2014). The parent materials of igneousk®that break down into feldspars and micas are primary

minerals that eventually weather to the elemental stage, resulnigimd in the soil matrix; this

is often a prolonged process (Singh & Goul din
The fixed forms areften the structural composition elements found within the 2:1 clay

and 1:1 clay matrix; the breakdown and availability to plants depends upon the type of clay content

in the soil and the resulting enkiswaesohdent (Z7

the element's positive charge attracts to the surface of the negatively charged clay particles. Soils

with higher sand contents are also more susceptible to losKeshain environmental conditions

are conducive to water leaching (Pal et 2002 Alfaro et al., 2004; Goulding et al., 2021). The

availability of this form is determined through soil testing and directly relates to Cation Exchange

Capacity (CEC) and the pH range. The structure and soil type can influence the solubilization of

K, as the primary natural source to replenisfuepleted soils is through the weathering of the

mi neral 6s mica and feldspar ( S magricukusal céoppidigt an g,

residues can impadt cycling and conversion to plant available form eleging on the residue

composition, environmental conditions, Carbon:Nitrogen ratio, and decomposition rates of the

residue (Basak et al., 2020). Considerations for crop residue, soil composition, and soil properties

lead to differences in nutrient availlityi throughout the depths of the profile; these considerations

could influence potential cropping system choice based on the root structure of the potential crop.
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Element Crustal average Mole fraction Ionic radius Volume

g kg nm To
0 466.0 0.6057 0.140 89.84
Si+ 277.2 0.2052 0.039 2.37
Al¥ 81.3 0.0627 0.051 1.24
Fe® 50.0 0.0186 0.074 0.79
Mg* 20.9 0.0179 0.066 0.60
Ca* 36.3 0.0188 0.099 1.39
Na* 28.3 0.0256 0.097 1.84
K 25.9 0.0138 0.133 1.84
Ti* 4.4 0.0019 0.068 0.08
H* 1.4 0.0288 T ]
Mn* 0.9 0.0003 0.060 0.01
P 1.0 0.0007 0.035 0.01
T Ionic radius and velume of H* is negligible compared to 0%,

Figure 1.3Elements in the Crust of the Earth
The twelve common elements in tlearth crust, noting that K is the eighth most abundant
accounting for 1.84% volume from (Hurlbut & Klein, 1997) cited in (Schulze, 1989).

The original classification df cycling in the environment utilized a fesil pool model
of theK cycle, which iscomposed of: primary minerals, nerchangeabl&, exchangeabl&,
and finally, plartavailableK in the soil solution (Havlen et al., 2014; Brouder et al., 2021).
However, Brouder et al. (2021) have worked to create a more complex pooyding to béter
account for the lasting impacts of management strategies on the entirety of this cyclical system
(Figure 1.4). This intensified focus is a significant advancement in the conversation for evaluating
the impact of the rhizosphere communitykomnlynamics As such, the rhizosphere concentration
flux is a driver in plant acquisition dynamics relating<toas most plants acquire availaBKlevia
diffusion (Jungk, 2002). Furthermore, exudates originating from and surrounding the roots can
interact with the sticturalK and promote the dissolution into soil solution (Hinsinger et al., 2021).
These influential aspects are fundamental for consideration, given the regionality of soils and soil
types, especially as most fertilization recommendation& fand Phosporus are currently on a

stateto-state basis (Slaton et al., 2022). Soil nutrient concentrations in North Carolina are
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evaluated utilizing the MehlieB extraction method, in which the sdfl is reported as a
standardized index value relative to nutriawilability for a given soil CECthe index value is a
compilation of information and data creating a relative response scale to simplify and aid in
decision making of croppecific responses to develop calculated recommended fertilizer

applications (Hard et al., 2014).
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Figure 1.4Updated SoilK Cycle.

A comprehensivK cycle developed by Brouder et al. (2021), in which suggests there are six
primary ways or known pools th&t exists within the soil (light yellow boxes), further in this
robust cycle, they account for two areas in which plants K@ldjht blue boxes) ahfinally they
generalize the additionKl is added to the system (dark blue boxes) while also discussing way that
K leaves the cyclical system (gold boxes).
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Potassium: The Role and Function in Plant Growth

Potassiumis one of three essential macronemitis for plant growth and development, and often
has significant total crop nutritional demands relative to soil availdblsome crops are even
considered luxury consumers kf The function oK is critical in roles related to the enzymatic
activity for proper growth and development, especially relative to plater relationships (Wang
etal., 2013; Johnson et al., 2022). The essential-fomititional role oK highlights the significant

need for evaluating the relationships of these pailtmicrobal community dynamics and their
ability to facilitate plant resiliency in challenging environments due to their ability to drive
interactions, dynamics, and processes relati¥edwailabilityand cycl i ng. I n a re
al. (2014) numerous plant root exudates were reported to influence the mobilization- of non
exchangeabl&, with a critical root response threshold of2®@ ¢ M.

When soil testing reveals that the plant availdbie the soil matrix is limited, a common
solution is the addition of fertilizers. In fact, the U.S. leads global consumption of fertilization at
27% of global demand (Prakash & Verma, 2016). The global producti¢riesfilizer originates
from two key sourcesfanined rocksalts and residual sea beds crystallized structures (Prakash &
Verma, 2016)K fertilizer most often occurs in the form of salts. A common fertilizer choibe is
chloride (KCl)or muriate of potastbut other forms oK salts such as nitratearbonate, bromide,
sulfate, cyanide, or polyhalite can be utilized. Other sourcksmthe soil solution can originate
from the atmosphere, irrigation, runoff and erosion, and plant biomass residues (Mikkelsen &
Roberts, 2021). It is worthy of notea muchK fertilizer or residual splashing from rain can cause
early seasoK tissue necrosis.

The production of rovcrop agriculture can intensify the demands of phargilableK in

the soil matrix. One of the main reasons plants have such a high deEmH&nd the role it serves
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in plants. These ions are crucial in regulating the condition of homeostasis in the plant, with
particular regard for abiotic stress, examples such as the regulation of guard cells around the

stomata in response to conditioriglmught or salinity (Jia & Zhang, 2008; Giraudat et al., 1994).

Soybeans: The Importance in North Carolina
Globally, soybeanGlycine max(L.) Merr.] is an important seed crop for meeting protein and oil
demands. The initiation of soybean productionused in Georgia, circa 1765 (Hymowitz and
Har | an, 1983), widespread production in soybe
and prominent gl obal production | evels achiev
second globally in wduction, and together with Brazil, accounts for 4hiwds of total global
soybean production (Ritchie & Roser, 2021).

North Carolinabds -treprcgremmdity isaspybeéansudctounting for r o w
approximately 42% of rowerop acreage, totallingn estimated 1.6 million acres per year (USDA,
NASS, 2021 data). While NC yields are ranked lower across U.S. production, the Southern U.S.
region has been demonstrated to produce higbhality soybeans relative to the Midwest region
attributed to the waner environment (Rotundo et al., 2016; Clemente et al., 2009). Furthermore,
NCbébs geographical | ocation has it uniquely po
soybean meal and oil. On the national scale, the logistics of utilizingrbid@ilicedsoybean meal
to address the dietary demands of numerous poultry and pork production densities is optimal as
NC is the third largest producer of U.S. pork and turkey supply and fourth in broiler production
(USDA, NASS, 2021 data). On a global scale, thipndy to major shipping ports in Virginia
and South Carolina provides an optimal supply chain network and logistics to fulfill global market

demand.
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Soybean oil is a preferential product used in many cooking processes due to its improved
health benefit{Baer et al., 2021). Worldwide, soybean demand accounts for 28% of global
vegetable oil production (FAOSTAT, 2021). This global preference for soybeans is driven by the
desirability of the average seed composition for oil and protein as well as othernemtg@s
outlined inFigure 1.5 The animal feed protein is a residualfpduct of the oil processing
(Thrane et al., 2017). Soybean production in NC fits nicely into the various diverserapw
production processes. As NC producers look for waym#éximize their yields, production
windows, and workloads, there is interest in trying new systems, as evidenced by treatment

combinations evaluated in Morris et al. (2021).
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Figure 1.5 Soybean Seed Composition

Relative composition of an average soybesgdsrom (Thrane et al., 2017).

Soybeans: Plant Growth & Development & Potassium Nutrition

Soybean plants are photoperiod and temperature sensitive, the resulting growing environment
heavily influences growtlhabits as longer days supprggswth (Bu et al., 2021; Major et al.,
1975). Regional, uniform soybean tests, provided the frameworlh&resulting systematic

approach for delineating soybean germplasm, which led to the first structured organization and
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classification of maturity groups (MG) by Scott & Aldrich, (1970) (Specht et al., 2014; Mourtzinis
& Conley, 2017). Thus, based upon tte&ibutes of how latitudes influence the growing season
window, soybean germplasm is classified and placed so that optimum plant growth or full maturity
is achieved before the average killing frost date. Further, MG selection and planting date influences
parameters of crop management decisions relative to rasiéason canopy closure to ensure
maximum photosynthetic activity (Bateman et al., 2020; Salmeron et al., 2015) along with
increased suppression of weeds improving chemistry efficacy (Arsenijevia.,e2022).
Photosynthetic activity has been proposed as a rate limiter to yield production, but with limited
full-scale production inference capacity (Wang et al., 2020; Raines, 2011). Contrastingly, when
evaluating a wide germplasm collection of MG photosynthetic rates correlated to ample water
availability driving yield potential, highlighting the importance of response to stress and plant
water use, anl availability (Koester et al., 2016). From an economic standpoint, studies across
the U.S. ad NC have provided ample evidence to the advantages of early planting in April, relative
to previous conventional planting timings (Vann et al., 2021; Matcham et al., 2020; Mourtzinis et
al., 2019; Rattalino et al., 2017). An updated regional delineatistera for the US soybean
germplasm can be observed kigure 1.6 (Mourtzinis & Conley, 2017). Another physical
parameter that can be divided by MG is the determinate vs indeterminate growth habit.
Indeterminate varieties are typically MG 1V or lower, laekminal inflorescence and therefore
continue to add new trifoliates, flowetwoughout the remaining duration of the growing season.
Comparatively, determinate varieties, MG V and higher, cease the production of new trifoliates
once reproductive develomnt phases have been initiated. Interestingly, positive yield responses

in indeterminate occurred with earlier planting date, comparatively determinate observed minimal
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responses (Wilcox & Frankenburger, 1987). Morris et al. (2021), saw a correlation of

indeterminate varieties with lower initial stands were able to maintain yield potential.
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Figure 1.6 Maturity Group Zonation .
Continental United States soybean maturity group regional ideal designation from (Mourtzinis &
Conley, 2017)

Plant roots have tee main ways to obtain soil nutrients: interception, mass flow, and
diffusion. K'is of specialized interest for soybean growth and development, as it is one of three
essential macronutrients, and soybeans are often referred to as luxury consuierBhef
dynamics oK movement in the rhizosphere are mainly driven by mass flow and diffusion in the
soil solution (Barber, 1985). Defining factors in a plant's ability to acéuirem the soil solution
include the soil type, properties, and concentratibK. The concentration drives the selection

and uptake of ions via either higiffinity or low-affinity transport mechanisms (Maathuis &
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Sanders, 1996; Barber, 1985; Britto et al., 2008). The transportatiofrom the soil across the

plasma membranet a pl ant 6s root <cells is mainly faci
to the highaffinity potassium transporters (HKTs) famillgigure 1.7), which in part composes

the superfamily oK transporters, or SKT proteins (Levin & Zhou, 2014). A réegaper discusses

some of the limitations that accompany current understandingsohncentrations in plant cells

relative to the ability of the plasma membrane transporters to move nutrients across the gradient
and finds that energy voltage also playsa gni f i cant role in the pla
utilize HKTs (Dreyer & Michard, 2020). Within plant tissues, plant cells perform optimally with

cytoplasmic concentrations between -BZID mM (Leigh & Wyn Jones, 1984).
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Figure 1.7 Potassium Transpoter Depiction.

Depiction of the differences in mechanistic properties between the A)Adigiity transport
systems (HATS) and B) Lowffinity transport systems (LATS). Highffinity transporters in

which K is often in a high internal concentration areught into the cell with a lower energy
expenditure of hydrogen concentrations, to maintain plant cell charge balance, two hydrogen
atoms are released back into the soil solution via the ATPase proton pump. Contrastingly, Low
affinity transporters are dr@n by a low internal nutrient concentration gradient allowing for the
uniport ofK into the cell, with charge maintained again by a 1:1 movement of a hydrogen atom
from (Britto et al., 2008).
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Nutritional demand in soybeans has been characterized tonfalltiiree different
classifications with distinctive responses: 1) the vegetative growth phaseMX) which often
has a lower sloping demand relative to the full season, but increases with increasing biomass
production, 2) the early reproductive deyeitent phase (RR4) responsible for setting the yield
potential, and where maximum demands and uptake occurs, and 3) the grain fill and plant
maturation stage (RB8) where leaf production has dwindled or stopped depending on growth
determination, nutrienttemands are lessened and focused relative to grai(Figure 1.8).
Soybean plants typically have the highest demand far the R2R3 growth stage (Slaton et al.,
2010; Clover & Mallarino, 2013). Parvej et al. (2016) and Slaton et al. (2021) plasganmge on
evaluating the petioles in addition to the trifoliate leaves at this stage with the critical leaf
concentration value ranging from-25 g kg!(Stammer & Mallarino, 2018; Bryson et al., 2014).
Further, other work has linked the importanc&afith the V5- V6 growth stage for diagnosing
limitations, as the demand and allocation Koiis exponential relative to the early vegetative
demands (Fernandez et al., 2009). Gaspar et al. (2017) characterized the total plant deiands for
across high, arvage, and low yielding environments, in which variations in leaf tig&sueere
highest in the low yielding environment. Understressed conditions, soybeans often exhibit
symptoms with a distinctive leaf yellowing and chlorosis pattern, but can alsaegqaeno leaf
sympt omol ogy and suffer from what i's referrec
Beyond inseason growth, parameters of end season yield quality, protein and oil are influenced

by availability ofK in the soil solution (Anthony etl., 2012).
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Figure 1.8 Soybean Plant Partitions

Partitioning of dry weight biomass, N, P, and K tissuef%oybeargrain grown in the central
Midwest, flowers, stems and leaves averaged over three years of collected data for two different
soybean varieties and three locations (adapted from Bender et al., 2015)

Thelnterrelationship oSoybeans, AM symbiosis, aRdtassium

Plant productivity is reliant upon optimal root architecture given the soil composition and
respective fertility leved. Specifically, the sestimited, conditional, mobility of th& ion in the

soil solution necessitates root exploration for sufficient concentrations of-giaitable K.
Limited soil K results in regional variations of soybean production reliant oradugtion of
fertilization to amend soiK deficiencies (Slaton et al., 2022; Parvej et al., 2016; Sawchik &
Mallarino, 2008), improve pest management of soybean aphids (Walter & DiFonzo, 2014; Myers
et al., 2005), and enhance resilience to abiotic streg¢btwstofa et al., 2022; Hasanuzzaman et

al., 2018). Could root architecture and plant productivity for a given soil composition be enhanced
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through plant associations with the arbuscular mycorrhizal community (Brundrett, 2017;
Brundrett, 2009)?

Model plan species have provided important context clues to understanding the response
mechanisms of these beneficial biological interactions, especially regarding molecular transport,
gene expression, and nutritional symbiosis. AM fungal research utilizing nesgehé species
such asvledicago truncatulandLotus japonicudas exhibited interesting results regarding plant
/ fungal nutrition related to N (Miransari, 2011; Peflégnda et al., 2012; Bucking & Kafle, 2015)
and P (George et al., 1995; Smith et al120 Our research group is leading crucial pioneering
efforts into understandingK nutrition mediated by mycorrhizal associations (Garcia &
Zimmerman, 2014; Garcia et al., 2017; Garcia et al., 2020; Frank & Garcia, 2021; Kafle et al.,
2022; Hackman et alk022; Kafle & Garcia, 2022).

In Garcia et al. (2017) gene transcripts associated with functional colonization were
upregulated exclusively in inoculat&tl truncatularoots for both high and low nutrient additions
of K; as well as, the presence of AMbaulation increased shoot tisskierelative to the control
under the lowK nutrient condition. Tomato plants in association with AM fungi provided with 2
mM of K produced significantly more root and shoot relative to control plants (Liu et al., 2020).
Additionally, only the root tissues of Albmato plants express&HAK10,aK transporter from
the KT/KUP/HAK transport family; and in the absenceStflAK10reduced levels of root and
shootK was observed, indicated a clear evidence for a role in arbuscules transgiringet al.,

2020). Naturally, this leads to questions of quantifying the ability of AM fungi to trandfort
utilizing a radioactiveK tracer, however, significant limitatie are presented due to the cost and
safety. Such, based upon studies using rubidium) ®krackK transport in yeast; the Garcia lab

has demonstrated that Rban be used as a proxy to traék movement from both
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ectomycorrhizaland AM fungi to colonized plants (Kafle et al., 2022; Frank & Garcia, 2021).
Additional Garcia lab efforts to evaluate cesium as another proxy found limited results, which
could be attributed to the role of cesium in blocking partidiienannels (Kafle & Garcia, 2022).

The relation ofk with AM-plant associations leads to further interest in the role of AM
fungi andK nutrition in mediating the effects of sodium (Naespecially in excess. Santander et
al., (2021) demonstrated in a study on lettuce that additions ofindiglulants significantly
impacted theK/Na" ratio in the roots of the plants. Similarly, wil.truncatula, plants were
deprived ofK over the course of six weeks, in the presence of AM fungi, plant growth impacts
were limited and plants without the preserof AM fungi exhibited higher Naconcentrations
(Garcia et al., 2017; Kafle et al., 2022).

As we continue to expand into tierealm, the relationship with sodium Nand plant
water dynamics will play an important role in navigating plant responserious abiotic
conditions. Based upon the significanck of t
truncatulg can we translate thesesuccesses to a significant agronomic legume crop, such as
soybeans? Further, wouldsponses remain relevaacross a diverse combination of soil profiles
and climatic conditions? Could plant resilience under symbiotic associations be quantified when
evaluated in a variety of regionally based abiotic challenges, especially given the high levels of

legacy P aass North Carolina?

Conclusion
As demand for agricultural products and services continues to grow, global producers will be faced
with similar questions that intersect upon focus areas related to production management decisions.

As briefly highlighted m the literature above, each realm has unique contextual knowledge

25



limitations. By bringing together these interdisciplinary, intersecting spaces of plant, soil, and
microbial interactions and implications, opportunities arise for increased insight entoni¥
workings of this cros$unctional space.

North Carolinaalone is home to the many unique production combinations that occur given
the sixteen different soil regions, hundreds of soil series, and tfantydifferent commodity
cropping systems (SoiConservation Service, 1993; USDA/NASS, 2021). Universdged,
unbiased, research must critically evaluate current and emerging, novel, best management
practices surrounding lorigrm sustainability.

To meet the needs of questions outlined above, we have developed research questions
across laboratory, greenhouse and production based systems to increase intersecting knowledge of
AM fungi, soil, K, and leguminous plants, especially soybeans. In effonféom knowledge to
ultimately support the grand challenge of sufficient access to sustainably sourced supplies of food,
feed, fiber, and fuel.

Thus, the presented framework behind the motivation to evaliemutualistic
relationship of AM fungi relate toK acquisition for soybeans grown in NC.

Where we investigate the following hypotheses:

i) With the addition of a mycorrhizal inoculant, is there a quantitative response in soybean
growth and development relative to the absence of the productuwden conditions of low or
sufficientK fertilizer across three unique growing environments in NC?

i) Can we galuak field baseeconditions in a more controlled environment to provide
insight into evaluating laboratorpased work with field conditiortbat would assisto improve

advancements in AM mediatdransport evaluation effor®s
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iii) Can we assess the transportkfia AM fungi in association with soybeans utilizing

rubidium as a proxy?
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CHAPTER 2
Evaluating a Commercial Endomycorrhizal Inoculant for Soybean Production in North

Carolina, when influenced by potassium availability

Abstract:

PotassiumK) is an essential macronutrient for plant growth and development. Beneficial
soil microbes, such as arbuscular mycorrhizal (AM) fungi have been demonstrated to facilitate the
uptake ofK in the model legumdledicago truncatulayet, it is not widely quarfied among
agricultural legume crops. A twgear fieldbased study was conducted to evaluate AM fungi's
effect on growth, nutrient acquisition, seed yield, and quality of soybé&zlgsirfe max (L.)

Merr.). The trial was conducted on university researatiosts across three distinct soil regions of
North Carolina with an effort to target low soil levels of phosphoruskgnsites included the
Piedmont, Sandhill, and Upper Coastal Plain Research Stafidedilizer application followed

soil test recommatations, utilizingk chloride (60-67 kg ha') to create a higlk environment

and 0 kg ha for a lowK environment. The soybean cultivars are three untreated, commercially
available maturity groups 1V, V, and VI. Seeds were coated with a commercial higabrr
inoculum, or left untreated. Chlorophyll content, shoot biomass, and tissue nutrient concentration
were collected at terand sixteerweeks after planting. Our results derive that Environment and
Maturity Group were the main significant drivers itate’e soybean responses to above ground
biomassK soybean tissue concentration, yield, protein, and oil. Regarding the treatment factors
of K fertilizer application and the commercial mycorrhizal inoculum product, our results show
limited impact of the dingal inoculum. This further highlights the impactsitie-level specific

environment conditions that come with ydéatyear and site variability on the inoculum

48



performancaunderevaluatedconditions even in nutrient limited environmerfts plant growth
Consequently, our results, in addition to otheid&ges evaluating mycorrhizal inoculum, further
emphasize the importance of understandingitm@icatiors of environmentainfluence when
deciding if utilizing an inoculum may provide benefit towamparticular grower specific

identified metric of economic importance.

Introd uction:

Soybean Glycine max(L.) Merr.] production serves a crucial role in providing a portion
of the global popul ationds food demand througl
well as, protein sources for humans and animals (Voah, &020). Increasing extreme weather
events pose a significant risk for the agricultural4@ap production environment attempting to
meet the increasing food demand (Harris et al., 2018; Arora, 2019). Thus, increased efforts to
develop various technales and methods for resilience in management practices are emerging.
One proposed management strategy is to utilize beneficial soil microbes to improve resilience in
crop production systems. These mutualist occurrences between soil miaotigriant roots hee
led to a rapidly growing subegment of industry working to harness this beneficial symbiosis,
presenting opportune potential for product performance that might not sustain the hype (Salomon
et al., 2022).

Among the many symbiot@ssociations, arbuscular mycorrhizal (AM) fungi, specifically,
served a foundational role in the ability of plants to function on land and to this day continue to
have a predominant role in natural and agroecosystems (Rich et al., 2021; PuginieD22hpl., 2
Indeed, AM fungi are the most prevalent type of mycorrhizal symbionts since they colonize more
than 80% of land plants, including many crop species (Smith & Reed, 2008; Wang & Qiu, 2006;

Harley & Smith, 1983). The host plant is essential for AM fliexastence, as they are asexual,
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symbiotic, obligate biotroph®arniske, 2008)n this mutualistic planfungal symbiosis, the plant
provides a critical fraction (up to 25%) of the photosynthetically fixed carbon in return for nutrients
and water colleed by the fungus beyond the limits of the plant roots (Roth & Paszkowi, 2017,
Garcia et al., 2016; Smith & Smith, 20Fgjardo Lopez et al., 20R8 This bidirectional resource
exchange is facilitated in theortical root cells of the plant, where thengus forms functional,
denselybranched, arbuscules, connected to hyphae that extend externally out into fthe soll
conditionally, the fungus may also form vesicles in the cortical (Bligjahr & Parniske, 2013;
Parniske, 2008 Thus, these iiernal hyphal structures associated with the plant root result in the
categorization of AM fungi as an endomycorrhizal fungus (Bonfante & Genre, 2010).

The concept of utilizing AM fungal associations with plants as a method to reduce
fertilization in agrialtural systems has been discussed as a suggestion since the early 1980s
(Rhodes, 1980; Plenchette et al., 1982; Johnson & Hummel, 1986). The premise for the suggestion
is driven by research studies exhibiting positive plant responses while in assowitttigkiv
fungi (Bucking & Kafle, 2015; Peretienda et al., 2012; Miransari, 2011; Smith et al., 2011;
George et al., 1995). This is especially noted for plants that grow in stressful environmental
conditions (Santander et al., 2021; Miransari, 2010; Maart al., 2008). In addition to findings
related to improved soil aggregation & healtkitheit et al., 2013 global demand for sustainable
practices by reducing fertilizer reliance (Lal, 2008), anderlying global dynamics influencing
fertilizer avalability (Hassen & Bilali, 2022), has all created an environment warranting an
increased production of commercial endomycorrhizal products.

Achieving sustainable agricultural production, especially for prominent global crops such
as soybeans, necessimttargescale, multenvironmental field evaluation of management

practices (Berruti et al., 2016). All in an effort to complement the continuous improvement of
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commercial endomycorrhizal product development and knowledge expansion relating to
symbiotic, pantfungal interactions under controlled conditions. Soybeans grown under growth
chamber conditions and AM associations improved water stress resilience (Bethlenfalvay et al.,
1988). Greenhouse grown soybeans with symbiotic AM associations improvedsiass in
low fertility soils, as well as pod accumulation, total seeds, and seed weight for both high and low
fertility soils (Carling & Brown, 1980). Furthermore, Carling & Brown, (1980) additionally noted
some species and species isolates could sugpplast growth. Brazilian Soybean production in
the field improved yields relative to the control by additions of fertilization, AM inoculum, and
combinations of fertilization plus inoculum, with no clear advantage among treatments (Cely et
al., 2016). IfNigeria, field soybeans with the presence of a commercial endomycorrhizal inoculant
increased total root associations as well as plant growth parameters and yield (Adeyemi et al.,
2020; Adeyemi et al., 2021). Positive responses are more favorable undertility conditions,
and high soil phosphorus (P) levels tend to inhibit AM fungal growth and function (Balzergue et
al, 2013; Gutjahr & Parniske, 2013). A metaalysis of fieldbased inoculation found increased
inoculation success when utilizing nativmgal populationsfurther most commercial inoculums
hadubiquitousdismal resultgBerruti et al., 2016). en, whena plantshowed favorablgrowth
in response to the additiaf an inoculant, it could be attributed to addition of nutrientsthe
inoculum or other plant growth promoting microbes (Berruti et al., 2016).

Many of these studs focused on the impact of AM fungi on N or P, but very little in
potassiumK)-limited environmentsKis a critical element for plant cells and is involved in
many enzymatic activities, the plasma membrane potential, plant growth, and responses to
various abiotic and biotic environmental stresses (Wang et al., 2013; Johnson et al., 2022).

Soybean plants pycally have the highest demand fomat the R2R3 growth stage (Slaton et al.,
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2010; Clover & Mallarino, 2013). Undé&t stressed conditions, soybeans often exhibit symptoms
with a distinctive leaf yellowing and chlorosis pattern, but can also experierieafn
sympt omol ogy and suffer from what is referred
Beyond inseason growth, parameters of end season yield quality, protein and oil are influenced
by availability ofK in the soil solution (Anthony et al.022).

Recently, we have demonstrated the beneficial role of AM fungi relative taphartitition
under controlled conditions with the model leguviedlicago truncatulg§Garcia et al., 2017; Kafle
et al., 2022a, 2022b). Imprioygg theassimilation ofK under sd limited conditions could prove
usefulfor growers incommodity rowcrop productiorsystems Furthermore, North Carolina is
host to sixteen different soil regions and hundreds of different soil series, creating a notable
diversity of conditions (Daniels et al., 1999)paling increased perspectives on environments and
potential benefit of AM fungal additions. Thus, in an effort to best replicate the experience of a
NC based agricultural producer, our study utilized a commercial endomycorrhizal inoculum. With
a goal of poviding an objective, unbiased, quantification of a commercial endomycorrhizal
inoculum in combination with fertilization additions and the subsequent influence on soybean
growth, development, and yield responses under these conditions at the fielth Sdakth

Carolina.

Materials and Methods:

Location Information
A multi-location, small plot, fielebased trial was conducted over the course of two growing
seasons in North Carolina (262021). The selection criteria for the three locatiaese based

on initial field conditions that ideally had deficient or Ié&vand Pindex values, as indicated by
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routine soil sample analysis, along with geographical relevance to prime soybean production
locations in North Carolina and diversity of growing environmdrésearch plots wergdaced at

three North Carolina State University research stations: Upper Coastal Plain Research Station in
Rocky Mount, NC (UC; 35.98 N77.376 W), Sandhills Research Station in Jackson Springs, NC
(SH; 35.19 N;79.68 W), and Piedmont Research Station isBary, NC (PM; 35.70 N;80.62

W). The UC work was conducted on a silt loam, Roanoke soil series (Fine, mixed, semiactive,
thermic Typic Endoaquults) & a fine sandy loam, Dogue soil series(Fine, mixed, semiactive,
thermic Aquic Hapludults). The SH workas conducted on sandy soil, Candor soil series (Sandy,
kaolinitic, thermic Grossarenic Kandiudult). Finally, thd Rork was conducted on a clay loam,
Lloyd soil series (Fine, kaolinitic, thermic Rhodic KanhapludulEyre 2.1). North Carolina
Departmen of Agriculture soil test report can be foundTiable 2.1 PR field site was a rtill
environment; comparatively SH and UC were tilled each year, and UC was planted into bedded

soil conditions. Herbicide treatments were applied anel post as needed.
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Figure 2.1 Location Descriptionof Soil Diversity.

A) A map of North Carolina representing the major geographical soil areas,itlyocations are
outlined with red stars (PM, SH, & UC). Bh& name of therimary mapped so#eries, typical

pedon soil texture and the taxonomic clémseach locationC) A visual representation of the
typical pedon in regards to depth represented in (cm), horizons and coloration. A soil pedon is
classified by O,A, E, B, C horizons Each horizon is then further subdivided into specific
classifications that account fdre variation in coloratioandcomposition properties. Following

is a guide to the diagnostic horizons represented in this figure. Further details can be found in the
Keys to Soil Taxonomy (Soil Survey Staff, 2010). A horizdviineral; organic matter (huos)
accumulation, loss of Fe, Al, clay. ApA horizon; Plow layer or other artificial disturbance. E
horizon- E Mineral; some loss of Fe, Al, clay, or organic matter. E Primé& (Used to indicate

the recurrence of identical horizon descriptors. B horizBubsurfaceccumulation of clay, Fe,

Al, Si, humus, CaCQ CaSQ0); or loss of CaCQ or accumulation of sesquioxides; or subsurface
soil structure. BtB horizon; llluvial accumulation of silicate clay; Numerical Suffidedsed to
denote subdivisionwithin a master horizon. Bt@t with an additional, Strong gley. BC & BE
Dominantly B characteristics bgbntains E or C horizon attributes. -QLittle or no pedogenic
alteration, unconsolidated earthy material, soft bedrock; Numerical Prefixese(2,58 Used to
denote lithologic discontinuities. (NOTE: Discontinuities have important implications for site
history, internal water flow, and soil interpretations. See Official Series Description (OSD) in
Appendix B). (Soil Survey Staff).
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Table 2.1 Location Soil Status Report

North Carolina Department of Agriculture Soil Test information given with both index values and
mg/dm. Soil samples were collected at the start of the season before any treatment applications
had occurredPotassium fertilization amendments were calculated utilizing thedex provided

and the formula 0.0116 E2.75 | + 150 = answer x (2.2/2.47) = kg/ha (Hardy et al., 2014).

Field Soil Test Results (With Index Values

HM% [ WAV (ghem®) | CEC (meg/100 ) | BS% Ac pH PI K-I Ca% Mg% SI Mn-I Zn-1 Cu-I Na (meg/100 cm™)
PM 2020 0.13 0.94 7.2 - - 6.1 31 37 - - 70 865 142 132 --
PM 2021 0.36 0.96 8.4 85 13 6.1 53 54 52 30 47 896 395 183 0.1
SH 2020 0.51 1.5 3.4 79 0.7 6.2 101 22 57 19 22 82 453 202 0.1
SH 2021 0.56 1.44 3.6 75 0.9 6.2 125 17 53 20 23 62 374 74 0.1
UC 2020 a 0.46 1.27 5.7 86 0.8 6.2 76 87 58 21 34 350 147 54 0.1
UC2020b 0.46 1.22 7.3 88 0.9 6.4 39 27 67 19 28 58 123 45 0.2
UC 2021 0.46 1.21 5.2 81 1 5.8 56 27 60 18 29 46 117.5 40 0.1

Field Soil Test Results Soil Amounts

HM% | WV (gew?) | CEC (meg/l00 ew’) | BS% Ac pH P (mgiim*) | K (mgidm®) | Ca (mg/dm®) | Mg (mg/dm)| S (mg/dm*) [ Mn (mg/dm} | Zn (mg/dm*) |Cu (mgidm) Na (mg/dm®)
PM 2020 0.13 0.94 7.2 - - 6.1 37.2 72.335 -- -- 33.6 138.4 5.68 2.64 --
PM 2021 0.36 0.96 8.4 85 1.3 6.1 63.6 105.57 87360 30643.2 22.56 143.36 15.8 3.66 23
SH 2020 0.51 1.5 3.4 79 0.7 6.2 121.2 43.01 38760 7855.36 10.56 13.12 18.12 4.04 23
SH 2021 0.56 1.44 3.6 75 0.9 6.2 150 33.235 38160 8755.2 11.04 9.92 14.96 1.48 23
UC 2020 a 0.46 1.27 5.7 86 0.8 6.2 91.2 170.085 | 66120 | 14555.52| 16.32 56 5.88 1.08 23
UC 20200 0.46 1.22 7.3 88 0.9 6.4 46.8 52.785 97820 | 16865.92| 13.44 9.28 4.92 0.9 46
UC 2021 0.46 1.21 52 81 1 5.8 67.2 52.785 62400 | 11381.76| 13.92 7.36 4.7 0.8 23

HM?% - Humic Marter Percent (% of soluble soil organic matter on a volume basis - hwmic and fulvic)
W/V - Weight/Volume Ratio giem” (used to classify soil tvpe)

CEC - Cation Exchange Capacity (relative measure of nurmient-holding capacity)

BS% - Base Saturation (percentage of CEC occupied by basic cations (Ca, Mg, K)

Ac - Exchangeable Acidity (portion of CEC held by H™ and Al°)

\pH - (active acidity /H ™ ions in soil solution)

P-I Phosphorus Index; K-I Potassium Index

Index values: 0-10, very low,; 11-25 low, 26-50, medium; 51-100, high; 100", very high;

**yery low & low = response expected; medium = dependent upon crop; high = no response expected ; very high = no ferrilization recommended
Ca% | Mg% percentage of CEC to hold identified nutrient

S-I Sulfur Index - recommendation made with index of 25 or less

Mn-TI Manganese Index

Zn-1 Zinc Index, actual availability influenced by soil pH

Cu-I Copper Index (plant-available copper in soil; eritical value of 25)

Na Sodium (eritical plant value 0.4 meq/100 cm ‘)

Field Plot Design

A small plot field trial was designed to evaluate a factorial treatment combination. Each location
has randomization within the design that is unique to year and site, composed of a modHied split
strip plot, randomized complete blodksign with replicated strips. The factors include 1) ivo
regimes 2) two conditions of AM inoculum as a seed treatment, and 3) three untreated soybean
maturity groups. Th&regime is attributed to the main plot factor, as the treatment combination(s)
consist of either a) the original condition of the fieldt{aliselection for lowK index value) (0);

or b) fertilized withK chloride (B0-67 kg) as recommended by the North Carolina Department of
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Agriculture specifications and guidelines utilizing the index value as referencetblim2.1.The
following formulato achieve desired rate in kg/ta0116 12- 2.75 | + 150 = answer x (2.2/2.47)
=kg/ha( Har dy etK+al) ., Thehb4) w(Kidndition issthe raadsnsly agsigred
subplot strip of the AM seed treatment factor, which is either a) thenmees¥ a commercial
inoculum additive, MycoApplyEndoPrimeE » applied as a seed treatment, at a rate of 9.88 g of
product per hectare, based on seeding population (AM); or b) the absence of a commercial
inoculant (Control). Finally, the sedub plot congts of the soybean maturity groups randomly
assigned within the other factors. The three selected groups include a) MG \;Gyna
indeterminate, S43XS27, b) MG V, Dyaro, indeterminate, S52RS86, and ¢) MG VI, Dyna

Gro, determinate, S64XT18.

Each trement combination was planted four rows wide by a length of 12.2 m. Data was
collected from the middle two rows, with two outside rows used as borders between treatments to
cut down on potential effect from the AM inoculant. Each treatment combinatioreplésated
six times per a location arehch fieldplot design wasandomized each year. Soybeans seeding
typically occurred at a target date of althy, however, PR 2020, was delayed until +diohe,
due to following a wheat crop; an enteblock at UC 2020 was replanted in eadlyne due to
deer damage; and UC 2021, was delayed until gamg, due to poor early season moisture.
Seeding rates were adjusted for germination rates to achieve a target final population of 296,400
seeds / hectare. Plots were established utilizing raréo unit John Deere MaxEmerge 2 planter
(John Deere, Mofie, IL) at PR on 76.2 cmows, a fourow unit John Deere MaxEmerge (John
Deere, Molire, IL) at UC on 91.44 cmows and a Almaco fouow, dual cone plot planter

(Almaco, Nevad, 1A) at SH on 86.36mrows.
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Data Collection

In order to quantify successful establishment of plots (~227,000 plants / hectare), initial plant
stands were collected in 2020 and 2021. Additionally, throughout the course of the growing season
plants were evaluated for pot&tincreased growth vigor, evidenced by recording growth stages,
along with any other potential issues of concern that may influence end of season data collection.
At 10 and 16 weeks post seeding, above ground biomass was collected from four random plants
found within the inner two rows of one plot. From the same plants, the roots were also harvested
and collected for further analysis. Additionally, 8 repetitions of tissue chlorophyll data was
randomly collected within a single plot utilizing a SPAD 50@spthlorophyll meter (Spectrum
technologies IncAurora, IL).

The above ground biomass samples were then dried in forced {agratiegers at 70 °C
for two-days and dry weights were recorded. Samples were ground using a TWilmas
Laboratory Mill (Arthu H Thomas Company, Philadelphia, PA) with a 1 mm sieve used to ensure
homogeneity. Shoot samples were then sent to Waypoint Analytical (Waypoint Analytical inc.,
Wilson, NC) for tissue nutrient analysis. Data is reported in % of tissue concentrations.

To quantify soybean yield, data was collected with a Wintersteiger Plot Combine
(Wintersteiger Inc., Salt Lake City, UT) and reported moisture and kg of grain collected. Final
yields were calculated utilizing the following calculation: Bushels/acre = (Hadesy matter
Ibs) + Standard Ibs/bushel + plot area acres, and then converted to kg / hectare. Additiorally, sub
samples were collected from the combine and retained for quantification of protein and oil
analysis. In order to evaluate the protein anctoritent a NIR was utilized (Perten Instruments

Inc, Springfield, IL). Data was reported in % of content.
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Statistical Analysis

Statistical analysis software (SAS, version 9.4, SAS Institute, Cary, NC) was used to evaluate the
data. Assumptions of the meldwere evaluated using the PROC UNIVARIATE procedure. The
analysis of variance (ANOVA) was performed utilizing a Type 11l test of fixed effects within the
PROC GLIMMIX procedure; a studentized panel also confirmed the response of the residuals. For
endof-season data, a model was fit where the treatment effects of: year, location, potassium,
inoculant, and maturity group were analyzed as fixed effects; blocks were evaluated as random
effects of the model. Treatment means are reported utilizing the TUKE¥dHy Significant

Di fferences ( HSD)seasoh data coftection. irkl6ded am hdeitiomahrepeated
measure of data collected at two time points weeks after planting (WAP) that was treated as a fixed

effect. Box plots were generated utilizingS ODS GRAPHIC DESIGNER.

Results:

The initial evaluation of the model utilizing analysis of variance, Type Il test of fixed effects
yielded highly significant effects of test year and test location. Thus, due to the interest in what is
happening at theod level, reasonable justification could be created for combining year and

|l ocation together to create a modkEdure2h8dat t es!
Figure 2.2). Due to the limitations of the locations and experimental design parantbieeffect

of K treatment was nested within the Environment factor. Fixed treatment effects of all model
factors and resulting-palue of F tests for kiseason data parameters is compile@iahle 2.2and

Table 2.3
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Table 2.2 Type lll fixed effects for inseason data

Type Il test of fixed effects, analysis of variance forseason data parameters. Potassium is
nested within the effect of (Environment).

Source of Variation SPAD | Above Grownd | oo | pog | ko
Average Biomass

Potassium (Environment) =.0001 =.0001 =.0001 | <.0001 | <.0001

WAP (Weeks After Planting) <.0001 <0001 <0001 | <.0001 | <.0001

Potassium x WAP (Environment) =.0001 =.0001 =.0001 | <.0001 | =.0001

Inoculum 0.6058 0.0073 0.9942 | 00663 | 00517
Potassium x Inoculum (Environment) 0.8978 0.0035 0.1%6% | 0.1830 | 0.0439

WAP x Inoculum 0.7566 0.4783 0.0387 | 0.03582 | 0.7020

Potassium x WAP x Inoculum (Environment) 0.9732 0.8932 0.4368 04510 | 0.6821
Maturity Group =.0001 =.0001 =.0001 | <.0001 | <.0001

Potassium x Maturity Group (Environment) =.0001 0.0010 0.0253 | 0.1140 | 02819
WAP x Maturity Group =.0001 0.1359 0.5042 | 06704 | 05941

Potassium x WAP x Maturity Group (Environment) =.0001 0.1064 0.0003 | 0.086% | 04268
Inoculum x Maturity Group 0.0934 0.4646 0.4758 0.2030 | 0.1440

Potassium x Inoculum x Maturity Group (Environment) 0.4249 0.0665 0.3038 0.4815 0.5714
WAP x Inoculum x Maturity Group 0.0906 0.6879 0.2195 | 0.7411 0.9831
Potassium x WAP x Inoculum x Maturity Group (Environment) | 0.1604 0.0620 0.2877 0.9067 | 09114

Table 2.3 Type lll fixed effects for endof-season data

Type Il test of fixed effects, analysis w@diriance for enaf-season data parameters. Potassium is
nested within the effect of (Environment).

Source of Variation End of Season

[ield Protein Oil
Potassium (Environment) =.0001 =.0001 =.0001
Inoculum 0.0634 0.2730 0.3776
Potassium x Inoculum (Environment) 0.0020 02919 0.5745
Maturity Group 0.0014 0.0395 =.0001
Potassinum x Maturity Group (Environment) <.0001 =.0001 =.0001
Inoculum x Maturity Group 0.5987 0.7208 0.9593
Potassium x Inoculum x Maturity Group (Environment) 0.8377 0.0857 0.2891
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Figure 2.2 Air Temperature and Location Precipitation for 2020 & 2021

A) The averaged monthly air t encptiensfortboth 202 i n
(light orange) and 2021 (dark orange). B) The averaged monthly site precipitation in centimeters
averaged across all three locations for both 2020 (light gray) and 2021 (dark blue). C) The 2020
averaged monthly site precipitation ientimeters but separated into each site to highlight the in
season sit¢o-site variation in average monthly rainfall. UQpper Coastal Plain Research Station
(light blue) SH Sandhills Research Station (light gray) PRiedmont Research Station (light
green). No data available for PM in August, 2020. D) The 2021 averaged monthly site precipitation
in centimeters but separated into each site to highlight tbeason sitéo-site variation in average
monthly rainfall. UC (dark blue) SH (black) PM (darlegn).

SoybearBiomassProduction isHighly Responsive t&nvironmentalConditions

The conditions and treatments of Potassium (Environment), WAP, Fungi, and Maturity Group all
exhibit significant response3dble 2.2). Potassium (Environment) influence wasst strongly

driven specifically by the SH location. Further, data shows that when averaged across all
environments and treatment combinations, the addition of inoculation is driving the regfonse

aboveground biomass production. Inoculated plots aged 79.67 g of sukample plot biomass,

relatively higher than the control condition that produced 75.22 g of averaged plot biomass. The
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combined influence of environment and inoculation can be obsenfdure 2.3a Further, the
main effect of MaturityGroup resulted in group VI having a biomass drag (72.38 g) relative to
groups V (80.22 g) and IV (79.75 g). In evaluating-pldi biomass production regarding the two
way interaction of Environment by Maturity Group, the most notable production difesyenc
rank of Maturity Group are driven by the underlying effect of Year, as well as, an underlying
location effect at PM and UC. As to be expected, the average plstasyfle plant biomass
increased as the season progressed, with an accelerated adonnaglatrring between the 10

(57 g) and 16 (97.87 g) WAP points as the plant entered into the reproductive phase.
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Figure 2.3 Environment and Inoculum influence on produced abovwground biomass

Box-plots representing the significa(P=0.0035) tweway interaction between Inoculation x
Potassium(Environment), for plot ssample above ground soybean biomass, averaged across
sampling timepoints and all Maturity Group treatments. The uppexiX represents each
respective Environment: © Upper Coastal Plain Research Station,- Sdndhills Research

Station, PM Piedmont Research Station, year of field trial is denoted by 2020 or Zaitl.

purposes of clarity, Environments are separated by dashed lines. The lawisr&presents either

the addition of AM Inoculum, or Control, the-&Xis is biomass represented in grams. -Blmt
coloring corresponds to Po®K#ssiinudm.c aDarnkg drheaey
potassium fertilizer and whi itiens werexaddsd. Uppepr es e
boundary of the box is 1st quartile, lower boundary of the box is 3rd quartile, horizontal line inside

the box is the median value and the (+) or (*) inside the box represents the mean. Box whiskers
are restricted to 1.5x the intprartile, maximum or minimum points beyond the whiskers are then

the external (+) or (*) representing potential data outliers. Comparisons of the means for significant
differences of the treatment combinations occur across all environments. Lettersiqaredass
based on a significance value of 6 = 0.05 wit
above ground biomass production, with the exception of SH that had low production both years.
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Crop HealthIndicesHighlight Seasonal and.ocationRespnses

Soil Plant Analysis Development (SPAD) data collection is adestructive method allowing
insight of chlorophyll content, and resulting crop health. N tissue percentage provides a
compliment and approximate comparison at the-lghel randomnessfaollected data for the
aboveground plot sussample tissue. Further, as consistent with previous observations, SPAD and
N% responses were both significantly driven by the environment, data collection timing (WAP),
and maturity groupTable 2.2) Locationis a primary driver in the significant Environment
response for SPAOFigure 2.4 A and tissue N contenfFigure 2.4 B). N tissue content
significantly declined as the season progressed, and plants advanced in reproductive development
with 10 WAP (3.11%),relatively higher to 16 WAP (2.99%). Interestingly, there were two
response variables that were uniquely significant to the type of data collection: WAP x maturity
group (SPAD) and WAP x Inoculum (N%). SPAD data with respect to maturity group response,
ard WAP, exhibit a clear change in rank response as demonstrated by the 10 WAP resulting in
mean values with corresponding letters shown here:48/3 a, \* 40.1 b, VI 38.18 c) and 16

WAP (IV- 34.91 e, V¥ 36.21 d, V} 40.04 b). Inoculum averaged acrodsyalars, locations and
maturity groups exhibited an interesting phenomenon of trending towards significachearde
relative to sample timing. The resulting response yielded similar averages of N tissue content
within inoculum presence or absence forar@@l 16 WAP, with only pronounced significance
between control conditions for respective WAP (Inoculum 2®@8% ab, Control 103.13% a |

Inoculum 16- 2.97% c, Control 16 3.02% bc).
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Figure 2.4Environment influence on soybean health indices and gwth potential.

Box-plots representing the significant (P<0.0001) interaction of Potassium(Environme#), for
SPAD andB) shoot tissue N %dataaveraged across all other treatment factors. The upp&rsX
represents each respective Environment: U@pber Coastal Plain Research Station; Skindhills
Research Station, PMPiedmont Research Station, year of field trial is denoted by 2020 or
2021. For clarity, Environments are separated by dashed lines. The lowagrsXepresentthe
addition of AM Inoculum, or ControlTheA) Y -axis is Leaf Chlorophyll concentration and &)
Y-axis is N% of tissue. Boplot coloring representdPotassium treatment. Dark gray boxes
repr ekse@ nit n dipotassiurn ferglizeadditionandw h i t e
no additionsUpper boundary of the box is 1st quartile, lower boundary of the box is 3rd quartile,
horizontal line inside the box is the median value and the (+) or (*) inside the box represents the
mean. Bx whiskers are restricted to 1.5x the interquartile, maximum or minimum points beyond
the whiskers are then the external (+) or (*) representing potential data outliers. Comparisons of
the means for significant differences of the treatment combinati@us across all environments.
Letters are assigned
within a location, crop year experienced significant differences relative to plant health and
accumulated tissue N %.
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Drier ConditionsHighlight Increased\utritional DemandsNo Observablelmpact ofinoculum

on SoybeanNutrition

Ktissue content is defined as, total abgveund biomass from the pistib sample. The tissue
content is normalized to represent the percentage tifat composes the representative-sub
sample. The analysis of variance (ANOVA) indicated that Potassium (Environment), WAP,
Inoculum, and Maturity Group all exhibit significant responskasble 2.2. In evaluating our
environments, we observe that the 20@dations exhibit an increased differential betwéen
Furthermore, specific locations influence the overall Environment respbimgged 2.6). Tissue

K concentration significantly declines as the season continues with the 10 (1.68%) and 16 (1.5%)
WAP sanple collection. The treatment addition of inoculum, with consideration for an
environment, has limited response for K% in the plant above ground biomass. The effect of
Potassium(Environment) is driving the bulk of the response, however trends exhilatehggb

for the addition of inoculum to reduce the amourk afithin the tissueKigure 2.5). Further, the
treatment of the maturity group averaged across all other factors did yield an overall difference
with 1V (1.63%) and V (1.62%) exhibiting signifiatly higher tissue content relative to group VI

(1.51%).

65



PM 2020 | PM 2021 | SH 2020 ! SH 2021 | UC 2020 | UC 2021
3'5 - - K" D 0 1 [} 1 [} 1
CESEET) | i i : :
1 D 1 | [ 1
1 ] I I [}
EF
3 AB | AB ® chc : | : | 4B A
@ aas xR | ! D N
cpe| BECPE | : | = i | e &P
2.5 1 T 1 [ 1 DE EF
1 1 1 1 DE DE FGH 1
. : | ' w Em L |Fo FeET I
= 2 1 1 1 GH I 1 1
M 1 1 1 1 1
5 H : Q A o !
% 1 1 1 ) 1
=154 : ! ﬁ ! : !
| 1 1 I I 1 1
1 1 1 1 1
1 1 1 I 1 1
1] : : i % | * | |
1 I 1 1 1
1 1 1 1 1
o5 : : AR :
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
0 - 1 1 1 1 1
T T T T T T T T T T T T
AM Control AM Control AM Control AM Control AM Control AM Control

Inoculum

Figure 2.5 Inoculum by Environment influence on percentage & in above-ground soybean
tissue

Box-plots representing the significant (P<0.0001) interactiorPofassium(Environment) by
Inoculum, in potassium shoot tissue data, is averaged across all other treatment factors. The upper
X-axis represents each respective Environment: Uiiper Coastal Plain Research Station; SH
Sandhills Research Station, PFiednont Research Station, year of field trial is denoted by 2020

or 2021. For purposes of clarity, Environments are separated by dashed lines. The {awsr X
represents either the addition of AM Inoculum, or Control, thexié is the percentage of
potassim in aboveground tissue. Boplot coloring corresponds to Potassium. Dark gray boxes
reprekt@ent ndii cating the addition of potassium
indicating no additions were added. Upper boundary of the box is 1st quaviée boundary of

the box is 3rd quartile, horizontal line inside the box is the median value and the (+) or (*) inside

the box represents the mean. Box whiskers are restricted to 1.5x the interquartile, maximum or
minimum points beyond the whiskers @inen the external (+) or (*) representing potential data
outliers. Comparisons of the means for significant differences of the treatment combinations occur
across all environment s. Letters are assighne:t
T u k e §SBsIn locations with low soil available potassium levels, significant effect was
observed by the addition of potassium, but no observable benefit to the addition of the inoculant.
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Tissue PInfluenced byLocation Rather Than K application, K is Typically More Abundant in
TissueWhenAdditions areAvailable

Phosphorus shoot content responses were significantly driven by the environment, sampling time,
and maturity group. Environmental influence exhibits significant drivers relative to locatib

year as observed irFigure 2.6). In data sampling time relative to WAP;tiBsue content is
significantly higher at 16 WAP (0.34%) compared to 10 WAP (0.31%). The treatment of the
maturity group each has a significant distinction relative to ofbeftissue content, as outlined

in descending order of content Group IV (0.34%), Group V (0.32%), and finally group VI

(0.30%).
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Figure 2.6 Potassium(Environment) influence of percentage of Tissue P &.K

Box-plots representing the significant (P<@Q interaction of Potassium(Environment), for

shoot tissue P %@andB) shoot tissue K %data is averaged across all other treatment factors. The
X-axis represents each respective Environment: Uliper Coastal Plain Research Station; SH
Sandhills Resaah Station, PMPiedmont Research Station, year of field trial is denoted by 2020

or 2021. For purposes of clarity, Environments are separated by dashed line&) Yhaxis is
percentage of tissue P and BleY -axis is K% of tissue. Boplot coloringrepresent®otassium.
Dark gray bok+#s i nd patasuernfatilizéradditionsand white boxes
represent A0O0 i .nUgpercbhaundany gf the lwx iw Itdyuattile, dowes boundary

of the box is 3rd quartilénorizontal line inside the box is the median value and the (+) or (*) inside
the box represents the mean. Box whiskers are restricted to 1.5x the interquartile, maximum or
minimum points beyond the whiskers are then the external (+) or (*) representmgigdadata
outliers. Comparisons of the means for significant differences of the treatment combinations occur
across al/l environments. Letters are assigne:t
Tukeyds HSD.
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Selection of Maturity Group isnporiant in Overall Yield Potential

The new analysis of variance utilizing Environments, the Type lll test of fixed effects of the fitted
model for enebf-season data, indicated the yield response for the selected six environments were
driving a response in \i@ (Table 2.3. Highest yields were exhibited in the 2021 UC
environments for botK treatments (0: 3605.96 kg-h& K: 3472.97 kg hd); comparatively the
lowest yields were recorded in the 2021 SH environments forkbttatmentg0: 973.08 kg ha

1& K: 1021.82kg ha') as indicated byFigure 2.7. The different planted Maturity Group did
influence yield response with group V prathg the highest yield (2402.9%@ hal), which was
significantly higher than group VI at (2213.58 kgthagroup IV shared significance with V and

VI at (2303.70kg ha'). When accounting for the effect of the environment on the maturity group
a response wasignificant (Table 2.3 and variations in maturity group rank relative to
environment can be observed kgure 2.8 Further, a significant response to inoculum
applications was observed when accounting for the effects oKtheeatment within an

envirorment Figure A2.1).

Protein Content inSeedsRespondPynamically to Environment and Maturity Group

As the six environments influenced the production of yield potentials, they also had a significant
influence in total seed protein production. As eviagghby the analysis of varianc€aple 2.3,

higher protein levels were observed in our SH environments that had the lowest Fiiglos (

2.7). Maturity group, did again, have an influence on protein levels, following the same trend as
yield with group V laving the highest composition of protein (34.28%), significantly higher than

VI at (35.03%); finally group IV shared significance with V and VI at (34.09%). Maturity, in
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combination with the environment, again showed significant differences as obserkapliizy

2.8

In Certain Environments, Maturity Group iafluential onDifferences irOil Composition

Oil composition within the harvested seed was also notably impacted by the envirohaidat (
2.3). Variation of the oil concentration within the seednpmsition is smaller compared to the
variation in protein, but environmental influence is still significant, with variation from responses
observed in both yield and proteiRigure 2.7). Maturity group shows a definitive difference
relative to oil produddbn. Group V had the highest oil percentage at (19 %), significantly higher
than group IV at (18.8%), which was also significantly higher than group VI at (18.35%). The
influence of the response of the maturity group by the environment further highhghtank

changes among groups and the exhibited significant respdfigas(2.8).
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Figure 2.7 Potassium(Environment) influence on parameters of Yield, Protein, and Oil

Box-plots representing the significant (P<0.0001) interaction of Potassium(Environme#), for

Yield, B) Protein %, and C) Oil % data are averaged acrassatment factors. The -Axis

represents eadbnvironment: UG Upper Coastal Pia Research Station, Si$andhills Research

Station, PM Piedmont Research Station, year of field trial is denoted by 2020 or EZo2dlarity

dashed lineseparat€&nvironmentsTheA) Y-axis is Yield represented ky hat, B) the Y -axis

is % ofseedproteinandC) the Y-axis is % ofseedoil. A smallplot combinecollected yeld. Seed

protein and oilpercentcompositionwas generatedvith a NIR spectrometeilhe ox-plot dark

gray boxekK+or epdesant nif the addition of potassi
A00 i ndicat i Wpgerandoowerltbuhdaryiofotime dox ishand 3 quartiles The

horizantal line inside the box is the median value @ndr (*) inside the box represents the mean.

Box whiskers are restricted to 1.5x the interquarMe@ximum or minimum points beyond the
whiskers ar¢he external (+) or (*potentialdata outliers. Comparisons of the means for significant
differences of the treatment combinations occur across all environments. Letters are assigned
based on a significance value of 6 = 0.05 wit
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Figure 2.8Influence of Potassium(Environment) interaction with Maturity Group on Yield,

Protein & Oil.

Box-plots representing the significant (P<0.0001) interaction of Potassium(Environment) by
Maturity Group, forA) Yield, B) Protein %, andC) Oil % data are averaged acrosstahtment
factors. The upper Xéxis represents eadnvironment separatedy dashed linesUC- Upper
Coastal Plain Research Station,-Sandhills Research Station, PFiedmont Research Station
Field trial year is 2020 or 2021.The lower Xaxis represents the Maturity Grouwgd an
environment. Thed) Y-axis is Yield represented in Kg haB) the Y-axis is % ofseedprotein

and C) the Y-axis is % ofseedoil. Yield was generated with a smllot combine The seed
protein and oilpercentcomposition,is generatedvith a NIR spectrometer. Beplot dark gray

boxesarefiK+0

I n d potasatmifentiizer additionsa n d

wh i

t e

boxes

repr es e

no additionsUpperand lowerboundary of the box is 1and3rd quartiles. Horizontal line inside

the box is the median value and the (+) or (*) inside the boxsepts the mean. Box whiskers

are restricted to 1.5x the interquartiaximum or minimum points beyond the whiskerstaee
external (+) or (*) representing potential data outliers. Comparisons of the means for significant
differences of the treatme combinations occur across all environments. Letters are assigned

based on Tukeg HSD witha

significanc.e val
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of O
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Discussion:

Multiple studies in controlled conditions reported that AM fungi can efficiently imptdve
acquisition of colonized host plants (Garcia & Zimmermann, 2014). However, the use of AM
commercial inoculums in field settings have shown contrasting and often very limited impacts on
crop yield and products (Salomon et al., 2022). In this study, weuaedl a commercial
mycorrhizal inoculant in field conditions to assess the potential impact AM fungi hae on
nutrition of soybean, an agricultural commodity crop. To achieve this, we evaluated parameters
relative to inseason plant health, and eofdseaon output parameters of seed quality and yield

across diverse environmental conditions.

Environmental and Maturity Group set Vegetative Growth Potential, InocMimmal Influence

Across all data points that were observed, responses were driveniop#ot of the environment,

WAP, as well as the maturity group selected. We observed almost a doubled increase in overall
biomass production between the 10 and 16 WAP data collection points. These data collection
points were chosen as the mycorrhizal prodypically observes response at 8 weeks after
interaction with a growing plant root; thus we delayed the first sampling two weeks to allow for
seed germination, the second timing for understanding potential longevity of response of the
mycorrhizal productThe 10 WAP sampling dates generally aligned with the-\iXL growth

stage of the soybeans, and the 16 WAP waRR3This rapid biomass accumulation up to the R4
phase is important for influencing seed development and overall plant health. Hanway and Webe
(1971b) demonstrated across eight soybean varieties, during vegetative growth ~55% is attributed
to the leaves, 14% the petiole, and 31% the stems. Utilizing more recent soybean varieties, Bender

et al. (2015) partitioned out the dry biomass accountorgbbth fertilized and unfertilized
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conditions leaves accounted for about 20%, stems and petioles ~30%, flowers and pods ~ 15%,
and seeds about ~30% depending on fertilizatio he total biomass produced was consistently
lower atthe SH location for both years. Despite comparable rainfall to-wsidte average and
supplemental irrigation, the water holding capacity of this soil series is limited, and impacts growth
potential. This location is often heavily favored for drougitrance soybean breeding work (Lee

G. et al., 2021). The 2020 SH location was also faced with intense nematode pressure in the front
portion of the field, eliminating some plots completely. The PM and UC locations exhibited
increased biomass production in 20glative to 2020Kigure 2.3, even with overall lower
rainfalls Figure 2.2). Some of this variation can be attributed tes@ason growth challenges
associated with each location. Plot planting at the PM location was delayed-domeicgh 2020

due tofollowing a wheat crop. Typical conditions of hotter weather and limited rainfall led to early
seedling vigor being reduced, and was more susceptible to crusting conditions. Morris et al. (2021)
also saw a drastic decrease in yield potential across s®y/geann in North Carolina for mid

June planted dates, which can also be attributed to early biomass growth and vigor. Both our UC
and SH location face significant pressure from deer; other studies have quantified the negative
impacts of earhseason deereédings (VanGorder et al., 2021; BegMiller & Cady, 2015;
Rogerson et al., 2014). In 2020, the UC situation was dire enough to warrgplbatrecenario

for the lowK field areainearhd u n e . I nterestingly, we dyam6ét se
seasonality reflecting much upon biomass production for this location. However, some of that
could be attributed to the field variation in soil properties between the fertilized and unfertilized
sections. More likely, this response can be attribtdede more timely precipitation for the early

June planted portion, resulting in vigorous growth and demonstrating the plasticity of soybean

growth. Soybean biomass accumulation has a strong influence on the nutrient accumulation,
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especially as work hasethonstrated a higher nutrient in uptake in soybeans relative to corn

production (Hanway & Weber, 1971a; Bender et al., 2013).

Inoculation andK Fertilization Had Minimal Influence on Soybean Shoot Nutrition and Function
The inseason tissue concentrations from our study exhibited interesting patterns of response.
Across the N, P, anld tissue concentrations, the inoculum exhibited no influence@easing
the percentage of nutrients found within the abgraind tissues. Contrastingly, in a Texas wheat
study, inoculum positively influenced P tissue concentratidisK@raki et al., 2004). Another
soybean study found the presence of AM enhanc&dPN\uptake in soybeans, creating a synergy
with N-fixing bacteria(Meena et al., 2018 50ybean tissue concentrations of P fall within the
sufficiency ranges recommended for the southern US region, indicating P is not a limiting factor
in soybean growthradl development (Campbell CR, 198xnuthern Cooperative Series Bulletin
#394).The difference in N response to fertilization at UC 2020 is most likely attributed to the soil
variation and differences in previous crop rotation that occurred for those trespglots.
However, these tissue N valuddgure 2.4) are lower than the suggested range of 3-28%0
indicating a potential limitation on final yield production (Campbell CR, 1996uthern
Cooperative Series Bulletin #394Contrastingly, a North Cailiob study evaluating N
amendments with various sources of poultry litter and commercial fertilizer, found that increased
N applications did not necessarily increase biomass production, and no significant yield
differences were observed across locationgr{8et al., 2022).

Additions of K fertilization did influence tissue concentrationskafbut only in the SH
location, in which the starting-Kvalue at the beginning of the seas®alfle 2.1)highlights an

anticipated response koadditions. The critial amount of soiK in a soil is84 mg kg' (Hardy et
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al., 2014).SH had lower overall tissué concentrations, but with added fertilization, exhibit
similar levels to concentrations found at UC, suggesting a possible limitation of the CEC along
with weather influences on potentiil leaching in the sandier soils of SH and UC. He
fertilization in these plots occurred as a granular broadcast application at planting, potentially
influencing the permeation into the plant rooting zone by the critical uptake stage, depending on
weather conditions. To address this concerprse@son soil samples werelleoted at two
locations, PM and SH, at the 16 WAP time poirdlfle A2.1), results exhibited there was a clear
difference in soil availabl& between the fertilized and unfertilized treatments, PM unfertilized
was still above the critical threshold of dee fertilization additions, but SH unfertilized was
very deficient in availabl&. However, when evaluating the amountkffound in the soybean
tissues Figure 2.4 & 2.5, the given ranges of our PM and UC location fall within Sioaithern
US sufficiercy levels of tissu& for early growth are 1.7%2.5% and for flowering around 1.5%
- 2.25% (Campbell CR, 199@outhern Cooperative Series Bulletin #394). Further, our values
may be slightly lower relative to the sufficiency ranges as these recommeiodat are based
upon sampling the upper most mature leaf, where our samples are leaves from the entire plant,
potentially dilutingK due to the mobile nature &fwithin the plant.

Tillage management could be viewed as an influencing factor. In our stitilyas a ne
till location, compared to UC and SH being tilled. Atilblllinois soybean study evaluatink
applications observed soybean tissuiacreased with applield, yet, notill seemed to limit final
yield production (Farmaha et al., 2011). Thecdssion of tillage management relative to AM
fungal availability is an area requiring further investigation into best understandingelomg
production use of AM inoculums as a corn study comparing tillage found the depth a0

experiences the mostsduption to extraradical mycelium networks and spore densities, with the
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heaviest densities observed in th&@%cm range or the rooting zone, overall root colonization
wasnot influenced by the I mpacts o fopulatidnd age (
may experience reduced prevalence with sustained tillage practices, potentially changing the AM
plant symbiosis dynamics. These reduced populations may be overcome with the addition of
commercial inoculum, dependent upon interactions of comatgoooducts with natural AM
populations. At this time, these longerm questions are beyond the scope of results collected in
this study, but provide an important discussion and consideration for evaluating short and long
term impacts of utilizing adddns of biologicals in production systems.

Early plant growth vigor in IV was evidenced by increased SPAD at 10 WAP mark. The
IV plant most likely experienced a more rapid early season growth due to May/June NC conditions
are more representativetothecht e t hat | Vds genetics were tes
WAP sample timing. In which, plants are under more intense heat and water stress, as well as
group IV is starting to descend in maturation process compared to VI and V which are entering
critical reproductive phases of grain fill. A study evaluating SPAD response over the reproductive
phase of soybeans noted a sharp decline in SPAD units after R2, then a rapid increase up to R4,
with a continued slight slope through R6 (Thompson et al., 19@ijtionally, studies evaluating

SPAD has shown water stress can reduce rea(lBupepers et al., 1996; Ahmed et al., 2010).

Additional Management Strategies Were Negligible in Improving Yield Potential

Overall, the influence of the environment andturity group are the two driving factors reflected

in the endof-season data points. Within each location, differences of yield among treatment
combinations was negligiblé&igure 2.8). Overall the PM and UC, 2021 environments were the

most favorable imegards to total final yield produced. These produced yields are similar to the
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statewide averages for soybean production of (2,690 kp(SDA-NASS, Quick Stats, 2021),

a potential indication to minimal benefits necessitating the addition of an endoimyal
inoculant as a management practice. A NC fertility study in soybeans Koadditions exhibited

no yield response in coastal plain region, but some responses were likely in the piedmont region
(Morales et al., 2022), contrasting with the findirfigpm our tweyear data points in the piedmont
region at our PM location. Beyond the NC region, an IA based soybean study in kK low
environment with sufficient P levels observed little to no response in soybean yield across 14 site
locations (Boring etla 2018). As noted ifigure 2.1our initial soil fertility levels foiK indicated
potential minimal response to sé&lamendments with the exception of the SH location. Further,

it should be noted that soil pH was adjusted utilizing a lime product at the beginning of the season
to achieve the optimal range of 6.3.5. Thus, despite the addition Iéf yields showed no
improvement, leading to the conclusion that another unaccounted factor is a stronger influence on
limiting yield production at the SH location. Averaging across all locations, MG V produced a
pronounced increase in yield compared to VI. Similarly, Vann.gkaR1) found MG was the

most important predictor in overall yield potential across North Carolina yield contest entries.

Additions ofK Fertilization Syppressedseed Protein %

Across environments, the amount of seed protein exhibited a negativehatmorrelated with

the addition of commercial fertilization; the only instance of improvement was utilizing a location
with already excessively high fertility levels, warranting no further addition of fertilizer. Similarly,
K fertilization had no influere on protein and oil quality when grown on an oxisol (Zambiazzi et
al., 2014). Comparatively, Burns et al. (2022) found N fertilization positively influenced protein

content at their PM location. Protein content did vary across environments. The enviratimen
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the lowest yield, consequently, also had the highest protein content. Comparatively, oil content
was also more pronounced at the lower yielding environment, but the variability across locations
was reduced. These results are interesting as typwayligeans exhibit an inverse relationship
with protein and oil, in which a 1% decrease in oil typically yields a 2% increase in protein
(Clemente & Cahoon, 2009). This inverse relationship is more evidenced when accounting for the
significant influence oMG on protein and oil {able 2.3 & Figure 2.9. In which, MG VI
produces the highest protein content, but significantly lower oil content at the SH location.
Comparatively, at the PM location, MG performance rankings differ between the two years, and
UChad mi ni mal di fferences beyond onebés driven
looking across differing MGs found that later MGs (V, VI) had significantly higher protein content
and lower oil content across all environments, and quality contimmudcbp with later planting

dates (Morris et al., 2021); which correlates to our lower overall protein observed at PM in 2020.

Concluding Remarks: Limitations of Commercial Inoculums in Widespread Applicability

Since the inoculum was of primary interasbur study objectives and yielded minimal observable
response, but some responses did occur in our SH location, it begs a critical question of value to
the producer, and notable cauti@ata from sme field trials have observed success in utidjzin
inoculants to improve yields of cotton and soybean (Cely et al., 2016), especially in limited
productivity environments. However, a larger portion of widespgdaloial inoculum research is

finding a similar lack of responge plant growth(Salomon et al., 2022) and a meataalysis fond

strong negative effectsf inoculum additiongarticularly in field environmentd_gifheit et al.,
2014).While another metanalysis foundnoculum additionssourcedwith naturally occurring

species fromthe specific fields hey were addedn proved useful in field conditionsyhile
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commercial endomycorrhizal inoculum were ubiquitously dismal (Berrual.et2016).The
environmental conditions are an important consideration, as other work has suggested a more
pronounced effect on soil aggregation in coarsely textured, sandy soils, (Six et al., 2004)
potentially improving crop viability. Others have fourthy-based soils experiencing better
colonization relative to silty soils (Land and Schonbeck, 1991). These contrasting results most
likely can be attributed to a few different factors including viability of product, local community
composition, and intecéion with introduced communities, resource availability, organic matter
composition and support afC:N ratio favorable for microbial population§oil properties are
important factors. Higher bulk densities influence plant root availability but may increase
colonization rates, asgrassland study observed lower colonization rates in sands (Klichowska et
al., 2019). Evidence has also supported responses relative to other soil properties such as texture,
water holding capacity, and pH and the subsequent influence on plant hostrabemileifheit

et al., 2014)Host plant associations also could contribute to response, as legume plants tend to
have overall higher microbial biomass compositions, and soil aggregates with water holding
capacity (Bronick & Lal,2005. The need is evident for continued research to understand the
complexities of these interactions unique to each environment and comeampysition. Thus,

this result indicates the producer's decision is a complex and unique challenge requiring
individualist recommendations based upon soil conditions and fertility at specific field levels for

the most economic opportunities.
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CHAPTER 3
The Intersection of Translating Basic Science to anApplied Setting, Lessons in the

Limitations of the Greenhouse and noculum Viability.

Abstract:

Beneficial soil microbes, such as arbuscular mycorrhizal (AM) fungi, have been demonstrated to
facilitate the uptake of potassium (K) in model legumes, often under highly controlled laboratory
experimental conditions. As we look for ways to translate these results from highly controlled
laboratory conditions into practical fielthsed applicationshé¢ development of a greenhouse
based approach might serve as a valuable opportunity to evaluate such interactions and gain
meaningful insights. A greenhouse study was conducted to evaluate this hypothesis by
investigating the three mited field soils inaddition to an autoclaved sand control. The tested
treatment factors include 1) two K nutrition regimes, 2) three soybean cultivars, and 3) two
mycorrhizal conditions. Differences in K environments were produced utilizing a modified Long
Ashton nutrient glution to create a sufficienfl mM) and a limiteeK (0.05 mM) environment.

The soybean cultivars are three untreated, commercially available maturity groups IV, V, and VI.
Seeds were coated with a commercial AM inoculum or left untreated. Althoughsagi@ficant
differences can be spotted, results largely indicated no significant correlations between the addition
of inoculum and plant resilience under field soil conditions. Overall, translation of highly
controlled conditions into field applicationsrtinue to highlight current limitations in method

execution, as well as challenges in the technical development of viable commercial inoculants.
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Prelude:

The motivation for this study sought to address a few major components of the overall project

goal including translating the findings from a basic research project into practical, applicable
research that North Carolina Soybean producers can leverage. Beyond that, this research
opportunity provi des a control tsot i tioelgdr oavs p
environment. It also allowed the blending of different elements to guide how we address future
research questions and evolve the next generation of mycorrhizal fungi research. Finally, we were
also inquisitive about the root architecture tzrps growing in the field condition and wanted to

know if | could see an influence on root architecture or number from our treatment combinations.
Thus, this project was our effort to blend these various pieces and is viewed as an important linkage

comporent for joint inferences.

Introduction:
The longterm resilience of agricultural production today faces increased demand for sustainably
sourced supplies of food, feed, fiber, and fuel, under the backdrop of anheweying growth
environment (Harris el.22018; Lal, 2008). Developing innovation to achieve sustainable modern
agriculture requires solutions that minimize the global environmental impact, are accessible and
effective for the endiser and produce abundant food that offsets the movementicesdiPretty,
2008). Soil is the essential foundation for the intersecting realms of microflora, nutrients, and plant
roots and connection in achieving resilience against-$éiort shocks and persistence to pursue
the longterm plan (Young & Crawford, Z&; Pretty, 2008).

Developing management practices to achieve sustainability necessitates the importance of

testing and implementing ideasdii r ect i onal |l y bet ween the basic
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widespread prevalence and association with rtitae 80% of land plants, including many crop
species, are opportune soilcroorganismgo facilitate these connections (Smith & Reed, 2008;
Wang & Qiu, 2006; Harley & Smith, 1983Relevantsolutions require largecale, mult
environmental field evaluatioof management practices (Berruti et al., 2016) connected to the
smaltscale, highly controlled mechanisms driving the value of a {scgée response. The
intersection between applied and controlled conditions in the greenhouse creates the simultaneous
continuum and clash of ideas and experiences at a scale that allows for robust scientific exploration
into gray areas, but with notable limitations. In evaluating plant associations with AM fungi, highly
controlled laboratory studies demonstrate numeroampiles of plant success (Bucking & Kafle,
2015; Peredienda et al., 2012; Miransari, 2011; Smith et al.,, 2011; George et al., 1995).
Comparatively, field conditions have boundless caveats regarding the scientific space of inference
and the large spreadae requiring numerous resources for practical evaluation. To address our
limiting areas of inference relative to understanding AM fungal association with soybean under
field and laboratory conditions, we initiated a greenhouse trial to bring elemetstiafl ¢o our

field conditions and expand limitations under controlled conditions.

Field conditions provide considerable challenges in evaluating efficacy, as naturally
occurring microbial populations may compete with inoculum additions or influence
community/plant interactions (Gustafson & Casper, 2006; Pellegrino et al., 2011). The longevity
of utilizing particular field management practices may influence natural population dynamics
(Kabir et al., 1998; Schnoor et al., 2011; Verbruggen et al.,)20iEinique yeato-year variation
in abiotic stress the plant faces, as well the lsge of necessary resources. Soil serves as both
a limitation and a benefit regarding inference spaces. The benefits of this space are that plants

occur in natural conditns and have realistic results. Comparatively, controlled environments
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often are smallescale tests, but can limit the plant growth parameters in time and space.
Maintaining this efficacy provides stability for controlling the y&ayear environmental
variations. Further, sterility of a desired substrate can be maintained, ensuring a valid test of the
known population, and can i mprove manhagement,
the study.

Soybeans grown under growth chamber conditiond AM associations exhibited
enhanced water stress resilience (Bethlenfalvay et al., 1988). Greeignowsesoybeans with
symbiotic AM associations improved shoot biomass inextility soils; high and lowfertility
soils increased pod accumulation,aloseeds, and seed weight (Carling & Brown, 1980).
Furthermore, Carling & Brown (1980) noted that some species and species isolates could suppress
plant growth. Brazilian field production of soybeans experienced improved yields relative to the
control by aditions of fertilization, AM inoculum, and combinations of fertilization plus
inoculum, with no clear advantage among treatment combinations (Cely et al., 2016).

A metaanalysis of fieldbased inoculation found increased inoculation sucoeptant
fungal associationsshen utilizing native fungal populations; further, most commercial inoculums
had fairly ubiquitous dismal results; often successes could be attributed to the addition of nutrients
with the inoculum or other plant growgromoting microbesBerruti et al., 2016).

The trial inference space changes depending on which parameters are controlled in growth
chamber conditions. In our study discussed here, only one soil was sterilized; others came from
the field conditions. The commercial fungal inoculum was our fungakceodue to scalability
challenges. Maturity groups remained the same across all trials, and nutrient addition mimicked
conditions, styles, and timings utilized under controlled conditions (Garcia et al., 2017; Kafle et

al., 2022a). Our goal was to see lfragesults from this sergontrolled condition would exhibit
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similar results to our fiektbased trial and how it may influence the development of evaluations for
future laboratory trials. To do so, an eigitek soybean greenhouse trial is initiated utizsoil

substrates from our fieldased locations, providing control of the environment. Then, methods
used to evaluate laboratory conditions of K are overlaid in effort to unlock additional insight for

advancement in evaluating AMediated K transport.

Materials and Methods:

Experimental Design

The soil used was collected from the same locations as the field sites and transported back to the
campus of NC State. The selection criteria for the three locations was based on initial field
conditions with lev potassium index values as indicated by routine soil sample analysis, along
with geographical relevance to prime soybean production locations in North Carolina and the
diversity of growing environments. These locations included: Upper Coastal Plain dResear
Station in Rocky Mount, NC (UC; 35.98 N{7.376 W), Sandhills Research Station in Jackson
Springs, NC (SH; 35.19 N79.68 W), and Piedmont Research Station in Salisbury, NC (PM;
35.70 N,-80.62 W). The UC work was conducted on a silt loam, Roanoksesas (Fine, mixed,
semiactive, thermic Typic Endoaquults) & a fine sandy loam, Dogue soil series(Fine, mixed,
semiactive, thermic Aquic Hapludults). The SH work was conducted on sandy soil, Candor sail
series (Sandy, kaolinitic, thermic Grossarenic #iadult). Finally, the PR work was conducted

on a clay loam, Lloyd soil series (Fine, kaolinitic, thermic Rhodic Kanhaplud&igire 2.1).
Furthermore, to provide a sddlased fAcontrol , 0 we wutilized a
provided by the gredmuse to compare field conditions with more controlled greenhouse

conditions (GH).
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Samples were atlried and sieved through a 2 mm pan to ensure homogeneity, along with
only the presence of soil sample particles. Each 1 | growing pots then had aitteffeéated at
the bottom and were weighed and filled with the same amount of soil. Calculations for the water
hol ding capacity of each soil occurred with
subsample of each soil type was collected for sairient analysis before the treatment
application. After the study, all samples were sent and analyzed at the North Carolina Department
of Agriculture & Consumer Services (NCDA&CS).

This study has 48 unigue treatment combinations, replicated 8 timefal af 384 pots.
The factors include 1) two K nutrient watering regimes, 2) four soil substrates, 3) two conditions
of AM inoculum as a seed treatment, and 4) three untreated soybean maturity groups. The
greenhouse contained six benches, each indiviskrath serving as a block. One block was able
to hold 16 flat trays, with each flat tray containing 4 pots of gegure 3.1) K application
occurred at the tray level. In a block of 16 trays, 8 trays received aAsintgn nutrition solution
with sufficientK supply, the other 8 received the limit&dsupply. Within each tray there was
one type of soil substrate allocated to 4 pots containing equivalent volumes. Inside each block
placement of treatments was randomized to ensure each row and columsoiiagde and 2 of
each K treatment. Design placement within the table was unique for each block.

All of the same pots within a tray were assigned the same classification of inoculum; thus

i

al |l 4 pots in a tray woul d neciet hoefr psreadvuec ta sit GQoh

AM seed treatment is the presence of a commercial inoculum additive, MyceApply
EndoPrimé . The inoculum is applied as a seed treatment, at the same rate as the field, but
adjusted for 100 seeds. Finally, each soybean maturity group was assigned to one of the four pots

within a tray, with the fourth pot randomly allocating a repeat. The tl@leeted groups include
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a) MG 1V, DynaGro, indeterminate, S43XS27; b) MG V, Dy@ao, indeterminate, S52RS86;
and ¢) MG VI DynaGro, determinate, S64XT18.

Pots were then randomly placed within six blocks across the greenhouse, but 8 total
replicates werenesent. Soil substrate type was randomly allocated to a specific combination of K
watering scheme and fungal condition, with one soil type repeated within atgaye( 3.1).

Three soybean seeds were planted in the pot and eventually thinned to alamtylBlydrient
solutions were provided to the bottom of the pot in a tray as needed, determined from calculations
averaged across soil type/treatment combination. Lighting in the greenhouse was under a 14 hr
light / 10 hr night period. However, we denotstleet lights and parking lights nearby the
greenhouse structure and quite plausibly may have influenced thelali@®nsitivity of soybean

plants. Relative humidity was kept at approximately 60%.
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Figure 3.1 Greenhouse experimental design.

A) The giaphic is a visual representation of the experimental design in the greenhouse trial. The
setup consisted of six blocks composed of the benches upon which the trays were located. Each
combination occurred equally throughout the design. The color of tHersetangle represents
the type of soil substrate represented within each tray, Piedmont, Orange; Sandhills, White; Upper
Coastal, Pink; and Sterile soil from the greenhouse, Black. Within each tray were four pots with a
unique MG, for a total of 8 replites. MG is represented by IV, Blue; V, Green; VI, Yellow.

Additionally, the modified LongAshton nutrient solution that was provided either included
potassi um, denoted by
solution,denoted by the-J outside the small rectangle. B) Image of greenhouse set up right after

suf fi

planting.
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At eight weeks posinoculation, plants were harvested and a subsample of all the soil
substrates from a treatment combination was collected to analyrzenhgtatus posireatment
(NCDA&CS). Roots were washed and then separated into thresasafles on a lateral basis.

One subset was preserved in liquid nitrogen and store8D&C. A second subet of fine root

hairs was collected and placed into 15umbes containing 70% ethanol and 30% DI water. Roots
were then placed into 4 °C until quantification could occur. A third subset was used to obtain fresh
and dry weights of root samples. The fresh and dry weight of the shoots was also collected. Dry
weights were obtained by placing samples in forced heaitedryers at 70 °C for approximately

two days. Samples were then ground utilizing a Hamilton Beach coffee grinder (Hamilton Beach,
Glen Allen, Va.). Samples were then sent to Waypoint Analytical (Waypgmalytical Inc.,

Wilson, NC) for tissue nutrient analysis. Data is reported in‘gdfdissue concentrations.

Statistical Analysis

Statistical analysis software (SAS, version 9.4, SAS Institute, Cary, NC) was used to evaluate the
data. Assumptionsf the model were evaluated using the PROC UNIVARIATE procedure. The
analysis of variance (ANOVA) was performed utilizing a Type Il test of fixed effects within the
PROC GLIMMIX procedure; a studentized panel also confirmed the response of the residuals.
model was fit where the treatment effectsRdtassiuminoculant Soil, andMaturity Groupwere

analyzed as fixed effects; blocks were evaluated as random effects of the model. Treatment means
are reported utilizing the TUKEY Honestly Significant Dife nces ( HSD) at 06 =

were generated utilizing SAS ODS GRAPHIC DESIGNER.
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Results:

Table 3.1 Type lll test of fixed effects.

Type Il test of fixed effects, analysis of variance for treatment factors.

Pr=F
Effect Shoot Dry Weight | Root Dry Weight Ngkg' Pgkg’ K gkg!
Potassium 0.5365 0.1856 0.2142 0.2890 =.0001
Inoculum 0.8291 0.1363 0.0337 0.1958 0.8494
Potassium x Inoculum 0.3613 0.0223 0.7280 0.7410 0.0870
Soil =.0001 0.0002 =.0001 =.0001 <.0001
Potassium x Soil 0.0507 0.1353 0.3024 0.0250 =.0001
Inoculum x Soil =.0001 <.0001 =.0001 0.9124 0.5037
Potassium x Inoculum x Soil 0.4500 0.0047 0.8450 0.0430 0.0409
Maturity Group 0.8395 <.0001 0.0002 0.3334 0.0151
Potassium x Maturity Group 0.8318 0.4218 0.6557 0.1186 0.7270
Inoculum x Maturity Group 0.0115 0.9232 0.5955 0.2275 0.0731
Potassium x Inoculum x Maturity Group 0.0457 0.2553 0.4000 0.6228 0.6118
Soil x Maturity Group 0.1216 0.1169 0.0024 =.0001 0.0137
Potassium x Seil x Maturity Group 0.0041 0.7364 0.0190 0.0025 0.4848
Inoculum x Soil x Maturity Group 0.4533 0.0102 0.2668 0.0004 0.1161
Potassium x Inoculum x Seil x Maturity Group 0.1254 0.6058 0.3413 0.0335 0.5602
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Table 3.2 North Carolina Department of Agriculture soil test report.

P and K values are given in ndgr %, as well as index values. A) represents bulk soil before the
experiment was conducted, B) GH soil from pagperiment, C) PM soil frorpostexperiment,

D) SH soil from posexperiment, E) UC soil from pesixperiment; soil sample was ssampled
from each of the 8 replicates per treatment combination.

A) Timing Location HM % W/ (g/cm?) CEC (meq/100cm?) BS % Ac (meq/100cm?) pH P(m g/dm?) P K (mg/dm?) K1
Initial GH 032 1.47 4.2 76 1.0 59 198 165 28 14
Initial PM 032 0.86 13.0 92 1.1 6.3 115 96 292 149
Initial SH 0.36 1.50 2.7 75 0.7 6.1 115 96 57 29
Initial UC 0.46 1.26 54 80 1.1 5.7 94 78 70 36
B) Timing Potassium Inocslum MG  Location HM®% W/V (g/em?®) CEC (meq/100cm?) BS 9 Ac (meq/100cm?) pH  P(mg/dm?*) PI  K(mgdm?) KI
Post SK AM v GH 0.36 1537 38 77 0.9 Sl 151 126 47 24
Post SK AM v GH 0.36 1.39 5.4 82 1 5.4 163 136 83 42
Post SK AM VI GH 046 137 3.7 77 0.8 5.7 147 123 52 27
Post SK Control IV GH 041 1.39 4.4 80 0.9 5.6 160 133 39 20
Post SK Control ~ V GH 0.36 139 4.8 82 0.8 5.7 163 136 75 38
Post SK Control VI GH 0.41 138 4 78 0.9 5.7 152 127 50 26
Post LK AM IV GH 0.32 1.36 4.1 82 0.8 5.7 151 126 23 12
Post LK AM v GH 0.32 1.37 4.4 80 0.9 5.7 143 119 32 16
Post LK AM VI GH 0.32 133 3.8 78 0.8 5.7 158 132 19 10
Post LK Control IV GH 0.36 1.44 4.4 79 0.9 5.6 162 135 27 14
Post LK Control A\ GH 0.41 1.42 4.8 81 0.9 5.7 166 138 34 17
Post LK Control VI GH 0.32 143 4.5 81 0.8 5.8 173 144 32 16
C) Timing Potassium Inoculum MG TLocation HM% WV (g/cm®) CEC (meq/100cm?) BS 9 Ac (meq/100cm?) pH P(mgdm?) PJI  K(mgdm®) KI
Post SK AM IV PM 0.46 0.91 15.8 2l 13 6.2 108 90 295 151
Post SK AM v PM 0.36 0.90 14.4 91 1.2 6.3 104 87 249 127
Post SK AM VI PM 0.36 0.89 15.6 92 1.2 6.2 109 91 294 150
Post SK Control IV PM 0.41 0.92 14.4 92 12 6.3 104 87 289 148
Post SK Control v PM 0.46 0.90 12.5 90 12 6.4 96 80 226 116
Post SK Control VI PM 0.36 0.90 14.9 91 1.3 6.3 108 90 290 148
Post LK AM IV PM 0.36 0.88 14.5 91 12 6.3 107 89 166 85
Post LK AM v PM 0.36 0.94 13.5 91 1.2 6.3 94 78 124 63
Post LK AM VI PM 0.32 0.86 13.1 92 1.0 6.5 103 86 144 74
Post LK Control IV PM 0.36 0.87 12.9 91 1.2 6.3 103 86 169 36
Post LK Control A\ PM 0.36 0.90 13.5 91 12 6.2 95 79 141 72
Post LK Control VI PM 0.36 0.90 3.5 92 1.1 6.4 103 86 162 83
D) Timing Potassium Inocslum MG  Location HM% WV (g/em® CEC (meq/100cm?) BS 9 Ac (meq/100cm?)  pH  P(mgdm?) PI  K(mgdm?) KI
Post SK AM v SH 0.32 1.50 5.2 86 0.4 6.4 115 96 70 36
Post SK AM \i SH 0.32 1.48 3.5 86 0.5 6.4 127 106 51 26
Post SK AM VI SH 0.32 1.50 4.0 920 0.4 6.5 130 108 139 71
Post SK Control v SH 0.36 1.51 3.8 87 0.5 6.5 130 108 88 45
Post SK Control ~ V SH 0.36 151 3.6 84 0.6 6.2 131 109 87 45
Post SK Control VI SH 0.41 1.54 3.6 82 0.6 6.4 128 107 86 44
Post LK AM v SH 027 154 2.6 83 04 6.6 94 78 22 11
Post LK AM v SH 0.27 1.50 2.6 86 0.4 6.6 100 83 18 9
Post LK AM VI SH 0.41 1.52 3.2 86 04 6.5 118 98 33 17
Post LK Control v SH 0.46 1.52 3.6 84 0.6 6.3 119 99 44 23
Post LK Control v SH 0.36 1.49 2.8 83 0.5 6.3 96 80 38 19
Post LK Control VI SH 0.27 1.52 3.1 83 0.5 6.2 111 93 45 23
E) Timing Potassium Inoculum MG  Location HM% WV (g/em?) CEC (meq/100cm¥) BS % Ac(meq/100em*)  pH  P(mgdm?) P Kmgdm?) K1
Post SK AM v uc 0.41 1.26 6.0 87 0.8 6.2 86 72 108 55
Post SK AM v uc 0.41 1.28 6.3 86 0.9 6.0 81 68 103 53
Post SK AM VI uc 0.51 1.24 5.6 86 0.8 6.1 85 71 99 51
Post SK Control IV uc 0.41 1.21 6.7 74 1.8 6.1 84 70 84 43
Post SK Control ~ V UC 0.41 121 5.6 83 1.0 5.8 79 66 87 45
Post SK Control VI uc 0.41 1.22 5.7 87 0.8 6.2 83 69 99 51
Post LK AM v uc 0.51 1.27 6.0 85 0.9 6.1 78 65 39 20
Post LK AM Vv UcC 0.46 1.26 6.0 86 0.8 6.1 78 65 41 21
Post LK AM VI uc 0.41 1.27 6.3 85 0.9 6.0 83 69 45 23
Post LK Control IV uc 0.51 1.28 6.3 87 0.8 6.1 79 66 42 21
Post LK Control v uc 0.41 1.24 6.0 86 08 6.0 76 63 39 20
Post LK Control VI ucC 0.46 1.22 6.2 88 0.8 6.1 83 69 46 24
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At the conclusion of the greenhouse harvest, assitple of the initial soil as weks soil sub
samples from each treatment combination for plants grown in the greenhouse was sent out for
analysis. Soil sample analysis results revealed that despite our best efforts to pull bulk soil for the
trial from the same field locations with liredl P and K levels, we were not quite successful. Initial

soil conditions exhibited high levels Bf especially the greenhousterilized soil. Further, due to

the fieldmanagement style of rtdl, collecting sufficient amounts of soil was less feasiltlewa

specific field. As a result, the soil had to be collected from an adjacent location to the field. The
soil from PM particularly, had a higher initial-ikdex than desired, especially relative to other
collected soils. These fertility results may hamnaunintended impact on overall spaces of inference

and results.

AboveGround Plant Growth Responsive toSoil Type, Minimal Differences Among Root
Growth.

SoybearghootBiomassHighest forPlants Grown in PMSoil

Eightweekold soybean singkpot biomas produced significantly larger amounts bbmass

when grown in PM soil compared to all other soil substrates. All other selected soil types produced
similar amounts of biomass. Further, the treatments of providing additional K or a specific maturity
grow had a limited impact on the total biomass produced by the pigoré 3.2A). The addition

of inoculum significantly improved biomass production relative to the control condition only when
using the PM soil and relative to other sofigglure 3.2B). The significance between the three

way interaction ofpotassium, soiland maturity group,lead to complex interactions among
combinations of treatment factors. This thvegy interaction also highlights the individualized

variation in response across combinasiarf factors as evidenced by differences among soils,
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differences of potassium levels within a soil and maturity group, and finally similarities and

differences among maturity groups depending on Bajufge 3.3).
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Figure 3.2 Soil withPotassium& Inoculum influence on shoot dry weight.

Box-plots representing the significant interaction of A) Potassium by Soil (P = 0.0507) and B)
Inoculum by Soil (P < 0.0001) for shoot dry weight respoa are averaged acrods @

treatment factors. The-Axis represents each respective Soil origination; Giéenhouse, PM

Piedmont, SH Sandhills, and U€Upper Coastal Plain. The-axis is the shoot dry weight in

grams. Boxplot coloring A) corresponds to Potassium treatmenar Kk gr ay boxes rep
indicating the addition of sufficient K modified Losgshton Solution, and white boxes represent

ALK, 0 indicating t he addshton solationoBoplat colongyB)K mo d i
corresponds to Inoculationtresrmt , red boxes represent AAO0 for
and gray boxes represent ACo for the control
guartiles compose the upper and lower boundary of the box, respectively. Inside the box, the
medianvalue is represented with a horizontal line and the mean a (+). Box whiskers are restricted

to 1.5x the interquartile, maximum, or minimum points beyond which the whiskers are then the
external §) representing potential data outlielSomparisons of the means for significant
differences of the treatment combinations occur across all environments. Letters are assigned
based on a significance value of 6 = 0.05 wit|
biomass production.
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Figure 3.3Potassiumby Soil by Maturity Group influence on shoot dry weight.

Box-plots representing the significant interaction of Potassium by Soil by Maturity Group (P =
0.0041) for shoot dry weight responfmta are averaged across all other treatrfaators. The

X-axis represents each respective Soil origination,- @feenhouse, PMPiedmont, SH

Sandhills, and U€Upper Coastal Plain. The lowerakis represents each Maturity Group, IV, V,

VI. The Y-axis is the shoot dry weight represented in gradas-plot coloring A) corresponds to
Potassium treatmentd ar Kk gr ay boxes represent ASK, 6 ind
modified LongAs ht on Sol uti on, and white boxes repres
K modified LongAshton Solubn. 1st and 3rd quartiles compose the upper and lower boundary

of the box, respectively. Inside of the box, the median value is represented with a horizontal line
and the mean a (+). Box whiskers are restricted to 1.5x the interquartile, maximum, oamnminim

points beyond which the whiskers are then the exteshdbga outliers. Comparisons of the means

for significant differences of the treatment combinations occur across all environments. Letters are
assigned based on a sitcniTfuikeeayrbcse HVSaDl.ue of 0 =
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SoybearDry-WeightMassWas Smilar, DespiteDifferences iPAboveGround Biomass.

Soil composition differences observed in biomass would be anticipated to drive significant
responses in root growth as well. Despite increaseddsisnim PM soil, the main effect for root
mass means separation tests indicated that the sterilized GH soil had the higher root biomass
produced (2.85 pot?) relative to all other soil types ranging from (@.pot* - 1.5g potl). In
continuing to undetand the relationship between our treatment factors and the vahdzliofy

the inoculum, we observed significant tweay interaction evaluatingotassiumby Inoculum
indicating that the roots grown in controlled conditions (LK, Control | @.66tY) were
significantly larger than roots grown with sufficient K and no inoculum (1@&8d), and low K

and inoculum (1.7F pot?). Roots that were grown under sufficient K were similar to both groups.
Further investigation into the inoculum treatment concermiigevealed that notable differences
between inoculum and control only occurred in the GH condition. Thus, the most meaningful
summarization of these twway interactions can best be outlined by the thvag interaction of

soil by Potassiumby Inoculum.One treatment combination (GHKOControl | 4.88 pot?) was
distinctly higher in root production from all the other group combinations of root production
weights (2.29 pot! - 1.3g pot?) (Figure 3.4A). Interestingly, the main effect Maturity Group
observed that, VI, had the smallest amount of root masg (1o4') across all treatment
combinations compared to similar root volumes in groups V @®R8%) and IV (2.28 pot?).
However, theMaturity Group averages in association withetinfluence of treatment factogoil
andinoculum are not nearly as pronounced. As observeédguare 3.4B,the Control, the GH soil
substrate, influences this relationship of the Matu@tgup mostly with influence occurring with
group V. Differences kteveen group V and VI are driven by root volume differences in SH, V,

Control, compared to roots at UC, group Wigure 3.4B).
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Figure 3.4 Threeway interactions influence root dry weight.

Box-plots representing the significant interacsaf A) Potassiumby Inoculum by Soil (P =
0.0047), and B) Inoculum by Soil by Maturity Group (P = 0.0102) for root dry weigia are
averaged across alreatment factors. The -Exis represents eachkoil origination, GH
Greenhouse, PMPiedmont, SHSandhills, and UC€Upper Coastal Plain. The lowerakis in A)
represents the Inoculum condition of AM or Cohtrand the lower Xaxis in B) represents
Maturity Group, 1V, V, VI. The Yaxis is Root Dry Weight in gramslot. Box-plot coloring
representshA) Potassium treatment dark gray boxedi S Kforothe addition of sufficient K

modified LongAshto n Sol uti on, and

whit e

boxes

K modified LongAshton Solution; and B) corresponds to Inoculation treatment, red boxes

represent AAO0O for AM inocul

um treat metrolled ad di

condition of no inoculumlst and 3rd quartiles compose the upper and lower boundary of the box
Inside of the box, the median value is represented with a horizontatHeneneara (+). Box
whiskers are restricted to 1.9xetinterquartileMaximum, or minimum points beyond which the
whiskers ardghe external d) representing potential data outliers. Comparisons of the means for
significant differences of the treatment combinations occur across all environments. aretters

assigned based on a signifi

potential biomass production.
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ElementalComposition ofAboveGround SoybeanTissueDriven by Soil Type.

Shoot NConcentration idnfluenced bynoculum, Soil, and Maturity Group.

The Inoculum Soil, andMaturity Group all exert an influence on the composition of N found
within the aboveground tissue of the soybeans. The amount of N present in the tissue declined
with the addition of the AM inadum for an average of 33.7g kgelative to the control average

of 35.1g kg?. The influence of soil type on N is distinctive, in which soybeans grown in soil from
PM had the highest average amount of N (%8, GH and UC were similar to each other
(34.434.29 kg'), and SH had the lowest average amount of N (BRg#). The combination of
Inoculumx Soil allows us to understand the specific nuanced combinations that are driving the
differences for the main effect, allowing insight into the compteof management strategies. The
greenhouse soils exhibited an inhibitory effect when the inoculum was added and was relatively
similar to the highest amount of tissue N for the control plants, as evidenced by Tukey lettering
for Figure 3.5A. Maturity grouplV plants had an increased average composition of N in tissue
(35.99g kg?) relative to group V (33 kg?) and VI (33.9 kg?). The relationship betweeoil
andMaturity Groupcontinues to highlight finite details given similar patterns observed in the main
effects, but noting the differences in the pattern of soil ranking is influenced across the different
maturity groups as observed kigure 3.5B. Further, within a soil typepnly differences with

Maturity Groupsare observed at PMrigure 3.5B).
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Figure 3.5 The interactions influence on shoot N concentrations.

Box-plots representing the significant interaction of A) Inoculum by Soil (P < 0.0001) and B) Sall

by Maturity Group P = 0.0024) for tissue N responBata are averaged across all other treatment

factors. The Xaxis represents each respective Soil type Gi¢enhouse Soil, PMPiedmont soll,

SH- Sandhills soil, and UCUpper Coastal Plain soil. The-axis is N g k¢t in soybean above

ground tissue. Bayplot coloring A) corresponds to Inoculation treatmenti b oxes r epr ese
for AM I noculum treatment addition and gray b
inoculum added; B) corresponds to Maturity Grargatmentd ar Kk gr ay boxes rep
white boxes represent AV, 0 and green boxes r ¢
upper and lower boundary of the box, respectively. Inside of the box, the median value is
represented with a horizontlthe and the mean a (+). Box whiskers are restricted to 1.5x the
interquartile, maximum, or minimum points beyond which the whiskers are then the exdernal (
representing potential data outliers. Comparisons of the means for significant differenaes of th
treatment combinations occur across all environments. Letters are assigned based on a significance
val ue of 6 = 0.05 with Tukeyds *ebSiysitiorsand | typ
differences arose within a MG at the PM soil type.
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Shoot PConcentration wa®Driven bylnitial Levels ofSoluble PPresent in thesoil Substrate

Uptake of P into plants requires root or fungi interception, necessitating underlyingsqlant
dynamics. The main effect &oil type is influential, as highlighted Byable 3.1containing the
Type Il Fixed effects. The average amount of P in plant tissue was similar for the RM3)6

and GH (3.9 kg?') soils. Notably, lower was the average P amount in UQy(Rg8) soil, and

even distinctly lower was SH soil (8g™?); this ranking similarly aligns with the initial P found

in the soil prior to the experiment. The influencdPatassiunwith the Soil, observations follow

a similar pattern to the main effect bil, with one key distinction. The addition of K to the GH
soil was significantly lower in average P amount compared to the GH soil with no addition of K.
Further, when adding Inoculum for the thigay interaction betweeRotassiuminoculum and

Soll, this difference between GH and K condition is found exclusively in association with the
Inoculum Figure 3.6A). This pattern ofSoil will remain established as the driving influence
throughout all the significant interactions of treatment combinations. The sespbtheMaturity
Group in combination with soil, exhibits differences among maturity groups within the soil from
PM and SH. However, when looking at a particular maturity group performance across soil types,
all three have different amounts of P dependgon what soil they are grown iRigure 3.6B).

The significant thresvay interactions and the significant feway interaction do provide many
thoughtprovoking comparisons of the experimerntatie differences. However, the most
meaningful comparisonsahemerge from these many comparisons are the significant differences
within the GH soil, is (LK, AM, GH, IV | 4.§ kg?) is significantly higher than (SK, AM, GH, IV

| 3.4y kgl), and (SK, Control, GH, IV | 3g3kg?). Additionally, (SK, Control, GH, V 4.4g kg?)

is significantly higher than (SK, AM, GH, V | 3Xg?).
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Figure 3.6 Shoot P concentrations influenced by factors of Soil, Maturity Group & Inoculum.

Box-plots representing the significant interaction of A) Soil by Maturity Group (P = 0)082d

B) Inoculum by Soil (P < 0.0001), for amount of P g‘k@ata are averaged across all other
treatment factors. The-Axis represents each respective Soil origination; Giéenhouse, PM
Piedmont, SHSandhills, and UCUpper Coastal Plain. The-akis is P in soybean aboxggound
tissue g kg. Box-plot coloring corresponds to A) Potassium treatmelark gray boxes represent
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Shoot KConcentrationAligns withApplied KNutrient Solutions

The main treatment effectsBbtassiumSoil, andMaturity Groupwere the most significant driver

in determining the amount of K found within the soybean tissue. For the treatment, Potassium,
plants provided with the sufficient LongAshton solution had significantly more shoot K (27.4

g kgh) compared to the plantsqvided with the low condition (19g9kg?). The importance of
Soil continues to be a significant factor in influencing plant growth. Soybeans grown in PM soil
contained the highest amount of K (39 y?), differing from all other soils, in which the sise

K range was (22-20.8 kg?h) for GH - UC, respectively. The significant tweay interaction
betweerPotassiunandSoil continues to follow a similar pattern as observed in the main effect of
Soil, with one interesting deviation. The combination of (8K/1) is distinctly solo in providing

the highest amount of K in tissue (3d4.6g%). Then, (LK, PM | 28.¢ kg') and (SK, GH | 28.1

kg1) are similar in the amount of K present in tissues and separate from (SK, Sglkg5.and

(SK, UC | 24.9 kg?). Finally, the plants with the least amount of K present are (LK, SH ¢ 17.7
kg?h), (LK, UC | 16.9 kg?'), and (LK, GH | 16.F kg?). The treatment effect éioculumbecomes
significant as a part of the thr@ey interaction betweeRotassium Soil, andInoculum This
relationship is driven by the similar pattern observed in theviay interaction oPotassiunby

Soil. Within a soil type, the addition or absence of inoculum has no notable influeigcee(
3.7A). When accounting for the main effect, the ggetage of K found within the different
maturity groups observes the highest amount of K present in group I\g@g'% Group V has

the least amount of K at (23,&g?), and group VI overlaps with group IV and group V containing
(23.59 kg?l). The tweway interaction betweeBoil andMaturity Group exhibits a clear driver of

the Maturity Group relationship by the group IV grown in PM soil. PM is still a top driver for
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groups V and 1V, with finally all other soil, and maturity group combinations performing similarly

in amount of K found within the tissuBigure 3.7B).
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Figure 3.7 Shoot K concentration relative to the impact oPotassium Soil, Inoculum, and
Maturity Group.

Box-plots representing the significant interaction of A) Potassium by Soil by Inoculum (P =
0.0409) and B) Soil by Maturity Group (P = 0.0137) for antcaf tissue KData are averaged

across all other treatment factors. Thes represents each respective Soil origination; GH
Greenhouse, PMPiedmont, SH Sandhills, and U€Upper Coastal Plain. The-axis is K in

soybean abovground tissue. Boplot coloring corresponds to A) Potassium treatmelairk gray

boxes represent ASK, 0 i n dnodifiedLongAshtdnSautiom,chrdi t i o n
white boxes r &gimgehe addition of & I6w Hoodified ldongAshton Solution;

B) Maturity Group treatmenrtd ar k gr ay boxes represent Al V, O
green boxes represent AVI 0; l1st and 3rd quart
box, respectively. Inside of the box, the median value is represented otizontal line and the

mean a (+). Box whiskers are restricted to 1.5x the interquavtdgimum, or minimum points

beyond which the whiskers are the exteroar€¢presenting potential data outliers. Comparisons

of the means for significant differeee of the treatment combinations occur across all
environments. Letters are assigned based on a
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Discussion:

Fields can face a multitude of uncontrolled conditions due to variations in parameters such as
seasonal weather patterns, diversity of biological organisms, farmland management strategies, and
the genotype performance influenced by its environment. As efforts continue to bridge the
differences between testing conditions and learning relative liontato spaces of inference, the
intermediate intersection of contrtblat can be achieved with the greenhormdd prove helpful

for defining essential testing conditiorend umlerstandingconditions that contribute to

microoganismdiversity.

SoybearBiomass& Root Growth isLimited byParameters of th€rovidedGrowth Environment

In our testing conditionshe soil type was a significant driver across all evaluated parameters, as
similarly found in the field trial (Chapter 2). In this trial, soybean biomass exhibited no significant
differences when comparing K treatments within a soil type. However, theatedisoybeans

had increased biomass compared to untreated soybeans, only when grown in PM soil.
Comparatively, in a greenhouse trial evaluating peppers grown in soil, using known mycorrhizal
isolates that were inoculated at timepoints of sowing and sgsdimongst the various species

and combinations, shoot dry biomass distinctions between the control and species was only
significant for two species at seedling inoculation, otherwise all other treatments produced similar
biomass compositions (Ortas &t 2011). A wheat greenhouse study using soil that compared a
commercial inoculum vs controlled conditions also saw no differences in-gibowed biomass
between inoculum treatments (Elliott et al., 2020). Soybean drought greenhouse trials using AM
inocdum extracted from the soil observed similar levels of produced biomass despite additions of

inoculum; water stress was instead a critical limitation in biomass production (Grumberg et al.,
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2015). This could explain the reasoning behind the increased $8gunaduction in the soil from
PM (Figure 3.2), as this soil has a higher wateslding capacity compared to the other included
soils. Despite best efforts to maintain soils within similar levels of 70% field capacity across all

pots, challenges were facadcluding high fluctuation of temperatures as the season changed.

Notabl vy, observations found that the bottom m

the weight due to roots concentrated in the bottom of the pot. The resulting impact weasahe
the pot drying rapidly, as watering was provided to the bottom of the pot. A concern of watering
from the top is the potential for spore movement via water leaching through the pot, thus by
watering at the bottom we can help to ensure higher camrtie inoculum treatment and there
is no influence on mycorrhizal spore presence. This in combination with limitations of personnel,
time, and tray level watering required averaging of treatment weights to achieve approximation
and may have allowed folight variations. Especially as water retention data from Heitman lab
revealed that the water holding capacity for soil with the higher clay content (0.2BBgld an
almost eighffold increase from the sandier soils (0.039 and Q@9 at 1/10 bar bpressure, as
well as W/V data for the soils represented able 3.2

In Figure 3.3 the performance of a maturity group within a soil results in no significant
differences in produced biomass that can be attributed to variation among the represepted gr
The boxplots do reveal quite a bit of pti-pot variation within a represented treatment
combination foPotassiunby Soil by Maturity Group. A previous soybean study conducted in a
greenhouse has shown that the size of a selected pot can siflyificuence the amount of
biomass produced (Ray & Sinclair, 1998). The watdding capacity of soil has an intensified
influence on water loss to transpiration rather than pot size (Ray & Sinclair, 1998). The limitations

of water management in greenise studies are a source of challenge in field applicability for trait
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selection, especially drought tolerance, but an automated greenhouse watering system found
transpiration efficiency to be a good predictor of soybean drought tolerance, but thigapismtif

was limited to 13 days after emergence, and notably, the pot size was 10 cm diameter and 35 cm
height (Peirone et al., 2018). This limitation is especially important to consider given that the
mycorrhizal associations need approximately four wéakestablishment (Wang et al., 1993) as

well as product guidelines accompanying the mycorrhizal product we utilized suggested 4 weeks
still symbiotic associations were established, and 8 weeks for visible benefits in comparison trials,
with a note that gints in plugs will see more noticeable benefits when transplanted to larger pots
(Mycoapply website).

The plasticity of soybean growth in field environments is especially noticeable in the edge
effect of alleys in research plots. Further potential linutet and challenges observed in the
duration of this project was the potential for night length to be interrupted by external street lights
in the parking lot relative to proximity with the greenhouse. This observation is important as
soybeans exposed tdificial light experienced a delay in flowering (Kusuma et al., 2021). In this
study, no measurements were taken to quantify if this was a disruption. However, similar
influences can be observed with soybeans grown near stoplights, and as the dgiftcslidly
highlighted, this may have had an impact on biomass potentials or growth. Further, regarding the
applicability of this project to field conditions, while not initially discussed in the development of
this study, observationally, we speculatetar testing may be needed to evaluate the potential
for artificial spacing effects with each tray/pot. Despite best efforts to randomize within the room,
bench, and tray, the larger variation in-pmpot biomass observedkigure 3.3may be attributed

to these artificial edge effects and light penetration that especially became limited with the length
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of the growth window as well as considerations for field applicability of this project in greenhouse
trials, should attempt to replicate similar condiiai row spacing.

Given all these considerations to the trial from the biomass perspective, it also seems to be
an influence of root development. Overall, produced root mass was statistically similar across all
conditions with the exception of LK, control GH soil Figure 3.4A). This is an interesting
observation, as nutrient limitations can necessitate increased root scavenging (Poorter et al., 2012).
Initial field observations led to curiosity about how inoculum may influence root architecture and
develgment in field conditions. However, we were skeptical of field observations as they may
have been skewed by field root extraction methods, as this observation requires a more precise
extraction method than was allowed by limitations of imposing minimalirdbance on field
conditions to maintain the integrity of field evaluation. Further, a soybean greenhouse study with
AM observed smaller root volume, length, and surface areas (Wang et al., 2011). Due to plants
being fully rootbound, differences inLl roa architecture varied greatly within treatment factors
and were not as easily identifiable. Thus, utilizing image analysis did not seem to be a worthy
investment of time. Based upon results-igure 3.4B, inoculum did not provide influence with
the excepbn of IV, Control under GH conditions. The greenhouse trial was the only soil in the
study sterilized and these results may indicate the control GH plants did have a disadvantage in
resource acquisition, as well as possible associations with maturifysgidigcussion centered on
the value of attempting to quantify root col c
varied due to the lack of ability to differentiate among natural and inoculated populations through
current quantification method$ wsualization. These results suggest a potential for insight. Thus,
efforts are ongoing to quantify mycorrhizal root associations from this study. Research has

suggested that pot size can also influence the ability of mycorrhizal colonization (Baagim&arda
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1984; Kucey & Janzen, 1987). Further, a rraatalysis quantified that greenhouse studies with
AM fungi had the greatest instances of improved soil aggregation in soils with high sand content
(Leifheit et al., 2014). These limitations of growth providseful insight into necessary

considerations for improving correlations to fiéédel inferences.

Limited Regponses irthoot ConcentrationsinlessUnder Serilized Soil SubstrateConditions

Despite minimal differences in above and belground plantgrowth, as discussed previously,
percentages of tissue compositions did experience notable variation predominantly among soil
types, but not between inoculated and-immtulated plants. These tissue compositions correlate
with the initial soil values olesved that were found at the completion of the study when
guantifying soil compositionTable 3.2. An important distinction to note from initial soil values

is the high levels of available P quantified in our experiment soils. While AM fungi are
predominatly considered in their role of transporting P, this transport is stimulated by limited P
levels. When levels of soil P are present in a high concentration, in which plant roots are able to
obtain necessary levels of P, there is a significant impact onfAMn g a | sporebs
effectively germinate, the length of the hyphae, and the vigor of hyphal growth (Miranda & Harris,
2006; Breuillin et al., 2010; Smith & Read, 2008). In fact, at P concentrations of 0.5 mM,
colonization in petunia was reduced 5%, and even totally inhibited at 10 mM of P (Breuillin

et al., 2010). Further, a sphibot test they conducted, highlighted the plausible role that presence
of P in the shoot has in driving AM colonization and need of the plant for this symbiotic
relationship (Breuillin et al., 2010). The variation observed in produced biomass, could indicate

that despite high frequency in the supplied nutrient solution, variation across soil types in nutrient
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composition played a more significant role in biomass proglucEigure 3.2) relative to root
mass Figure 3.4).

When comparing treatments within soil types for differences in nutritional composition,
notably, only group IV at PM exhibited any variation. Since PM soil seems to have had the highest
nutrient compositiommong test soils, various speculations could be made regarding the suitability
of the growth environment, light intensity, and nutrition composition based on maturity zone
delineation discussed iRigure 1.6. However, these speculations would require furithata
analysis at the plant level that was not conducted for this study. Thus, factual comparisons are
limited, and other soybean greenhouse studies found tend to focus on evaluating specific cultivar
variations for breeding applications.

Influences of teatment factors dPotassiunsaw widespread clear distinctions for K tissue
composition Figure 3.7), indicating our design was successful in creating a separation between
treatments. However, the values collected from plant tissues foFigume 3.7 and nitial soil
values inTable 3.2indicate GH soil was the only true initial limitedckindition. Further, even
under low conditions of available K, soybean shoot K concentration in GH highlights sufficient
levels of K and no influence of the inoculum on tiverall composition.

Further, the treatment factor lofoculumresults were notable only within the sterilized GH
soil, aligning with other greenhouse studies and unsterilized soil (Salomon et al., 2022; Faye et al.,
2013). Interestingly, N and P compiian responded differently, with the control condition having
higher amounts of NFjgure 3.5 and higher P in AM with a low Lorgshton solution added
compared to sufficient Lorgshton Figure 3.6). Since soybeans have beneficial symbiotic
relationships with Nixing bacteria, it would have been interesting to see if there was a potential

influence, but without quantifying soybean nodulation specifically, these speculations are limited.
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The triparite interaction that occurs between three living organisms has continued to gain interest
for its working insight into utilizing biology to innovate with a systems level approach. As with
many global questions, particular scenarios drive further inteuest & the ability of high P
conditions to serve as a limitation. Based upon favored results in a greenhouse study in soybeans
evaluating the canoculation of Rhizobia and a cultivated AM fungal strain found no detrimental
effects of ceinoculation undeboth high and low concentrations of P (Wang et al., 2011). Under

the conditions experienced in our study further investigation into this tripartite interaction may

have been highly beneficial, but an important consideration for future evaluations.

Limitations onTheUse of thidParticular AM Inoculum on NGoybeanCultivars

Evaluating management systems utilizing commercial endomycorrhizal products in soybean
production is of particular interest based on established positive success in AM associdtions wit
the model legumeMedicago truncatulaunder controlled conditions and known AM fungal
cultures (Bucking & Kafle, 2015; PerdZenda et al., 2012; Miransari, 2011; Smith et al., 2011,
George et al., 1995FEven under controlled conditions, the commerermomycorrhizal product

we used showed limited potential for interest in continuing to pursue studies related to this project
and product. Our results align with many other efforts that find dismal positive benefits to utilizing
commercial inoculums. A genhouse study conducted with sterilized and unsterilized soil,
evaluated a commercial inoculum with tomato and leek plants, the unsterilized soil found no
increase in colonization rates; some inoculum responses could be attributed to nutrient
concentratias in the inoculums (Salomon et al., 2022). Interestingly, Salomon et al. (2022) did
conduct similar fielebased studies with soybeans and observed no benefit in field conditions. A

greenhouse study in maize, using sterilized sand and commercial inocuanta sixweek
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period, found some inoculants increased root colonization but provided a minimal influence on
produced biomass (Faye et al., 2013). Both Salomon et al. (2022) and Faye et al. (2013) saw no

significant effect of commercial inoculants onauikzation in soils obtained from the field.

Conclusion

Results from this study indicate that utilizing the greenhouse condition for correlating laboratory
controlled success in field correlation is equally perplexing and challenging. Furthessalis

indicate the necessity for robust, wisleale, thirdparty testing of commercial endomycorrhizal
products in order for producers to make informed decisions. Our data revealed that although a few
significant differences can be spotted, results lgrgelicated no significant correlations between

the addition of inoculum and plant resilience under field soil conditions. Further efforts, diligent
considerations, and questions of inference spaces will continue to be necessary to correlate the

translaton of controlled laboratory success into fiblaised applications.
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CHAPTER 4
The Use ofRubidium as aProxy to track PotassiumM ovements inLegumesColonized by

AM Fungi.

Introduction :

For over 450 million years, plants and fungi have partaken in {tliedmtional, tweway symbiotic
association that occurs between ~80% of land plants and the beneficial, obligate, fungi, arbuscular
mycorrhizal (AM) (Smith & Reed, 2008; Wang & Qiu, 206&rley & Smith, 1983). Model plant
species have provided essential context clues to understanding the response mechanisms of these
beneficial biological interactions, especially regarding molecular transport, gene expression, and
nutritional symbiosis. Pt productivity relies upon optimal root architecture, given the soll
composition and fertility levels. As agricultural production looks for continuous ways to improve
current management and production practices, understanding the history of biologitati@ua

should prove helpful for innovation. In laboratory conditions, AM fungal research utilizing model
legume species such Btedicago truncatulaand Lotus japonicushas exhibited crucial results
regarding AM fungimediated plant nutrition related to (Miransari, 2011; PereZienda et al.,

2012; Bucking & Kafle, 2015) and P (George et al.,, 1995; Smith et al.,, 2011). As research
continues to unlock promising findings related to AM fungal influence on dynamics of nutrient
movement, interest turns to umskanding the relationship of another maotdrient, K.
Specifically, our research group is leading crucial pioneering efforts into understanditrgitn
mediated by ectomycorrhizal and arbuscular mycorrhizal associations (Garcia & Zimmerman,
2014; Gacia et al., 2017; Garcia et al., 2020; Frank & Garcia, 2021; Kafle et al., 2022; Hackman

et al., 2022; Kafle & Garcia, 2022).
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Justification of exploring the relationship of K can be related to the-lsmited,
conditional, mobility of the K ion irthe soil solution necessitates root exploration for sufficient
concentrations of plardvailable K. Limited soil Kesults in regional variations of soybean
production reliant on the addition of fertilization to amend soil K deficiencies (Slaton et2d;, 20
Parvej et al., 2016; Sawchik & Mallarino, 2008), improve pest management of soybean aphids
(Walter & DiFonzo, 2014; Myers et al., 2005), and enhance resilience to abiotic stressors (Mostofa
et al., 2022; Hasanuzzaman et al., 2018).

Based on studiegsing rubidium (Rb) to track K transport in yeast, the Garcia lab has
demonstrated that Rlan be used as a proxy to track K movement from ectomycorrhizal fungi to
colonized loblolly pine seedlings (Frank & Garcia, 2021). Additional Garcia lab effonslicate
cesium as another proxy found limited results, which could be attributed to the role of cesium in
blocking particular Kkhannels (Kafle & Garcia, 2022b). Thel-text paperfound in Appendix
C, highlights ceauthored efforts witiM. truncatulaand AM fungi that demonstrate the use of Rb
as a proxy for K (Kafle et al., 2022a).

AM associations have shown a considerable role in mediating N and P nutrient transport.
However, more work needs to be demstrated regarding K. As our lab has recently demonstrated
in the publication above, there is considerable potential and a demonstrated role in K transport
utilizing a model legumeéyl. truncatula.Translating knowledge regarding AM associations into
an eonomically viable crop will influence stability and provide sustainable solutions in agronomic
production practices. Leguminous plants are of particular interest for AM symbiosis due to their
shared plant molecular pathway, the CSP, which involves a @staggulation, driving the
establishment of both AM symbiosis and the root nodules in leguminous plants (Foo, 2019;

Oldroyd, 2013). As hyphae perceive localization to a host plant, a signal that is essentially

134



requesting the initiation of these symbiotedationships is released as an exudate called lipo
chitooligosaccharides (LCOs). Both AM fungi, as well as Rhizobia, have a specific type 6f LCO
Myc factor for AM fungi and Nod factor for Rhizobia (Foo et al., 2019; Bucher et al., 2014;
Schmitz & Harriso, 2014; Limpens & Bisseling, 2003). Interest in continuing to understand the
mechanism and interactions of this tripartite interaction between the plant and microorganisms is
rooted in the space of improving upon nutrient acquisition mechanism and figibece on
artificial fertilization (Das et al., 2022). Current knowledge is available on the interaction between
soybeans and Rhizobia; our curiosities are more focused on understanding the relationship
between soybean and AM fungi, specifically witleas on the movement and transport of K. The
following portions of this chapter dig into our preliminary efforts to unlock the best combination

of highly-controlled parameters to study this relationship's potential effectively.

Challenges irFinding aKnownFungallsolateThat isWell-Suited forOur SoybeanVarieties

Initial efforts required screening our known fungal isolates for the successful establishment of
colonization with the soybean varieties that would be utilized in the field trials. Testidgions

would include evaluating the three varieties under sufficient and low K, as well as AM-or non
colonized control conditions. Quantifying this colonization requires a destructive root method to
visualize arbuscules with an wstaining procedurera further quantified with a grithtersection
counting method under the microscope. Visiting scientist McNeil Danilo Farfan Menendez was
instrumental in helping conduct early screening tests of the commercial varieties we used for our
field and greenhousexperiments (Chapters 2 and 3). Previous work demonstrated gene
upregulation for defense response against biotic stressRisinmggularisisolate 165 (Cope et al.,

2022). Since soybeans are subjected to many stressors, there was an interesthiersegeadtiid
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be a positive hodungal symbiosis. Thus, plants were inoculated withRhé&regularisisolate

165, in which colonized plants exhibited an average 20% colonizatior-igted 4.1)

45 r

40

35T
30 F
25 F
20
i -

AM root colonization (%)

10

AMSA3LK AMS43HEK AMS5ZLE AMSSZHE AMSBALEK AMSBAHEK

Figure 4.1 Root colonization rates of commercial soybean varieties wikk irregularisisolate
165.

Box-plots epresent the AM root colonization rates associated with commercial soybean varieties.
P = 0.2917, a mearseparation test was not conducted. Thaxi6 represents the percentage of
roots containing arbuscules as quantified by the intersecting grid quantification method on roots
stained with Sheaffer ink. -#xis represents the combinatiohAM condition (in this case, all
plants shown were inoculated with AM fungi), the soybean variety (S43 is group IV, S52 is group
V, and S64 is group VI), and finally, the K condition is represented by sufficient K (HK) and low
K (LK).

Although plants wex not highly colonized (i.e., 13%0% on average), the abegeound plant tissue
was ground and sent to the EATS laboratory for analysis of K, Na, and P. Significant treatment

effects are outlined imable 4.1
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Table 4.1 Type lll fixed effects pilot data- R. irregularisisolate 165

Type Il test of fixed effects, analysis of variance for pilot soybean laboratorywdtitaR.
irregularis isolate 165.

Pr=F
Effect Shoot Dry Weight | Root Dry Weight | Nagkg' | Pgkg' | Kgkg'
Potassium 0.0022 0.0133 0.2691 0.2166 0.1136
Inoculum 0.0753 0.0902 0.0941 0.7441 0.8059
Potassium x Inoculum 0.0068 0.0523 0.1671 0.2704 0.3063
Maturity Group <.0001 <.0001 0.03 0.1549 0.012
Potassium x Maturity Group 0.0115 0.3825 0.7432 0.0803 0.076
Inoculum x Maturity Group 0.9124 0.2641 0.0941 0.13%4 09792
Potassium x Inoculum x Maturity Group 0.0962 (0.1598 0.2899 0.128 0.6257

The resulting ANOVA of treatment factors reveals significant differences in mean values for
produced biomass of shoots and roots, indicating responsiveness to treatment Tadtle 4. {).

An LSD means separation test iamed that the influence of SKonditionand the presence of

AM fungi were influential over LK and the control, respectively. The ANOVA for nutrient
accumulation indicates only tiaturity Group being significant for Na and K. Furthermore, no
significant effects of the model were observed for P. While this initial screening observed a
significant influence of the fungal inoculum on biomass, the low colonization rate and minimal
response in nutrients could serve as justification for trying another knawgalfisolate. Many
studies have shown that AM can act as either generalists or specialists, and each isolate can respond
differently to each species of plant, soil conditions, and environments (Klironomos, 2000; Higo et
al., 2019; Yang et al., 2012; Gardia Leon et al., 2018).

Due to the lower level of success, we decided to allocate efforts towards screening another
known fungal strainR. irregularisisolate 09, as Cope et al. (2022) showed promising results in
the ability of 09 to improve biomass an@take of N and Fh M. truncatula However, these
preliminary firstround testing results yielded ~10 % colonization rates, and multiple plants were

not even colonized, despite the ease of colonizatibh tnuncatula.ConsequentlyR. irregularis
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isolate 09 seems specific M. truncatulaand cannot efficiently colonize soybean plafkisally,
another fungal strain, DAOM197198, was used in association with our soybean cultivars, leading
to promising initial screening results. The obtained colonizatemels ranged from 60%
colonization to 20% colonization. Thus, with the promising success, the initial screening results
progressed into using a tvammpartment system to characterize Rb potential as a proxy for K in
soybean. Reviewer feedback on the latian in utilizing RoNQ(Kafle et al., 2022a, see above)

led to discussion around using RbCl instead. The following is a pilot experiment with preliminary
results on only four replicates to evaluate the potential of RbCl as a proxy for K uptake while also

investigating the relanship of AM fungal uptake in a twoompartment system for soybeans.

Materials and Methods:

Experimental Design

A growth chamber trial was conducted utilizing a specialized custom desigcotmpartment

system Figure 4.1). The twecompartment systemas comprised of &agenta GA7 Plant

Culture Box (Bioworld) box that had ninetyne 2 mm holes drilled on one side of the box with

at least a 2 cm margin around the edge, with-em&2on nylon mesh adhered to the outside of the

box covering the 2 mm hdewith adhesive watgsroof silicone glue. Then placed on the inside

of the box was an additional B@icron nylon mesh, followed by a secondary layer of plastic mesh

with a 52micron space. This box created the first compartment, which will be referesdthe
fungal compartment (FC). The FC was then pl ac
H x W; from Carno A/S). The remaining open space within the long rectangular plastic box now

creates the second compartment, which will be referredtteeasot compartment (RC). The RC
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side of the twecompartment system contained six 5 mm holes on the bottom that would allow for

water / nutrient uptake into the compartment system.

A)

® Fungal Root
N Compartment ' Compartment

Figure 4.2 Twocompartment box system.

A) Picture depicting a side weof the twecompartment system, with the fungal compartment
composed of the Magenta GAPlant Culture Box (Bioworld) box filled with growth substrate

and the empty root compartmeB). Alternative side view of the box system, the 99 2 mm holes

are visibe between the layer of nylon mesh glued to the outside wall. C) Overhead view of the
compartment system.

The factors include 1) two potassium regi mes:
LongAs ht on nutrient s ol ubtassium c@nditkn utilizing aanodifiedu f f i ¢
long-Ashton nutrient solution (SKQR) three untreated commercial soybean varieties: MG 1V,
DynaGro, indeterminate, S43XS2MG V, DynaGro, indeterminate, S52RS8@G VI Dyna

Gro, determinate, S64XT18nd3) two mnditions of AM fungi: The presence of the AM fungal

R. irregularisisolates DAOM 197198 or the absence of AM fungi functioning as the control

condition.
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Commercial varieties of soybean see@$/¢ine max(L.) Merr.) were surface sterilized
with a 0.6% commercial bleach solution for 4 minutes, followed by a triple rinse of deionized
water. Soybean seeds were then germinated by placing them into large containers containing
Turface® that were prevashed wih DI water and kept moist using MilliQ water. Containers were
placed into a growth chamber with a continuously looping cycl23C / 14h day cycle and 18
«C / 10h night cycle. When plants reached the unifoliate growth stage, plants were selected based
on uniformity to be transplanted into the specialized-tampartment system.

The AM fungus was originally obtained from Dr. Heike Bicking from the University of
Missouri, U.S.A. The fungus was then cultured on minimal medium plates that contained axenic
root organ cultures of Ri-DNA-transformed carrotaucus carotaclone DCI) kept in dark
incubation at 2&. Spores were extracted following the protocol as outlined in (Kafle et al., 2019).

At the time of transplantation, soybeans were placed into #watized twecompartment
system RC with pravashed Turface®. Plants under the AM condition were inoculated with a
minimum of 200 spores at the base of the plant on the rootaipOutots from the transformed
carrot roots were placed in with the soybeaot ito facilitate the establishment of colonization.
Soybean roots were then covered, and the experimental unit was then placed into a tray
corresponding to nutrient treatment and fungal presence or absence within the growth chamber.
Plants were then wats regularly as needed and grown under continuously looping cyc3 of
«C / 14h day cycle and 1& / 10h night cycle. After inoculation, plants were grown for
approximately eight weeks. Plants were harvested for appawend biomass, beloground
biomass, and colonization. Abegeound biomass was then digested for plant tissue nutrient
concentrationResults were determined by the Environmental and Agricultural Testing Service
(EATS) laboratory at North Carolina State University utilizinductively coupled plasma optical

emission spectrometry (IGBES) or inductively coupled plasma mass spectrom@ey-MS).
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Statistical analysis software (SAS, version 9.4, SAS Institute, Cary, NC) was used to evaluate the
data. Assumptions of the model were evaluated using the PROC UNIVARIATE procedure. The
analysis of variance (ANOVA) was performed utilizing a Tyibeéest of fixed effects within the

PROC GLIMMIX procedure; a studentized panel also confirmed the response of the residuals. A
model was fit where the treatment effect®ofassiumFungi, andMaturity Groupwere analyzed

as fixed effects; blocks wemvaluated as random effects of the model. Treatment means are
reported utilizing the Least Significant Diff

utilizing SAS ODS GRAPHIC DESIGNER.

Results:

AM associations with fungal isolate DAOM197198ntruncatulahave shown promising results

in the ability of the symbiotic interaction to promote growth. As such, our interest lies in
understanding if similar results could be achieved by utilizing an agricutelealant crop.
Testing was conducted uziing the twecompartment systems, in which soybeans representing
three different maturity group plants grew under conditions of sufficient or low potassium
condition.Plants were either inoculated or left untreated for dual comparisons of potential growth
and development under potassHimited conditions. These are the results of a preliminary study
to evaluate the potential of utilizing RbCl as a proxy for K uptake. Significant effects of the

treatment factors are observediiable 4.2
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Table 4.2 Type lll fixed effects pilot data.

Type Il test of fixed effects, analysis of variance for pilot soybean laboratory data.

Pr=F

Effect Shoot Dry Weight | Root Dry Weight | Nagkg' | Pgkg' | Kgkg' | Rbugg'| Pods | Height

Potassi 0.0365 1.0000 1.0000 03711 | 04403 | =.0001 | 03954 | 0.0209

Inoculum 0.2605 0.0918 0.3491 0.1187 | 0822 | 08377 | 0.0940 | 02526

Potassium x Inoculum 0.3103 0.1576 0.1226 02489 | 02365 | 05054 | 0.0523 | 04789
Maturity Group 0.0013 <0001 0.0011 | 0.0033 | 0.0017 | 0.0156 | <.0001 | 0.0002

Potassium x Maturity Group 0.9039 0.8298 0.5960 0.8150 | 07290 | 03060 | 0.1524 | 0.8311
Inoculum x Maturity Group 0.5279 0.8298 0.5155 06030 | 06039 | 01389 | 03828 | 09628
Potassium x Inoculum x Maturity Group 0.1841 0.7643 0.5410 03064 | 03247 | 03421 | 03542 | 0.6143

Quantifying aspects of plant growth and development under differing conditions of symbiosis and
K nutrition.

Despite the successfablonization of plants, differences in plant growth through shoot biomass
and root masenly occurredor thetreatment effect dflaturity Group. Treatment main effects of
Inoculumdid not result in meaningful differences. Shoot biomass differences amoligtiinety
Group (Figure 4.3A) revealed that group VI (0.768pdant!) produced significantly less biomass
compared to groups 1¥0.9813) plant') and V (1.125@ plant!). Potassium was significantly
lower biomass under LKHgure 4.3A). We note that while soybeagsntinledto grow for the
duration of the eightveek time period, trifoliate development was severely limited to small leaves,
and would drop lower trifoliate leavess growth continued. Similarly, the dry weigtdot
subsamplefor group VI (0.143g plant! | b) produced less biomass compared to groups IV
(0.2688) plant! | a) and V(0.325@ plant! | a). In an effort to quantify thdeviation of above
ground gowth from typicalconditions, ad the limitation of root space for the plaptant heights
were collected in an attempt to quantify differences in soybean architexiticuiantifiable
through woeral biomass production. &ht height results show that despite the lower overall
biomass for group VI, these plants experienced taller plants compared to groups IM-aar &/ (

4.3B). Further, plant height comparison Rwotassiunexhibitedplants grown under Ssonditions
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produced shorter plants compared to plants under LK condifiagsré 4.3B). Further, soybean
plants had flowered and started to produce pods in the duration of this trial. Group VI plants had
not produced any pods. The pod load, when evaluatedh& twoeway interaction between
Potassiumandinoculum observed ifFigure 4.4that plants grown under low K conditions and in

symbiotic association produced fewer pods than the AM plants grown in sufficient K conditions.
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Figure 4.3 The impact ofPotassium Inoculum, and Maturity Group on shoot weight & plant

height.

Box-plots representing A) threoybean shootibmass (grams) thregay interaction (P = 0.1841),

and B) the plant height (cm) threey interaction (P = 0.6143pata are averaged acrcas
treatmat factors. The Xaxis A) represents the soybean shoot bionfgesms); B)represents the

plant height (cm). The Yxis is the Inoculumlst and 3rd quartiles compose the upper and lower
boundary of the baxXnside the box e median value is represented with a horizontal line and the
mean a (+). Box whiskers are restricted to 1.5x the interquadvtdgimum, or minimum points
beyondthe whiskers aréhe externald) representing potential data outliers. Compasgsoithe

means for significant differences in the treatment combinations occur across all environments.
Letters

ar e
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a

significance
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Figure 4.4 The impact ofPotassium Inoculum, and Maturity Group on the number of pods
produced.

Box-plots representing the significant interaction of Potassium by Inodoyusaturity Group (P

= 0.3542 for the number of pods produced. Data are averaged across all other treatment factors.
The X-axis rgresents the number of pods produced. T&i¥ is the presence or absence of AM

fungal inoculum. Boxplot coloring corresponds to Potassium treatmemtark gray boxes
represent ASK, 0 i ndi c a-madifieg LonghshtoraSbldtiortandaevinite o f s u |
boxes represent ALK, 0 i-madifierdadngAshtpn dolbtien. Istdaddi t i o n
3rd quartiles compose the upper and lower boundary of the box, respectively. Inside the box, the
median value is represented with a horizontal liméthe mean a (+). Box whiskers are restricted

to 1.5x the interquartile, maximum, or minimum points beyond which the whiskers are then the
external ¢) representing potential data outliers. Comparisons of the means for significant
differences in the treatent combinations occur across all environments. Letters are assigned based

on a significance value of 6 = 0.05 with LSD.
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Plant TissueConcentrations oNutrients adnfluenced by th#&laturity Group

Significant treatment effects related to differenaée nutrient concentrations in the plants are
attributed to theMaturity Group. The plants from group VI produced the smallest biomass and
contained significantly smaller nutrient concentrations for both K and P. For K, group VI (8.4g kg
1y was significatly lower than groups IV (14dkg?) and V (17.3 kg?) (Figure 4.5A). Similarly,

for P, group VI contained (0ggkg™') compared to groups IV (lgkg?) and V (1.4 kg?) (Figure

4.5B). It is important to note that there is quite a bit of range for theemtitconcentration data,

as similar variation was evident in the amount of shoot biomass produced.
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Figure 4.5 The impact ofPotassiumand Inoculum on K and P concentration in shoot tissue.

Box-plots representing the interaction of Rptassium by Inoculum by Maturity Group (P =
0.3247) for the concentration of K in the shoot, and B) Potassium by Inoculum by Maturity Group

(P = 0.3064) for the concentration of P in the shoot. Data are averaged across all other treatment
factors. The Xaxis in A) represents the concentration of K (gikagnd B) represents the
concentration of P (g K§. The Y-axis is the presence or absence of AM fungal inoculum: Box

plot coloring corresponds to Potassium treatmena r k gr ay b o x e scatingtper e sent
addition of sufficient Kmodified LongAs ht on Sol uti on, and white
indicating the addition of a low#nhodified LongAshton solution. 1st and 3rd quartiles compose

the upper and lower boundary of the box, respectively. Inidebox, the median value is
represented with a horizontal line and the mean a (+). Box whiskers are restricted to 1.5x the
interquartile, maximum, or minimum points beyond which the whiskers are then the exdernal (
representing potential data outlie@omparisons of the means for significant differences in the
treatment combinations occur across all environments. Letters are assigned based on a significance
value of 6 = 0.05 with LSD.
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Evaluating the amount of Rb present in the tissues is of heightapedance due to the fact that

the Rb was supplied only to the fungal compartment where the roots are unable to obtain the
additions. As observable iRigure 4.6, our results indicate otherwise, as the main effect of
Potassiumis significant. Plants growander low conditions of K are significantly higher in the
amount of Rb held in shoot tissues, regardless of fungal presence or absence. Within group V,
specifically, we note the significance of LK plants and Rb content. The plants in the presence of

AM had lower concentrations of Rb compared to the control plant.
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Figure 4.6 The impact ofPotassium, Inoculum, and Maturity Groupn the concentration of
Rb in shoot tissue.

Box-plots representing the interaction of Potassium by InoculuMdiyrity Group (P = 0.3421)

for the concentration of Rb in the shoot. Data are averaged across all other treatment factors. The
X-axis represents the concentration of Rb (4 §he Y-axis is the presence or absence of AM

fungal inoculum. Boxplot colorihg corresponds to Potassium treatmerdark gray boxes
represent ASK, 0 i ndi c a-madifieg LongAshtoraSbldtiort, andwhiteo f s u |
boxes represent ALK, 0 i-madifierdadngAshtpn dolbtien. Istcaddi t i o n
3rd quatiles compose the upper and lower boundary of the box, respectively. Inside the box, the
median value is represented with a horizontal line and the mean a (+). Box whiskers are restricted

to 1.5x the interquartile, maximum, or minimum points beyond wthiehwhiskers are then the

external ¢) representing potential data outliers. Comparisons of the means for significant
differences in the treatment combinations occur across all environments. Letters are assigned based
on a significantéShval ue of 6 = 0.05 wi
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Discussion:

Limited studies have focused on AM fungal transport of K (Garcia et al., 2017; Liu et al., 2019).
Kafle et al., 2022a, were able to demonstrate successfully utilizing Rb as a proxy for quantifying
the transport of K via AM symbiacsiin M. truncatulawith the specialized twoompartment
system. This supports our interestunderstanding if the result wit¥l. truncatulacould translate

to similar success with AM fungi and soybeans.

DAOM197198Exhibited Limited Influence onParametes of SoybeanGrowth and Nutrient
Acquisition.

Differences in soybean shoot and root biomass produced can be attributed to the influence of
differentMaturity Groupsrepresented in this study. Soybean biomass also was reduced with less
available K. In the findings of Kafle et al. (20228), truncatulashoot and root biomass was
significantly higher for plants with AM associations compared to plants without. Furtber,
observable differences in plant growth occurred for differences immy@orrhizal plants grown

with LK solution. Comparatively, Garcia et al. (2017) observed no biomass responses to K under
both SK and LK conditions, as well as AM and fragicorrhizal onditions forM. truncatula

plants. While all three conditions have utilized a different isolate of AM fungi, the differences in
biomass for Kafle et al. (2022a) could be attributed to the addition of N accompanying the Rb in
the fungal compartmenkd. truncatulais a small plant compared to soybeans, and thus the plant
has ample space for growth over the duration of the study period. A soybean study evaluating a
restricted root zone volume of #m diameter observed reduced leaf area; in one of the caltiva
increased sugar concentration was found in roots and stems (Krizek et al., 1985). Interestingly,

photographic evidence shared by Krizek et al
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appearance0 when grown usi ng oybeansénrounicandition t e mi
frequently started healthy through the unifoliate and first trifoliate stage, but then the appearance
of healthy growth conditions seemed to decline, and trifoliates remained limited in size. In effort
to quantify other parametetisat contributed to plant growth in soybeans, the height and number
of pods were collected. The plants that were taller can also be attributed to plants with lower
nutrient levels, as driven by the significant main effect oMa&urity Group potentiallyindicating
conditions of stress. This similar growth response has been observed with larger containers. Thus,
further investigation may be warranted for the suitability of soybean growth in turface, a growing
medium composed of a calcined montmorillonik@yc Turface has been suggested as a helpful
medium for AM fungal research since work in the 1980s. Biermann & Linderman (1983) found
that adding 10% to a growing medium improved colonization rates and they also discussed work
by V. Furlan and J. Fortin 1981, suggesting a lorgganding relationship of conducting
mycorrhizal research utilizing this growing medium. Further, Plenchette et al. (1982) demonstrated
the positive relationship between successful mycorrhizal work conducted withAsbrign
nutriert solution and turface exclusively. The plants in our study were able to establish
colonization, achieving the main objective. These observations are important to consider with
regard to building future experiments around the outcome of this work amerfslation to more
applied settings. One parameter of growth that was notably influenced by the presence of AM
fungi was differences in the number of pods on the plant but also driven by K solution. The plants
under SK and AM conditions produced more ptitEn the LK condition. A study evaluating
greenhouse conditions with soil, P treatment, and evaluated pod count found that while P
fertilization produced the highest number of pods compared to control and AM fungi, that pod

load differed significantly witiAM species utilized and produced more pods than low P conditions
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(Schreiner et al., 1997). Similarly, another greenhouse sterilized soil study observed increased pod
load with additions of AM compared to sterilized soil (Marro et al., 2020).

The soybeaplants in our study did not observe differences in nutrient levels found in the
tissues in the presence of AM fungi. Differing from the observed clear benefit of AM fungal
presence iMM. truncatulaand nutrient levels in the shoot (Kafle et al., 2022ajhis particular
comparison, this preliminary testing trial utilizes a different AM fungal isolate due to the previous
limitations with soybeans to successfully establish colonization with 09. Individual research
studies, as well as a medaalysis, havetmwn different effects of individual AM fungal species
and combinations of AM species in influencing specific plant growth and response (Bever, 2002;
Plenchette et al., 1982; Yang et al., 2017; Klironomos, 2000; Higo et al., 2019; Yang et al., 2012;

Garciade Leon et al., 2018).

Rb Concentrationg-oundWithin Plants Do Not Correlate With The Expectation

Kafle et al. (2022a) observed a clear distinction between the amount of Rb in AM
colonized plants compared to nroalonized plants. Since the Rb was oafided to the fungal
compartment, this |leads to a clear alignment
as well as differing levels could be attributed to differences in colonization rate rather than biomass
(Kafle et al., 2022a). Our relésl are rather perplexing, as increased levels of Rb occur for the
plants grown in LK regardless of mycorrhizal status, despite the only addition of Rb occurring in
the compartment that excludes the soybean plant roots. This odd observation may indisate an
with collected data or within the bounds of experimental design. Interestingly, we compare total
concentrations of Rb in the plant tissues to values obtained in Kafle et al., 2022, the amount of Rb

present for their neamycorrhizal plants is similaio the levels obtained faur plants with LK,
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the Rb amount in the presence of AM is much higher than the spread of data observed with
soybeans. Composition analysis of turface has revealed that Rb is present in the turface, so it could
be plausible togeculate that the soybean plant root has a different association of uptake compared
to M. truncatulaespecially depending on nutritional needs, as evidenced by the increased rate
found in soybeans for the LK conditions. Additional studies with soybeanduAdi, and Rb are
underway. This secondary replication of data will be critical to for comparing and contrasting the
result in soybean as well as comparing to the work of Kafle et al. (2022) and complementary work
conducted with ectomycorrhizal fungi ugifRb to track K movement to loblolly pine seedlings
(Frank & Garcia, 2021). This series of pilot studies have provided continued insights into fungal
isolate association and differing results of association comparativélyy tauncatula. Further

indicating that while it is a good model species, every combination can have a unique response.

Conclusion:

This series of pilot studies have been essential for establishing a framework to effectively quantify
the role of AM fungi in the movement of K for soylmsa Despite positive results for
ectomycorrhizal fungi, loblolly pine, ard. truncatula,current insight and outlook with soybeans

is unclear. Facing continuous critical challenges in higlklntrolled settings are useful
opportunities to think criticallyegarding all factors of potential influence. Results may allow for
the improvement of experimental design structure and lead to additional questions of
consideration, especially in regard to parameters of plant health, maturity group variation, and

soilless growth substrate.
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CHAPTER 5
Reflecting Upon the L essons thaProvide the Blueprint for Future Translation of Scientific
Advancement.
Overall, this work has focused on evaluating riingualistic relationship of AM fungi relative to
K acquisition for soybeans grown in NC.

As observed in Chapter 1, identified literature demonstrated that considerable
advancements have occurred in each section of AM fungi, soil potassium, and soybean production.
However, at the intersections of these separate areas, opportunity manifestisnel spent
understanding past research assumptions and questions improves the idea progression for systems
level connections in the context of soil microorganisms, plants, and the role of potassium in the
soil and plant

These points of intersection allofer the widening of our realm of knowledge, all to
continue the quest towards solving the grand global challenge of providing sufficient levels of
food, fuel, and fiber for our evgrowing population of over 8 billion people. This quest for
sustainable duction practices created our study opportunity to evaluate these intersecting spaces
across a mukdisciplinary, comprehensive project.

Ouir first study discussed in Chapter 2 allowed us to dig deeper into the soil and find out
what may happen in a goction setting by evaluating three representative locations of soybean
production in North Carolina and looking across a set of soybean varieties representing different
maturity groups. In this study, we wanted to closely represent what an NC farmencoanter
and decided to utilize a commercial mycorrhizal product. During our research, we observed
minimal results that would lead a producer to consider this product advantageous for use in a

production setting. Areas of North Carolina face challengaseetto high levels of P found in the
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soil. Subsequently, high levels of P can limit the successful establishment of mycorrhizal
association. These intersecting challenges reveal the complexities faced when providing context
to intensive crop production magement. Decision frameworks guided by data points are only as
robust as the inference space of collected data.

The many limitations or disruptions experienced in this work and other challenges that
often accompany conducting scientific research in arabsetting underscore the importance of
intentionality. Cultivating quality work originates with clarity on the question and the desired
purpose. This structure ensures the experimental design is complementary to the question as well
as the methods of tacollection. Further, as unexpected disruptions present, a clear framework
has been established to navigate an appropriate response to the challenge while maintaining
integrity in the inference space of the data. While this lens is critical for thé mhie@@agement of
a project, it will become increasingly important in the context of conducting work in a translational
manner and the lessons gained from the greenhouse.

The second study in Chapter 3 provided the necessary experience in the greenhouse,
exporing the collision of two related but distinctly separated spaces of inference that accompany
the field and laboratory, as well as thinking critically about the definitions of success for each
respective region. The greenhouse provides a degree of lcom&onatural settings, weather
conditions, and pests. At the same time, by keeping some of the contexts of the biological field
setting, that level of control became less impactful. Ultimately, our data did not quantify a
measurable output that indicatedvalue associated with the particular commercial inoculum
utilized. However, our results highlighted the wide degree of influence soil has on creating a
thriving environment and the plasticity in the plant response to these variations. Despite the

limitations of insightful output generated by this experiment, another insightful result was created
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- ways to improve the next round of testing. Researchers using the greenhouse as the connection
for translating basic science to applied challenges the defirofiactual control and limitations

in application. In the greenhouse trial, the soil was the primary driver, yet utilizing this soil was
extremely artificial in this sense of disruption and mixing of the profile. While many efforts
occurred to keep infenee errors minimal, some pots may have contained differing amounts of
soil composition related to fertility, microbial diversity, and distribution, as well as amended soill
structure, pore space, and beyond. Aspects were not direct considerationsiaf thisriray have
pertinent influences on our questions and treatment factors. Such a proper understanding of these
limitations highlights the biggest hurdle in scientific experimentation. Spending time and resources
to run continued smaller trials focused one condition to eventually stack together identified
combinations of interest or running more extensive tests with limited controls but direct insight
into application given that specific environmental condition. Thus, returning to the complexity and
necessity for clear intent with the goal of the hypothesis.

The final study discussed in Chapter 4 aligned more with traditional AM fungal research,
but instead of a model plant species, we started experimenting with an agriculturally relevant crop,
soybea. In our work, efforts to optimize strain of AM that would effectively colonize soybeans,
the efforts highlighted in this chapter were a bit of preliminary setup and evaluation of potassium
transport. The results obtained in our initial work, especiaarding Rb concentration in the
plant, demonstrate a variation from our expected outcome related to the wolk. witimcatula.
AM-associated plants exhibited a higher shoot concentration of Rb than plants without AM
association. However, many questiatdl need to be answered, even under highly controlled
conditions. Further highlighting the need for continued testing to validate the response or provide

context on an unexpected influence from the experimental design and evidencing the value of
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scienceoriginating from idea generation, intentionality in planning, robust repetitive testing, and
a clear understanding of the inference space limitations.

Thus, leading to evaluating the final takeaways from this project. These intersecting areas
bring consilerable value to understanding our systégwel responses and what spaces of
inference are most influential. Science is limited by time, resources, and spaces of speculation; the
art is figuring out how to balance each component to produce meaningfiht;isWhile the
majority of our results from this collective journey are relatively inconclusive regarding the
underlying understanding of AM fungi in soybean growth and development, this has provided
exceptional guidance in developing enhanced, relevastipns to build out more comprehensive
controls in the various settings as well as experience in understanding the complexity that each
environment and testing condition presents. AM fungal research and implications have the
potential to serve a criticable in building continued resilience in our food, fiber, and fuel
production systems facing ever changing environments. As products continue to be developed and
marketed to producers, they will rely on research to shape their decisions, and scietfitists wi
expertise in these areas can keep driving intentional thoughts surrounding the critical areas of
influence. Working in this translational project space challenged the level of the necessary
expertise to conduct meaningful work that regards the nuaf@sch respective field and the
individual specialties that compose the supportive members of this project. The most insightful
skill gained was the value of clear communication and an appreciation for the need to deeply
understand the specific contextsnitations, and questions for each specialty. The continued
translational value will originate in exploring ways to increase connections with these areas and to
think intentionally about fitting the essential contexts into a raetdysis. Further, drivingome

the most critical factor in facilitating these successful ragyses, the functional translating of
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success among spacestentional relationships and collaborations to expand upon our areas of

expertise.
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Appendix A

Chapter 2 Supplementary Figure& Table
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Figure A2.1 Inoculum by Environment influence on Yield kg ha.

Boxplots representing the significant (P=.0020) interaction of Potassium(Environment) by
Inoculum, in Yield, is averaged across all other treatment factors. The upges Xepresents
eachrespective Environment: UCpper Coastal Plain Research Station,-Sdndhills Research

Station, PM Piedmont Research Station, year of field trial is denoted by 2020 or Zo&1.

purposes of clarity, Environments are separated by dashed lines. The Xeax&s represents

either the addition of AM Inoculum, or Control, theaxis is Yield in kg h& Boxplot coloring
corresponds to Potassi uko. iharik agrianyg kK dixe sadrde
fertilizer and whi tagng boamdddiens wee pdded sUppert boudary ofi n d i
the box is 1st quartile, lower boundary of the box is 3rd quartile, horizontal line inside the box is

the median value and the (+) or (*) inside the box represents the mean. Box whiskers are restricted

to 15x the interquartile, maximum or minimum points beyond the whiskers are then the external

(+) or (*) representing potential data outliers. Comparisons of the means for significant
differences of the treatment combinations occur across all environmettexrsLae assigned

based on a significance value of 3 = 0.05 witdtl
potential, but no observable benefit to the addition of the inoculant.
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Table A2.1 In-season Soil Status Report PM and SH 2021

North Carolina Department of Agriculture Soil Test information given with K index values and
mg/dm. Soil samples were collected at the 16 WAP data collection point. Potassium fertilization
amendments were calculated utilizing th¢ iKdex provided and the forfau0.0116 12- 2.75 | +

150 = answer x (2.2/2.47) = kg/ha (Hardy et al., 2014).

In-season Field Soil Test Results (2021, PM & SH only)

Timing | Environment | Potassium | Inoculum | Maturity Group| HM % | W/V @em’) | CEC (meq/100cm®) | BS % | Ac (meg100en’)| pH | P(mgam®) | Kmgam®)| KI | Ca(mgdm®) | Mg mgdn®)| S mgim®) | Mn @gin’) |Zn (mgdm*)| Cu mgidm®) | Na (meg/100cm’)
In-season | PM 2021 K+ AM w 036 094 80 78 18 56 116 132 68 812 229 19 792 171 30 00
In-season | PM 2021 K+ AM v 041 093 80 79 17 56 119 126 64 816 229 19 1012 174 32 01
In-season | PM 2021 K+ AM VI 036 091 835 81 16 57 137 161 82 884 243 20 890 183 30 01
In-season | PM 2021 K+ Control v 027 0388 81 82 15 57 112 113 38 853 247 19 815 16.8 30 0.0
In-season | PM 2021 K+ Control v 032 097 835 82 16 58 123 134 69 888 261 20 834 194 32 01
In-season | PM 2021 K+ Coantrol VI 0.36 0.96 92 82 1.6 5.7 121 136 70 982 277 25 63.8 19.4 3.1 0.1
In-season | PM 2021 0 AM v 036 094 10.0 82 18 58 123 115 59 1090 305 21 541 196 32 00
In-season | PM 2021 0 AM v 032 093 88 83 15 58 79 80 41 951 283 19 598 16.0 29 01
In-season | PM 2021 0 AM VI 036 094 92 83 16 57 114 90 46 1019 278 20 592 171 33 00
In-season | PM 2021 0 Control iy 032 092 87 83 15 57 89 99 51 939 272 18 569 147 28 00
In-season | PM 2021 0 Control v 032 093 85 82 16 58 78 84 43 909 270 23 617 17.0 29 00
In-season | PM 2021 0 Control Vi 027 097 82 82 15 58 96 96 49 871 262 2 731 176 32 00
In-season | SH 2021 K+ AM v 041 152 29 81 0.6 62 109 140 72 310 58 6 81 115 10 0.0
In-season | SH 2021 K+ AM v 041 149 31 82 06 63 121 115 59 346 66 7 79 138 10 00
In-season | SH 2021 K+ AM VI 051 149 32 81 0.6 63 124 137 70 344 60 7 82 135 10 01
In-season | SH 2021 K+ Control w 041 147 35 84 06 63 145 102 52 410 74 3 91 148 13 00
In-season | SH 2021 K+ Control v 046 150 34 82 0.6 63 135 112 57 383 72 7 87 128 12 0.0
In-season | SH 2021 K+ Control VI 036 151 36 83 06 63 148 97 50 423 78 3 98 145 14 01
In-season | SH 2021 0 AM v 046 150 34 86 0.5 65 129 17 9 439 86 6 95 155 12 00
In-season | SH 2021 0 AM v 0.56 150 37 85 06 66 131 17 9 471 922 7 103 175 14 00
In-season | SH 2021 0 AM VI 0.46 1.50 35 89 0.4 6.6 132 17 9 464 o1 7 103 19.1 14 0.0
In-season | SH 2021 0 Control v 036 151 38 87 05 66 131 17 9 496 97 3 106 165 14 00
In-season | SH 2021 0 Control v 041 1.50 33 85 0.5 6.5 118 17 9 417 83 7 9.9 145 13 0.0
In-season | SH 2021 0 Control VI 046 151 37 87 0.5 6.6 130 17 9 474 95 7 10.1 16.0 15 0.0
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Appendix B

Official Soil Series Descriptions

LOCATION ROANOKE VAJAL GA NC SC

Established Series
JHW-DLIJ, Rev. RLV
04/2006

ROANOKE SERIES

MLRA(s): 136. 133A. 153A

MLRA SOIL SURVEY REGIONAL OFFICE (MO) RESPONSIBLE: Raleigh. North Carolina
Depth Class: Very Deep

Drainage Class: Pocrly drained

Permeability: Slow to very slow

Surface Runoff: Slow to very slow

Parent Material: Formed in clayey fluvial sediments

Slope: 0 to 2 percent

Mean Annual Air Temperature (type location): 58 degrees F.

Mean Annual Precipitation (type location): 46 inches

TAXONOMIC CLASS: Fine. mixed. semiactive, thermic Typic Endoaquults
TYPICAL PEDON: Roanoke silt loam - on a 1 percent slope in a pasture. (Colors are for moist soil.)
Ap--010 7 inches; dark grayish brown (10YR 4/2) silt loam; weak fine granular structure; friable, slightly sticky, slightly plastic; many fine roots; strongly acid: abrupt smooth boundary. (5 to 9 inches thick)

Bigl--7 to 12 inches: gray (10YR /1) silty clay loam: moderate fine subangular blocky structure; friable, slightly sticky, slightly plastic: many fine and medium roots; few faint clay films on faces of peds; few medium prominent yellowish brown (10YR $/8)
ircgularly shaped masscs of iron sceumulation: few fine flakes of mica: very strongly acid: clear smooth boundary.

Btg2--12 10 20 inches; gray (10YR §/1) clay; moderate medium and coarse angular blocky structure; firm, moderately sticky, moderately plastic: few medium and large roots; few faint clay films on faces of peds: few medium prominent brownish yellow (10YR
6/8) irregularly shaped masses of iron accumulation; few fine flakes of mica: very strongly acid: gradual smooth bor

Btg3--20 to 40 inches: gray (N 6/0) clay: moderate coarse prismatic structure pasting to weak medivm blocky: firm, moderately sticky. moderately plastic: few medium and large roots: commeon medivm prominent yellowish brown (10YR 5/4)
irregularly shaped masses of iron accumulation: common faint clay films on faces of peds: 2 percent quartz gravel: few fine flakes of mica; very strongly acid: gradual smooth boundary. (Combined thickness of the Bg horizon is 25 to 50 inches.)

BCg--40 to S0 inches: light brownish gray (2.5Y 62) silty clay loam with a few pockets of sand: weak fine subangular and angular blocky structure; firm, slightly sticky, slightly plastic: many medium distinet pale yellow (2.5Y 7/4) and many medium
prominent yellowish brown (10YR 5/6) irregularly shaped masses of iron accumulation: 2 percent quartz gravel: common fine flakes of mica; very strongly acid: gradual smooth boundary. (0 to 20 inches thick)

2Cg--50 to 72 inches; gray (SY 6/1) strata ranging from sand to clay; massive; many gray and green iron depletions and yellow irregularly shaped masses of iron accumulation; some strata contain up to 40 percent quartz gravel: few fine flakes of mica; very
strongly acid.

TYPE LOCATION: Halifax County. Virginia: 2 miles north of Clover, 100 yards from the Southern Railroad on east side of highway VA-600.

RANGE IN CHARACTERISTICS:

Solum Thickness: 40 to 60 inches

RANGE IN CHARACTERISTICS:

Solum Thickness: 40 to 60 inches

Depth to Bedrock: Greater than 60 inches

Depth to Seasonal High Water Table: 0 to 12. November to May

Soil Reaction: Extremely acid to strongly acid in the solum unless limed, and extremely acid to slightly acid in the Cg or 2Cg horizon

Other Features: Particle-size control section has more than 30 percent silt; flakes of mica range from few to common in most pedons: quartz gravels make up 0 to 10 percent of the solum and 0 to 50 percent of the C horizon

A or Ap horizon:
Color--hue of 10YR to 5Y. value of 2 to 6. and chroma of 0 to 2: where value is 2 or 3 it is less than 6 inches thick
Texture--fine sandy loam. loam. silt loam, clay loam, or silty clay loam

Eg horizon (if it occurs):
Color--hue of 10YR to 5Y or is neutral, value of 4 to 7. and chroma of 0 to 2
Texture--fine sandy loam. loam. silt loam. clay loam. or silty clay loam

BA or BE horizon (if it occurs):

Color--hue of 10YR to 5Y or is neutral, value of 4 to 7. and chroma of 0 to 2

Texture--loam. silt loam, clay loam. or silty clay loam

Redoximorphic features (if they occur)--iron masses in shades of brown, yellow. or red and iron depletions in shades of olive or gray

Btg horizon:

Color--hue of 10YR to 5Y or is neutral, value of 4 to 7. and chroma of 0 to 2

Texture-~clay loam. silty clay loam. silty clay. or clay.

Redoximorphic features--iron masses in shades of brown. yellow. or red and iron depletions in shades of olive or gray

BCg horizon (if it occurs):

Color--has hue of 10YR to 5Y or is neutral, value of 4 to 7, and chroma of 0 to 2

Texture--clay loam. silty clay loam, sandy clay loam. sandy clay. or clay: some pedons have pockets or strata of coarser textures
Redoximorphic features (if they occur)--iron masses in shades of brown, yellow. or red and iron depletions in shades of olive or gray

Cg or 2Cg horizon:
Color--hue of 10YR to 5Y or is neutral, value of 4 to 7, and chroma of 0 to 2
Texture--commonly stratified ranging from sand to clay in the fine-earth fraction

COMPETING SERIES:
In same family:
Chickahomi

ils--have a solum thick of more than 60 inches
Gertie soils--occur on terraces and low lying flats of the lower coastal plain
Pooler soils-- have a solum thickness of more than 60 inches

In the similar active famil;
Worsh il on pied: uplands along drainageways. heads of drains, and depressions
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GEOGRAPHIC SETTI
Landscape: Picdmont
Landform: Temaces and drainageways of the piedmont and the upper and middle coastal plain
Elevation: 25 to 750 feet above mean sea level

Parent Material: formed in clayey fluvial sediments

Mean Annual Air Temperature: 36 to 62 degrees

Mean Annual Precipitation: 42 to 48 inches

Frost Free Period: 175 10 260 days

G:

GEOGRAPHICALLY ASSOCIATED SOILS:

Altavista soils--moderately well drained soils (scasonal high water table 18 to 30 inches) in fine-loamy family on higher landscapes
Augusta soils--somewhat poorly drained soils (seasonal high water table 12 to 18 inches) in fine-loamy family on higher landscapes
Chewacla soils—somewhat poorly drained soils (scasonal high water table 6 to 24 inches) in finc-loamy family on flood plains

Congarss soils--well to moderately well drained soils (seasonal high water table 30 to 48 inches) that lack argillic horizons and are on floodplains and at the base of slopes

Stals soils--well drained soils (scasonal high water table 48 to 72 inches) in finc-loamy family on higher landseapes
Wehadkes soils—-poorly drained soils (scasonal high water table 0 to 12 inches) in fin-loamy family on flood plains

DRAINAGE AND PERMEABILITY:
Agricultural Drainage Class: Poorly drained
Permeability: Slow to very slow

USE AND VEGETATION:
es: Mostly in woodland

Dominant Vegetation: Where wooded--red maple, sweetgum, black gum, sycamore, willow oak. white oak. river birch, yellow-poplar, bald cypress, water tupelo and scatt

DISTRIBUTION AND EXTENT:

Distribution: Southem picdmont and the upper and middle coastal plain in Virginia, Alabama, Georgia, North Carolina, and South Carolina

Extent: Moderate

MLRA SOIL SURVEY REGIONAL OFFICE (MO) RESPONSIBLE: Raleigh, North Carolina

SERIES ESTABLISHED: Halifax County. North Carolina, 1916.

ered loblolly pine. Where cultivated--corn, soybeans, small grain, and pasture.

REMARKS: The Gertic serics has been blished by in City of Ct ke. Virginia 2004 to represent these soils in the lower Coastal Plain. Roanoke soils are restricted to stream terraces of the Piedmont and upper and middle Coastal Plain.

Diagnostic horizons and features recognized in this pedon are
a. Ochric epipedon - the zone from 0 to 7 inches (Ap horizon).
b. Argillic horizon - the zone from 7 to 40 inches (Bg horizon).

ADDITIONAL DATA:

TABULAR SERIES DATA:

SOI-5 Scil Name Slope Airtemp Frfr/Seas Precip Elevation
VAage74 ROANOKE a- 2 57- 65 175-268 38- 54 25@- 750
V@198 ROANOKE a- 2 57- 65 175-268 38- 54 25@- 750

SOI-5 FloodlL FloodH Watertable Kind Months Bedrock
VA@e74 NONE COMMON e-1.e APPARENT  HOV-MAY  »>60@

VA@198 FREQ - APPARENT - >80

S0I-5 Depth  Texture 3-Inch  MNo-18  Clay% -CEC-
Vage74 a-7 FSL -0 80-100 10-18 -

Vage74 a-7 SIL L e-0 85-100 1@-27 -

Vage74 a-7 SICL CL e-0 85-10@ 27-32 -

vaee74 7-12 CL sICL 0-0 85-10@ 20-35 -

vage74  12-50 C SIC CL 0-0 85-100 35-60 -

vage74  59-72 SRS C 8-5 35-10@ 5-50@ -

Vag198 a-7 SIL L FSL -0 85-100 18-27 -

Vag198 a-7 SICL -0 85-10@ 27-35 -

VAB198 7-50 C SIC CL e-0 85-100 35-60 -

VAB198 50-72 SR SC C e-5 35-108  5-58 -

S0I-5 Depth -pH- 0.M. Salinity Permeability Shrink-Swell
Vagera  e-7 3.5-5.5 1.-3. 8-0 2.8-6.0@ LOW
vage7a  e-7 3.5-5.5 .5-2. 8-0 8.6-2.8@ LoW
vage7a  e-7 3.5-5.5 .5-1. 8-0 9.06-8.2 MODERATE
vAge74  7-12 3.5-5.5 @..5 2-a 9.06-0.2 MODERATE
vA@e74 12-50  3.5-5.5 0-.5 9-2 9.06-0.2 MODERATE
VA@e74 50-72  3.5-5.5 0-.5 9-2 9.06-20 MODERATE
va@198  e-7 4.5-5.5  .5-3. 9-@ @.e-2.@ LOW
Vag19g  e-7 4.5-5.5 .5-1. 8-0 @.2-8.6 MODERATE
Va@198 7-58 4.5-5.5 8-.5 8-0 9.86-8.2 MODERATE
VAB198 50-72 4.5-5.5 8-.5 8-0 8.06-20 MODERATE
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