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ABSTRACT

SOIL BACTERIAL INFLUENCE ON ALFALFA GROWTH AND HEALTH

Soil microbial communities have demonstrated enormous potential for promotion of plant
health and productivity. In particular, the diversity of the soil community may play an important
role for increased plant growth. However, previous research has focused on soil fungal diversity
and neglected the role that diversity of soil bacteria may play in influencing plant growth.
Therefore, a greenhouse study was conducted to determine if soil bacterial community structure
influences alfalfa productivity. Prior to setup, nine soils with varying physico-chemical and
microbiological profiles were chemically and biologically characterized. Soil physico-chemical
factors for experimental soils were quantified via standard methods of soil nutrient testing. In
addition, soil microbiology was characterized using 454 pyrosequencing to determine soil
diversity indices and taxonomic classification of the soil bacterial community. These microbial
communities were extracted into soil suspensions and transplanted to alfalfa plants growing in a
sterile substrate. Filtered (soil microorganisms removed) and non-filtered (soil microorganisms
retained) soil suspensions were applied to separate soil chemical and microbiological effects.
Alfalfa plants were grown in a greenhouse for 60 days post germination; then roots and shoots
were harvested, dried and weighed. This experimental setup was used to answer two distinct
research questions.

In the first study, alfalfa biomass was correlated with both soil physico-chemical and
bacterial measures to determine which soil factors influenced plant productivity. For four soils, a

biologically inactive (filtered) extract included unidentified chemical factors that had a negative
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effect on plant biomass production. However, in two of these cases inclusion of soil microbes
counteracted this negative effect and restored plant growth to a level equal to the non-amended
control. Among bacterial classes, the relative abundance of Deltaproteobacteria in soils was
significantly correlated with plant productivity. Correlations between plant productivity and soil
bacterial richness, diversity and evenness were marginally significant and more highly correlated
than soil physico-chemical factors. Results suggest that soil microbiology can compensate for
negative effects on plant growth due to soil chemistry, potentially due to microbial remediation
of organic soil chemical residues such as herbicides. Also, in this study, relative abundance of
specific bacterial taxa was more highly correlated than bacterial diversity indices with improved
plant productivity.

Many species of bacteria, referred to collectively as plant growth promoting rhizobacteria
(PGPR), are known to be particularly beneficial to plant health and yield. However,
inconsistency in establishment of PGPR inoculants has limited their practical use in the field.
While PGPR inoculation failures have been partially attributed to competition with the
indigenous soil community, studies focusing on the role that indigenous soil bacteria play on the
establishment of PGPR inoculants are rare. Soil bacterial diversity is known to prevent
establishment of fungal pathogens and may inhibit PGPR establishment as well. Therefore a
second study was conducted using four of the nine original experimental soils, which were
selected to represent the largest variety of US locale and management types from collected soils.
Including four soils allowed for expansion beyond previous bacterial diversity research, which
utilized only one soil type, while simultaneously including inoculation treatments of two
different organisms. The same experimental setup was utilized except that either a PGPR

(Pseudomonas putida) or a pathogenic microorganism (Phytophthora medicaginis) was
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introduced for comparison to non-amended controls. Subsequently, effects on alfalfa biomass
production and disease were measured. In addition, PGPR colonization by P. putida KT2440
was quantified using qPCR via detection of the gfp gene carried on the KT2440 plasmid.

Results from the second study showed increases in alfalfa productivity with added PGPR
were significantly larger in soils with higher soil microbial diversity. However, no differences in
PGPR root colonization were observed among non-filtered treatment groups. These results
suggest that the increased effectiveness of the PGPR in high diversity communities was due to
increased effectiveness of other beneficial soil microorganisms. Indeed, several native PGPR and
N cycling species were correlated with shoot biomass increases when adding PGPR. Conversely,
disease incidence and severity caused by P. medicaginis was not significantly associated with
soil bacterial diversity. These results emphasize the role of soil microbial community
composition and its functional relationship with the invading organism in predicting effects of an
introduced PGPR inoculant or soil pathogen.

In conclusion, both soil chemical and biological qualities were evaluated to lend
confidence that observed effects on alfalfa biomass and microbial invasion were due to
biological rather than chemical influences. Soil bacteria were found to influence plant
productivity by counteracting other soil factors with negative effects on plant growth. In
addition, soil community diversity played a less consequential role in these experiments than the
specific taxonomical and functional bacterial members. Furthermore, soil bacterial diversity
significantly improved the beneficial effects of PGPR inoculants, but was not shown to

significantly reduce disease incidence or severity.
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CHAPTER 1: LITERATURE REVIEW

Introduction

Recent information suggests that agricultural productivity rests on a foundation of soil
microbial activity [1-6]. The soil harbors enormous microbial diversity [7], and contemporary
research has reinforced this fact [8]. There is a growing appreciation of the genetic potential and
the functional importance of the soil microbiome [9] in plant health and growth. The literature is
full of studies that determine the mechanistic details of plant-microbe interactions [10-13].
However, in reality, these interactions are much more complex, involving a vast array of
microbes and often producing synergistic and unexpected effects [14]. It is necessary to move
away from the mechanistic but potentially simplistic view of individual plant-microbe
interactions and take into account all the factors that influence this complex ecosystem. The
plant, the soil, and the soil microbes all work together to mediate and influence the various
exchanges (see Fig. 1.1) that contribute to plant health and productivity [6]. The goal of this
thesis research was to add to our current understanding of soil biological influence on plant
production and improve upon methods to manipulate soil bacterial communities for enhanced

yield.

The role of broad microbiome characteristics in plant health and productivity

When describing the structure of the soil microbial community, mathematical measures
of species richness, evenness and diversity are frequently referenced [15]. Species richness is a
statistical estimate of the number of species present, evenness is a measure of the homogeneity of

abundance, and diversity combines the two [15]. Increasing microbial richness may equate to



greater community-level trait diversity and/or functional redundancy, and leads to more
consistent functioning across variable environments [16]. In support of this model, increasing
soil microbial species richness has been shown to be an accurate predictor of plant health and
productivity [17-20]. In addition, soil species richness may maximize overall microbial activity
or niche saturation, which is important to competitive exclusion of pathogens. For example,
increasing microbial biomass and/or diversity has been found to accompany enhanced pathogen-
or disease-suppressiveness [21-23] and to limit successful invasion by introduced organisms
[24]. In addition to community-level effects, other studies have focused on the disease-
suppressive ability of particular taxons or groups of microbes [14, 25, 26].

Beyond reducing disease, soil microbial diversity has been shown to promote plant
productivity, diversity and nutrient acquisition [19, 20, 27, 28]. Most of these studies center on
the diversity of soil fungi alone, and similar research using soil bacteria alone [29] or in
combination with soil fungi is limited. Other studies have indicated that the reduction of
microbial richness does not result in decreased soil ecosystem functions or reduced plant
productivity [30]. Soil functional diversity, rather than taxonomical diversity, may prove to be a
better predictor of ecosystem productivity [30-32]. In support of this idea, one study found that
plant productivity increased only when increased fungal diversity spanned a range of functional
groups, not taxonomic groups [28].

Diversity is neither the only measure of soil community structure nor the only predictor
of soil functioning. Evidence supports an important role for evenness in community functioning,
particularly under stresses or perturbations [33]. For example, rare members of the microbiome
may be unable to effectively perform important functions. In this case, evenness (relative

abundance) of members of the microbiome becomes necessary for a complete set of ecological



functions [34]. For example, one field study showed that increasing evenness of predators and
pathogens was critical to the successful biocontrol of potato insect pests [35]. Low soil microbial
evenness has been associated with reduced plant productivity [36]. The richness and evenness of
the soil microbiome are central to providing stability, resilience to stress and disease, and high
levels of internal nutrient cycling [37]. Importantly, soil microbial evenness can be modified by
agricultural management practices [38, 39]. In the near term, a more feasible way to harness
beneficial microbial functions in agricultural systems would be to attempt to manipulate the soil
microbiome directly (Fig. 1.2) through careful management or other means. As an example,
inoculation of microorganisms has been used for some time in agriculture. However, new
approaches may enhance the success of introducing novel microbes into soil. For instance,
deliberately imposing disturbances may increase soil vulnerability to colonization and enhance
the establishment of exogenous beneficial organisms. This might take the form of disruption by
fungicide application, crop rotation or tilling prior to the application of plant growth promoting
rhizobacteria [38], mycorrhizal fungi [40], or other beneficial microbes in the form of active
compost or bio- preparations [41]. Future formulation of beneficial microbial inoculants should
be optimized for ecological functions contained by species within the formulation and in the
indigenous community. Such formulations rely on understanding the functions of specific plant-
associated soil microorganisms and significant gaps in this knowledge pose an obstacle to

realizing this goal.

The role of soil microbes in soil fertility and plant health

The beneficial effects of soil microbes on plant health and the associated mechanisms of

action are of increasing interest [1, 4, 5, 12, 13]. Many recent advances have been made in this



rapidly developing field and emphasize potential practical applications for sustainable and
integrated approaches to agriculture. For example, adding beneficial microorganisms to those
already present in the soil can maximize plant nutrient uptake [42], increase plant growth [4, 43-
45], confer resistance to abiotic stress [46], and suppress disease [47-50]. These benefits can be
particularly pronounced with microorganisms called plant growth promoting rhizobacteria
(PGPR) that effectively colonize the root soil interface, or rhizosphere. Plants interact with a
variety of PGPRs that are capable of increasing photosynthetic capacity [51, 52], conferring
drought and salt tolerance [51-54], and improving the effectiveness of the plant's own iron
acquisition mechanisms [51]. Many PGPRs aid in disease suppression via the release of
antimicrobial or antifungal compounds that deter plant pathogens [25, 55]. For example,
fluorescent Pseudomonads produce the antibiotic 2, 4-Diacetylphloroglucinol (DAPG), which
has been extensively studied as a protectant against soil-borne diseases and has been directly
linked to disease suppression [56, 57]. Bacillus subtilis also releases the antibiotics surfactin and
iturin into the rhizosphere, which play a major role in plant disease suppression [58], while also
conferring increased plant growth promotion.

As an example of the potential of microbial inoculation, consider the outcome of a
greenhouse study using tomato plants inoculated with PGPR and mycorrhizal fungi. It showed
that inoculated plants that received less than 75% the full rate of fertilizer had yields identical to
non-inoculated plants that received full fertilizer treatments [59]. This finding emphasizes that
awareness of the existing soil fertility level is critical to maximizing PGPR benefits, since a
diminishing effect is seen when starting N, P, and K levels are high [60]. Given the wide variety
of effects and mechanisms of action, it's not surprising that multi-species PGPR formulations

have been found to be even more effective in suppressing disease [41, 61-63]. Compost



formulations that include beneficial bacteria can be particularly effective in suppressing plant
pathogens [63, 64].

These discoveries may offer potential for PGPR applications to improve agricultural
production and sustainability. However, exploiting the immense benefits that PGPRs provide via
rhizosphere inoculation will require additional work, as there is inconsistency in their
performance at the field scale [65, 66]. PGPR success relies heavily on rhizosphere competence,
and recent research has determined some of the bacterial traits necessary for this outcome [67].
One factor necessary for the colonization of PGPRs in the rhizosphere is effective competition
with the indigenous soil microbial community [68]. One study determined that indigenous soil
communities with higher microbial biomass showed reduced PGPR colonization after
inoculation [38]. Other studies have determined the characteristics of soil communities that
experience a lasting effect after beneficial microbial inoculation [69]. More research is necessary
in this area to determine which aspects of the indigenous microbial communities are most

influential when applying beneficial inoculants.

Direct microbiome manipulation

In the near term, a more feasible way of harnessing beneficial microbial functions in
agricultural systems would be to attempt to manipulate the soil microbiome directly (Fig. 1.2).
Inoculation of microorganisms has been used for some time in agriculture. However, new
approaches may enhance the success of introducing novel microbes into soil. For instance,
deliberately imposing disturbances may increase soil vulnerability to invasion and enhance the
establishment of exogenous beneficial organisms. This might take the form of disruption by

fungicide application, crop rotation or tilling prior to the application of plant growth promoting



rhizobacteria [38], mycorrhizal fungi [40], or other beneficial microbes in the form of active
compost or bio-preparations [41].

Hybrid approaches are also possible, tweaking both plant and microbiome characteristics
to achieve a better fit. Attempts have been made to create plant genotypes that are tailored to
particular microbes, such as engineering plants to produce novel carbon sources that are readily
available to an inoculant strain [70]. Alternatively, information on the identity of beneficial
microbial taxa could be used to deduce probable substrates that could be supplied exogenously or
via plant root exudation in order to enrich those particular taxa. For instance, recent work has
identified microbial taxa and antibiotic biosynthetic genes associated with disease suppression
[14]. Knowledge of the metabolic capacity of these organisms could be used to develop
strategies for selective enrichment. At an even finer level, an understanding of the regulation of
antibiotic biosynthetic gene expression in these organisms may allow for manipulation of
relevant microbial functions through the introduction of appropriate signaling molecules.

Chemical pollution, a growing human population, and the depletion of resource and
energy reserves have accentuated the need for sustainable agricultural practices. One path toward
sustainability involves a greater reliance on the beneficial functions afforded by the soil
microbiome. This thesis furthers research that is vital to our ability to more fully exploit the
plant-associated microbiome in agricultural crop production. The first study was conducted with
alfalfa (Medicago sativa) to investigate varying effects of nine different indigenous soil
communities on plant productivity. Separating soil biological and chemical influences on plant
productivity has historically proved difficult, but is vital for understanding the potential for soil
microbial communities to promote plant health and productivity. The second segment

investigates the effects of soil bacterial community diversity on pathogen invasion and PGPR



establishment. Specific membership of the soil bacterial community was also analyzed for effect
and relative significance. Disease suppressive soils and their ability to suppress pathogen
invasion have been well studied. From previous work we know that soil fungal [71] and bacterial
diversity [24] as well as specific taxa [14] play a role in preventing pathogen invasions. This
research seeks to determine the relevance of these same soil factors as potential reasons for

PGPR not establishing well in field environments.
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Figure 1.1 Belowground interactions affecting plant health and productivity. Plant, soil, and microbes
interactively define the plant growth environment. Mechanisms are shown by boxes and arrows.

Environmental characteristics impacting plant performance are shown in the central triangle.



Reducing chemical inputs
and increasing yields

Improved Application of
access to soil microbial inoculants
. to fill empty niche
nutrient pools s
Reduced
disease
incidence and ‘ '
severity Disruptions to
facilitate
introduction of
Increased beneficials
stress
tolerance
Improved Selection for
rhizosphere optimal plant
S airin
colonization painng

Figure 1.2 A variety of strategies could be used to promote beneficial services provided by soil microbial
communities, with the aim of reducing chemical inputs while sustaining or improving crop yields.
Manipulating soil microbial communities directly (right side), could improve conditions for plant

productivity (left side).



CHAPTER 2: EFFECTS OF DIFFERENTIAL BACTERIAL DIVERSITY FROM

NATURAL SOIL COMMUNITIES ON ALFALFA PRODUCTIVITY

Introduction

Identifying environmental factors that influence plant productivity, positively or
negatively, is important for increasing crop yield for food and biofuel production. A plant’s level
of success in its soil environment is the outcome of a complex interplay between biological,
chemical and environmental factors. Optimizing soil microbiology for increased agricultural
productivity is gaining attention for its potential to improve yields without additional costly
inputs [2]. However, separating plant responses to soil biology from responses to soil chemistry
has proven difficult.

Many studies linking plant performance to soil biology have focused on the effects of soil
microbial diversity. Early studies investigating effects of species diversity on ecosystem
productivity focused on fungi, particularly arbuscular mycorrhizal fungi (AMF). Multiple studies
showed increased plant productivity with increasing AMF species richness [72-76]. One
proposed mechanism for this effect is niche complementarity [28, 77-79], which contends that
higher diversity communities also represent a more diverse set of metabolic processes and more
complete utilization of ecosystem resources [80]. In support of this idea, soil microbial diversity
was demonstrated to have a stronger productivity effect in low nutrient environments [27], where
full resource utilization is especially critical. Maherali and Klironomos [28] tested the niche
complementarity hypothesis and found that richness of functional traits, varied in this case by
altering phylogenetic diversity, was more important for increasing plant growth than species

richness.
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However, more diverse communities are also more likely to harbor the most productive
species, both above ground and below [81] due to a selection effect. A selection effect, also
called a sampling effect, occurs because high diversity communities have higher total species
and thus higher probability of one being a super-producer. A selection effect occurs when these
super-producers, rather than community diversity per se, drive the productivity increase
(reviewed in [82]). Selection effects may simply be experimental artifacts, or a mechanism by
which diversity effects are manifested in nature [83]. Selection effects could be manifested, for
instance, in the inclusion of a particularly strong pathogen antagonist, or of a specialized
mutualist such as a nitrogen fixer [84]. Recent research has revealed connections between
increased pathogen success and both low plant diversity [71] and low AMF diversity in soil [85].
It is unlikely that any one mechanism fully explains plant productivity changes associated with
soil microbial community interactions. Accordingly, the additive partitioning hypothesis
contends that complementarity and selection effects function simultaneously to improve
productivity, and provides a means to investigate the relative contribution of each [20].

Most of this work has been done with mycorrhizal fungi. Analogous studies involving
rhizobacteria alone or in combination with fungi have been limited. There are, however, multiple
mechanisms by which rhizobacteria can enhance plant productivity as well. These include:
improved nutrient acquisition [59, 86], pathogen antagonism [47, 49, 50], increase in
photosynthetic capacity ([51], [87]), osmotic stress tolerance [88] and plant hormone production
[44, 88]. These services to the host plant are provided by specific rhizobacterial species, but soil
bacterial community characteristics like evenness or diversity may also play a role. The same
productivity-enhancing mechanisms proposed for soil fungi, including niche complementarity

and selection effects, may also be at work in soil bacterial communities. For example, soils with
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higher bacterial diversity were recently shown to reduce invasions of a bacterial pathogen [24] as
was previously demonstrated with AMF soil diversity [85]. Another study found that the ratio of
rhizobacteria with positive effects to those with negative effects is more important to plant
productivity than total soil bacterial species richness [29].

A difficulty that unites investigations that focus on soil bacteria with those focusing on
soil fungi is the need to separate soil biological and chemical productivity effects. Ultimately,
chemical and biological influences combine to create the total picture of soil health and, in
effect, crop health and yield [3]. Multiple experimental approaches have been developed to deal
with this difficulty, and each has strengths and weaknesses. One approach utilizes pots of
sterilized soil, sometimes mixed with an inert medium like sand, populated with artificially-
assembled fungal or bacterial communities of varying richness, typically of 1 to 100 species [17,
24, 85]. Artificially-assembled microbial consortia have a strong advantage in providing careful
control of community composition and species diversity. However, artificially-assembled
consortia never approach the complexity of natural soil microbial communities, which contain
thousands of species. As a result, sampling effects may be particularly problematic when simple
consortia are used. Using naturally-assembled soil microbial communities present in field soil
may elicit less concern over sampling effects and will include both bacterial and fungal species.

Due to difficulty in separating soil chemistry effects from soil biological effects,
experimental designs utilizing field soil have primarily included only one soil. By limiting the
number of field soils included in the experiment, soil chemistry effects can be held constant
while other variables, such as soil community diversity, are varied. However, by including only
one soil type, studies of this design are limited in ability to generalize across soil types or

microbial communities. Standardizing the soil or growth medium also removes the possibility of

12



observing interactive effects that may result from combined chemical and biological properties
of soil. To control for biological and non-biological effects, both autoclaved and non-autoclaved
soils can be included to evaluate effects on plant traits [17, 24, 85]. However, autoclaving
changes soil structure and chemistry [89]. Using gamma-irradiation for sterilization [20, 28];
may reduce, but does not eliminate, changes in soil chemistry [8§9]. In summary, previous
research has been limited by inclusion of sampling effects, alteration of soil chemical effects due
to sterilization methods, and lack of variety in soil physico-chemical and biological profiles.

The goal of this study was to determine whether soil bacterial diversity is related to plant
productivity. Based upon results from previous studies using artificially assembled soil fungal
communities, the hypothesis for this experiment was that natural soil suspensions with higher
bacterial diversity would result in increased plant productivity not attributable to soil physico-
chemical properties. Our experimental design offers an improved ability to separate soil
biological and chemical influences on plant growth. We also test realistically complex microbial
communities derived from a range of field soils. Soils were selected with the goal of optimizing
variation in microbial community composition and diversity. To this end, nine soils with varying
management histories were collected and characterized for soil physico-chemical and biological
characteristics. Suspensions of soil microbes and corresponding filtered controls were prepared
for each soil and applied to plants growing in a standard inert medium. Alfalfa (Medicago sativa)
was chosen as the host plant because Rhizobia spp. are known to be important bacterial
symbionts that increase alfalfa productivity. Relative soil abundance of Rhizobia spp., as
measured by 454 pyrosequencing technology, was used in addition to correlations with soil
diversity indices to investigate relative influence of each on alfalfa biomass production. In

summary, this experimental design allowed for screening of potential productivity effects caused

13



by differences in relative abundance of a primary mutualist versus a true diversity effect, while

also considering the involvement of soil physico-chemical factors.

Materials and Methods

Soil descriptions and analyses

In order to represent microbial communities of differing composition and structure, soil
was collected from nine sites with varying management histories (Table 2.1). Sites varied in
geographic location as well as in predominant plant cover, and included natural, organic and
conventional agricultural management histories. All soil samples were collected to a depth of 15
cm, from at least three locations in the same field or 25” by 25’ area in the case of forests.
Following collection, soils were bulked by site, homogenized and stored at 4°C. Arabidopsis sp.
was naturally present in the soils collected from three agriculturally fallow sites. Potato fields
were located in the San Luis Valley of Colorado and represented different farm management,
rotation systems, potato cultivars, and pesticide usage. All potato fields had been in potato
production for 3 years or more. Forest sites 1 and 3 were dominated by Ponderosa Pine (Pinus
ponderosa) and under standard management of the US Forest Service. Forest site 2 was
dominated by Douglas-fir (Pseudotsuga menziesii) and managed by Oregon State University.

Soils collected from each location were analyzed for pH, electric conductivity (EC),
C(total):N(total) ratio, nitrate (NO3-N) and various mineral nutrients by the Colorado State

University Soil, Water, Plant Testing Laboratory.
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Seedling establishment

Medicago sativa (alfalfa, cv. Saranac) seeds were surface-sterilized with an aqueous
solution of 3% sodium hypochlorite for 10 min followed by three washes with sterile distilled
water. Seeds were germinated singly in micro-centrifuge tubes containing 0.7% water agar in a
growth chamber (37°C, 12h light/dark cycles). At 5 days post germination, seedlings were
transplanted into 4 x 21 cm cone-shaped pots, in a randomized block design with each rack as a
block. Prior to transplant, cones were filled with an inert medium comprised of sand and
vermiculite (1:1, v:v; approximately 145 g per cone), which had been thrice steam sterilized in
an autoclave for 30 minutes. Seedlings were placed on a greenhouse misting bench that provided
consistent moisture and humidity. Seedlings were moved from the misting bench to a standard
greenhouse bench at 18 days post germination. Thereafter, the plants were fertilized (15-5-15
NPK) every five days using a Dosatron fertilizer injector (Dosatron, Clearwater, FL, USA) to
ensure a consistent application rate. Racks were rotated into new locations on the greenhouse
bench twice during the growing period. Thirteen replicate plants were grown for each of 19

different treatments (9 soils x 2 preparations as described below, plus non-amended control).

Soil microbial community suspensions

Suspensions of soil microbes and corresponding filtered controls were prepared from
each of nine different soils (Figure 2.1). Filtered suspensions were prepared the day before
application by combining 10 grams of soil per 100 ml of millipore filtered water in flasks. Flasks
were shaken for 30 minutes at 220 rpm at room temperature and allowed to settle for 30 minutes.
The supernatant, a suspension of soil microorganisms and fine soil particles, was centrifuged for

30 minutes at 9000 rpm to remove remaining soil particles, and vacuumed through a 0.45 um
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pore filter (Merck, Billerica, MA, USA). Filtered suspensions were kept at 4° C overnight.
Filtered treatments reflect non-biological differences in soil suspensions, largely chemical
components except possibly for small amounts of viruses.

Non-filtered soil suspensions were prepared similarly, except that centrifugation was less
intense (3 minutes, 3000 rpm) in order to remove soil particles but maintain soil microbes in
suspension, and supernatants were not microfiltered. The resulting non-filtered supernatants
contained both chemical and biological components of the soil suspension.

Filtered and non-filtered suspensions were applied to plants on the same date, at a rate of
15 ml soil suspension per cone. Two applications were made, the first at 11 days post
germination and the second at 18 days post germination. Control plants received only water in

place of soil suspension applications.

Soil microbial community characterization using 454 pyrosequencing

DNA was extracted from soil from each location using the UltraClean-htp 96-well soil
DNA kit (MoBio, Carlsbad, CA) according to the manufacturer’s instructions, except for the
addition of an extra ethanol wash and an additional purification step using AM-Pure Beads
(Agencourt, Danvers, MA). Extracted DNA was quantified using a Nanodrop spectrophotometer
(Nanodrop Technologies, Wilmington, DE) to verify a ratio of absorbance at 260:280 nm within
the range of 1.7 and 1.9. PCR amplification and library preparation for pyrosequencing followed
a previously published method [11]. Pyrosequencing was performed under contract with the
University of Florida Genomics Facility.

MOTHUR version 1.24.1 [90], in combination with the Greengenes database [91], was

used to classify Operational Taxonomic Units (OTUs) and their relative abundances using
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previously outlined procedures [11]. Equalized subsampling resulted in 2119 reads per sample,
and an average coverage of 73%. For diversity calculations, a genetic distance of 3% was used to
provide the highest level of taxonomic information and to avoid possible pyrosequencing error.
Microbial community diversity was evaluated using a variety of richness, diversity and evenness

indices.

Analyses of soil properties

Multivariate analysis of variance based on dissimilarities [92] was conducted on soil
physico-chemical data, soil bacterial taxonomic data, and soil community structure data to verify
that soils varied with regard to these qualities. The analysis was conducted using the adonis

function of the vegan package [93] using R 2.14.2 (www.r-project.org). The adonis function is a

non-parametric method analogous to analysis of variance (ANOVA). Adonis was used rather
than the more commonly used analysis of similarities [94] because adonis can accommodate
both continuous and categorical predictors and their interactions [93]. P-values were based on
999 permutations.

Graphical visualization of differences between soils was accomplished via principal
component analysis (PCA) for soil physico-chemical factors using R. To standardize for
different units of measure, all variables were normalized to a mean of 1 by dividing each variable
by its respective mean prior to PCA analysis. Differences in soil bacterial taxonomy were
visualized via principal coordinate analysis (PCoA), using the Bray-Curtis distance matrix as

calculated by the /abdsv package [95].
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Analyses of plant productivity

Plants were grown to 60 days of age to give adequate time for beneficial microorganisms
to impact plant productivity [96]. At harvest, plant shoots were cut and collected for drying.
Roots were collected for drying over the course of the next five days. Shoot and root tissues were
dried at 70°C for 7 days and then moved to room temperature and humidity for at least three
days before weighing.

Statistical analyses were performed on log-transformed biomass data. Mean dry biomass
of plants from the filtered soil suspension treatments was compared individually to the non-
amended control to assess effects due to chemistry. This comparison was done via a one-way
ANOVA with Dunnett’s post-hoc test. The same test was used to compare mean dry biomass of
non-filtered controls and assess effects due to a combination of soil chemistry and soil biology.
To isolate the soil biological effect on plant growth, two-way ANOVA tests were performed to
compare non-filtered treatments with corresponding filtered controls. This comparison utilized
an analysis of simple effects [97], which examines the effect of one factor (i.e., filtering)
separately for each level of the other factor (i.e., soil). All results were expressed as back-
transformed means + standard error of the mean (S.E.M.).

A Pearson product-moment correlation coefficient (r) was computed to assess the
relationship between plant biomass, soil physico-chemical factors, soil bacterial diversity and

evenness, and the relative abundance of particular bacterial taxa.
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Results

Soil physico-chemical properties

Soil properties varied widely amongst the nine collected soils (Table 2). Soil pH ranged
from 4.7 to 7.6, with the highest pH in the agricultural potato soils. Soil electrical conductivity
(EC) ranged from 0.2 to 0.9 mS, a four-fold difference between soils. Soil nitrogen (N) and
carbon to nitrogen ratios (C:N) differed 3 to 4 fold across soils. Soil extractable phosphorus (P)
and potassium (K) were also widely disparate, with values from less than 1 ranging to almost 40
ppm for P and more than 500 ppm for K. Zinc (Zn) and Copper (Cu) measurements showed
similar ranges between soils of nearly 1 ppm to approximately 20 ppm. Manganese (Mn) ranged
more widely from 2 ppm to over 250 ppm. Iron (Fe) showed the widest span of measurements
ranging from less than 10 ppm to nearly 6500 ppm across soil samples. Analysis of the
dissimilarity of soil physico-chemical properties using adonis revealed significant variation (1* =
0.515, p = 0.002) between the three management groups: potato, fallow, and forest. Principal
component analysis was performed using all measured soil physico-chemical factors and
separated the soils into three main groups (Figure 2.2a). These results demonstrate that a range of
physico-chemical characteristics were represented across experimental soils and were strongly

influenced by management type.

Soil microbiological community characteristics

Eleven bacterial classes were represented with abundance of 100 or more total reads
across all soils. Averaged across all soils, the most abundant bacterial groups were
Actinobacteria (33%) and Alphaproteobacteria (22%), and these classes consistently had the

highest relative abundances across soils (Figure 2.3). The FAL2 soil differed from other soils
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with high numbers of Synechococcophycideae, a subclass of Cyanobacteria. Similarly, high
abundance of Oscillatoriophycideae was measured only for the FAL1 soil. Notably, the
abundance of Synechococcophycideae and Oscillatoriophycideae were substantial enough in
these soils to nearly equal levels of Alphaproteobacteria. Potato soils consistently contained
higher numbers of Gammaproteobacteria (Figure 2.3), a microbial class that contains multiple
species of known plant growth promoting rhizobacteria (PGPR).

Analysis of the similarity of soil bacterial community membership using adonis revealed
significant (r* = 0.641, p = 0.008) variation between the three management groups.
Compositional similarity of soil microbial communities across experimental soils was also
evaluated via principal coordinate analysis (Figure 2.2b). Although the FAL3 soil microbial
community was quite similar to the forest soil communities, the three management types showed
non-overlapping confidence ellipses. Thus, a range of microbial communities was represented

across the soils used in this experiment.

Analysis of soil microbial richness, evenness, and diversity

Alpha diversities were estimated for the various soil microbial communities, using a
variety of indices including operational taxonomic unit (OTU) richness (approximation to the
number of species present), evenness (relative abundance of species present), and diversity (a
combination of richness and evenness). Complete analysis of the alpha diversity of the nine soils
(OTUs at 3% genetic distance) is provided in Table 2.3. Microbial diversity (Shannon index)
ranged from 5.47 to 6.35 across the nine experimental soils. The three potato soils had
communities with the highest diversity levels, while the lowest diversity soil community was

from an agriculturally fallow field (FAL2). Richness and evenness of the soil microbial
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communities followed patterns of soil microbial diversity, with the highest values exhibited by
potato soils and lowest in FAL2.

Analysis of the dissimilarity of soil bacterial community structure using adonis revealed a
significant (r = 0.795, p = 0.04) variation between the three management groups. In summary,

the soils used in this work spanned a range of microbial diversity and evenness.

Soil chemistry influences plant productivity independent of soil biology

The chemical components of each of the nine soil treatments were evaluated for effects
on plant productivity. Significant differences (ANOVA; p < 0.05) in shoot biomass in filtered (F)
treatment groups were observed when compared to the non-amended control, with POT1, POT2,
FALI, and FAL2 significantly reducing shoot biomass (Figure 2.4a). Roughly equal reduction in
shoot biomass was measured for all four of these treatments, and did not correspond with any
measured soil physico-chemical properties. Significant reduction of alfalfa root biomass was
observed only for the POT]1 filtered treatment (data not shown). None of the filtered soil
suspension applications had a positive effect on plant productivity when compared to the non-
amended control. Soil physico-chemical properties were poorly correlated with plant biomass (r

<0.50,p>0.10; Table 2.4).

Soil microbiology influences plant biomass
Four non-filtered treatments, FAL2, FAL3, FOR1 and FOR3, showed significantly
reduced shoot biomass compared to the non-amended control (one-way ANOVA with Dunnett’s

post hoc; p < 0.05). All other soil suspensions produced shoot biomass not statistically different
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from the non-amended control (Figure 2.4b). Root biomass followed the same pattern as shoot
biomass (data not shown).

Plants receiving non-filtered treatments were exposed to both chemical and biological
fractions of the soil suspensions. Therefore, these plants were subject to the same chemical
components that resulted in reduced biomass with filtered suspensions, but also included soil
microbiological components. As such, each non-filtered suspension was also compared with its
filtered counterpart. Inclusion of the biological components in the non-filtered soil suspensions
were the sole difference between these two treatment groups, allowing for the separation of soil
microbiological effects on plant biomass. Both positive and negative effects on plant biomass by
soil microbial suspensions were observed (Figure 4). Statistically significant negative influences
on alfalfa shoot and root biomass were observed for the non-filtered treatments from FAL3
(shoot only), FORI (root only), and FOR3 (root and shoot) soils (Figure 2.5). The negative effect
on both root and shoot biomass was particularly pronounced in the non-filtered FOR3 treatment.
Treatments POT1 and FAL1 showed a significantly positive effect on alfalfa shoot biomass (p <
0.05) relative to the filtered control (Figure 2.5a). Alfalfa root biomass was affected similarly,
with significant increases in the POT1 treatment (p < 0.05), although increases in the FAL1
treatment were not statistically significant (Figure 2.5b).

Plant biomass measurements did not correlate with soil bacterial richness or diversity
(Table 2.5). However, biomass was correlated with soil bacterial evenness, but only marginally
significantly (0.05 <p < 0.1). Shoot biomass correlated more strongly than root biomass.
Notably, correlations with bacterial richness and diversity were higher than for any of the
measured soil physico-chemical properties, ranging upwards to 0.60. Among bacterial classes,

the relative abundance of Deltaproteobacteria was significantly correlated with increased root
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biomass (r = 0.68; p = 0.04; Table 2.6). Deltaproteobacteria was also the class with the highest
correlation of relative abundance to shoot biomass, although this result was not statistically
significant (r = 0.53; p = 0.13; Table 2.6). Correlations of shoot and root biomass with the
relative abundance of known alfalfa mutualists (order Rhizobiales, family Rhizobiaceae, and

genera Rhizobium and Sinorhizobium were not significant (r < 0.50, p > 0.20; data not shown).

Discussion

Soil physico-chemical properties influence plant biomass

Filtered soil treatments included all soil suspension components capable of passing
through the 0.45 um pore filter. Most fungal spores and average sized bacteria (typically 1 — 1.5
um) would not pass through this filter. However, ultramicrobacteria, defined as bacteria smaller

than 0.3 um in size, may pass through [98] but are a very limited taxonomic group. Viruses
would also be small enough to escape filtration. However, it is important to note that viruses
cannot infect the plant host without a vector or injury to allow entry into the cytosol [99]. No
symptoms of viral infection were observed on plants in this experiment. Therefore, filtered
components largely represent the chemical fraction of the soil suspension, potentially including
small amounts of herbicides, fungicides, secondary metabolites and sugars or their breakdown
products. Each suspension treatment was applied only twice, for a total volume of 30 ml to each
alfalfa plant. Despite this small volume, a significant reduction in plant biomass occurred in four
filtered soil suspensions: the organic potato, one conventional potato, and fallow soils from
Wisconsin and France (POT1, POT2, FALI1, FAL2). Because the non-amended control treatment
was also deprived of beneficial microbial interactions, these biomass decreases were not due to

the exclusion of any beneficial microorganisms by the filtration process. Interestingly,
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agricultural soil suspensions were associated with the most significant reductions in biomass,
which is the opposite of what might be expected from high fertility soils. Plants in our
experiment were supplied with fertilizer, which may have made them insensitive to additional
nutrients in soil filtrates. None of the measured soil physico-chemical factors were significantly
correlated with plant biomass (Table 2.4). The identities of the factors in these soil suspensions
that reduced biomass are unknown, but could include phytotoxic compounds produced by
pathogens or traces of herbicides. Rhizobacteria have been shown to effectively degrade organic
compounds in the soil [100]. Given the negative effect of the filtered suspensions on plant
growth, it might be that bacteria present in non-filtered suspensions of organic potato soil
(POT1) and Wisconsin fallow soil (FAL1) successfully degraded phytotoxic compounds,
allowing plants to grow normally. This metabolic breakdown of phytotoxins could effectively

neutralize the negative soil effects due to soil chemistry.

Soil microbial diversity differentially influences plant biomass

Four non-filtered soil suspensions: France fallow soil (FAL2), Sweden fallow soil
(FAL3) and the two pine forest soils (FOR1 & FOR3), significantly reduced shoot and root
biomass (Figure 3b). These effects support previous reports showing that soil microbial
communities influence plant biomass [17, 20, 85, 101] and suggest that the degree and direction
of influence varies among communities. Given that the observed effect on plant biomass was
negative relative to the non-amended control, it is likely that the Sweden fallow (FAL2) and
Oregon pine forest (FOR3) soil suspensions exerted pathogen pressure on alfalfa plants. Since no
differences in bacterial pathogens populations were identified by soil sequencing analysis, the

pathogen pressure was likely fungal in nature. Interestingly, the Sweden fallow (FAL2) and
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Oregon pine forest (FOR3) soils also had the lowest diversity and evenness measures (Simpson
indices) of the nine soils. Previous research has shown that increased microbial diversity results
in improved pathogen exclusion [24], which suggests that these low diversity soils may have
better allowed pathogen establishment. It is also notable that shoot biomass was more highly
correlated with soil bacterial diversity and evenness than with soil physico-chemical factors
(Table 2.5 and Table 2.4).

Relatively weak relationships between bacterial diversity and increased plant biomass in
this work may be related to the use of realistically complex, naturally assembled microbial
communities. For instance, particular taxa capable of strong effects may be less likely to achieve
dominance or high abundance in these communities compared to dramatically simpler artificial
consortia. One limitation of our sequence-based characterization of the microbial communities
used to generate soil suspensions is that our analysis did not include fungi. The ITS primer sets
typically used for identifying fungi have inherent biases toward particular taxonomic groups and
result in shorter sequence lengths that do not allow classification to genus or species level [102,
103]. The relationship between plant biomass and soil microbial community diversity measures
may have been stronger if the fungi were included. It is also possible that niche complementarity
plays a more important role in fungal communities than bacterial communities, due to the ability
of bacteria to share functional genes via horizontal gene transfer [104]. If so, bacterial diversity
may not be as important as fungal diversity for plant biomass. The provision of adequate
nutrients to the experimental plants may have also minimized the importance of bacterial
diversity, since previous studies have shown that soil microbial diversity is more likely to

increase productivity in low nutrient environments [27].
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Given that soil microbial effects on plant biomass are a combination of diversity,
evenness, total microbial biomass, and specific taxa present in the soil, diversity effects on
biomass may also be masked by other soil factors that reduce total productivity. One recent study
found that plant productivity was not a function of soil bacterial diversity, but rather the ratio of
beneficial bacterial species to detrimental bacterial species [29]. These findings emphasize the

complexity of relationships between bacterial communities and plant growth performance.

Soil microbiology can compensate for negative effects due to soil chemistry

Four filtered soil suspensions included unidentified physico-chemical factors that reduced
plant biomass (Figure 2.4a). The corresponding non-filtered soil suspensions also contained the
negative factors reducing biomass. However, two instances of counter-acting biological and
chemical effects were observed in the organic potato (POT1) and Wisconsin fallow (FALT1) soil
suspensions. Filtered soil suspensions inhibited biomass accumulation relative to the non-
amended control (Figure 2.4), while non-filtered counterpart treatments reversed this effect
(Figures 2.4 and 2.5). This suggests the possibility of soil biological factors counter-acting the
effects of soil chemical factors. In addition to community level effects, promotion of plant
growth can also be a direct or indirect effect of specific microbial members of the soil
community [12]. Proposed mechanisms for microbial induced plant growth have included:
nutrient acquisition [59, 86], pathogen antagonism [47, 49, 50], increase in photosynthetic
capacity [51, 87], osmotic stress tolerance [88] and plant hormone production [44, 45].
Rhizobacteria present in the non-filtered soil suspensions could function to improve plant growth
via any of these mechanisms. However, the improved growth may not have been detected due to

counteracting negative effects due to soil chemistry.
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Soil microbial community membership and plant biomass

Our study found a significant positive correlation between the relative abundance of
Deltaproteobacteria and improved plant growth. Deltaproteobacteria are not well-documented as
containing plant-growth promoting species, but are characterized by propagation via spores and
syntrophic metabolism. Syntrophic metabolism refers to the communal breakdown of a wide
variety of compounds, including saturated fatty acids, unsaturated fatty acids, alcohols and
hydro-carbons [105]. This adaptive form of metabolism could allow Deltaproteobacteria to
degrade a wide variety of chemical compounds not available as substrates for other organisms or
in isolation. The ability to degrade potentially phytotoxic substrates offers one potential
explanation for our results and suggests that the rhizosphere competence of Deltaproteobacteria
should be investigated further. Further studies elucidating which bacterial species in soil
suspensions successfully colonize the rhizosphere will be necessary to clarify the role of
Deltaproteobacteria and to identify which other taxa are influential to plant growth.

The protocol outlined in this research could also be a valuable tool for exploring
ecological functions of soil bacteria that are relevant to plant growth. Identifying bacteria present
in rhizosphere soils, in combination with documented changes in plant traits, can expand our
knowledge of agriculturally and ecologically relevant soil microorganisms. Soil suspensions
provide an intriguing low-tech solution for transferring experimental results to a field
environment.

Soil biology and soil chemistry were shown to have contrasting effects on plant growth,
particularly shoots. There is a strong potential that such mutually counteracting soil chemical and
biological effects on plant growth have gone unnoticed in other experimental systems. Our

results suggest that higher soil bacterial diversity does not significantly increase plant biomass
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production. However, plant biomass was more highly correlated with soil bacterial diversity than
with soil physico-chemical factors. Further research is needed to confirm these findings and to
account for the additional influence of fungi and soil fauna. Improved methods for studying
naturally-assembled microbial communities will advance soil research done in greenhouses

toward outcomes that more closely mimic field-production environments.
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Figure 2.1 Schematic diagram of the experimental design described in the Materials and Methods. This procedure

was performed for each of 9 different soils.
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Figure 2.2 Principal Component Analysis (PCA) illustrates the clustering of soils for a) the soil physico-chemical
factors (by management type) and b) Principal Coordinate Analysis (PCoA) illustrates clustering by management
type of soils for soil bacterial composition. PCO utilized the Bray-Curtis distance matrix using OTU relative

abundances at 3% genetic distance.
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Figure 2.3 Relative abundance of bacterial taxa at the class level detected in 9 soils used in soil suspensions. Classes

represented by fewer than 100 sequences were grouped into the ‘Other’ category for simplification of presentation.
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Figure 2.4 Average alfalfa shoot biomass (dry weight) for a) filtered soil treatments and b) non-filtered soil
treatments as well as the non-amended control are shown. Error bars represent standard error. * indicates statistically

significant differences compared to the non-amended control (ANOVA with post hoc Dunnett’s test; p < 0.05).
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Figure 2.5 Average dry weight of a) shoot and b) root dry weight biomass for each non-filtered soil suspension
relative to its filtered counterpart. Observed biomass differences shown here can be attributed to the presence of soil
biota. Error bars represent standard error. * indicates that filtered and non-filtered treatments differed significantly

(Two-way ANOVA, p <0.05)
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Table 2.1 Site descriptions for 9 soils used in soil suspension applications

Soil Label Location Description Management
POTI Colorado Potato cropping Organic

POT2 Colorado Potato cropping Conventional
POT3 Colorado Potato cropping Conventional
FALI Wisconsin Arabidopsis thaliana dominated Fallow

FAL2 France Arabidopsis thaliana dominated Fallow

FAL3 Sweden Arabidopsis thaliana dominated Fallow

FORI1 Colorado Pine Forest Natural Area
FOR2 Oregon Douglas-Fir Forest Natural Area

FOR3 Oregon Pine Forest Natural Area
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Table 2.2 Soil physico-chemical properties of nine soils used in soil suspension applications.

pH EC N (%) C (%) C:N NOs;-N P K Zn Fe Mn Cu

(mS) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

POT1 76 0.9 0.10 98 264 397 585 4 9 2.1 1.5
POT2| 74 0.5 0.08 96 119 147 229 3 7 1.8 1.3
POT3| 6.3 0.8 0.06 10.2 105 237 200 3 10 10.7 1.8
FAL1|l 5.8 0.3 0.07 13.5 83 3.7 42 1 21 2.7 2.5
FAL2( 47 0.5 0.19 10,6 192 43 43 4 6429 199 7.5
FAL3|[ 49 0.2 0.07 15.0 4.1 23.7 36 21 5326 269 5.7
FOR1| 5.8 03 024 31.3 04 0.1 0.1 6 118 12.9 1.6
FOR2( 55 04 0.61 95 220 25 452 6 106 103 27.8
FOR3| 54 03 0.33 13.8 6.0 6.8 241 3 71 14.3 1.9
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Table 2.3 Bacterial alpha diversity (OTUs, defined at 3% genetic distance) for nine soils used in soil suspension

applications.
Shannon Simpson
Soil Schao H Ey Ep Sp
POT1 2815 6.35 0.92 0.29 291
POT2 2731 6.23 0.91 0.22 219
POT3 2803 6.18 0.90 0.21 199
FAL1 1929 5.89 0.89 0.17 141
FAL2 1694 5.47 0.84 0.11 76
FAL3 2105 5.77 0.87 0.12 93
FOR1 1774 5.78 0.87 0.12 94
FOR2 2119 5.96 0.88 0.14 122
FOR3 2144 5.96 0.88 0.11 93

Schao = estimated richness, H = diversity index, Eg and Ep = evenness, Sp = effective species or # of species at

observed diversity index assuming complete equitability in abundance
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Table 2.4 Soil physico-chemical properties correlated poorly with plant biomass (filtered treatments, dry biomass).
Values shown are Pearson's correlation values relating soil physico-chemical factors and measured plant

characteristics. No statistically significant correlations were revealed.

Shoot Root
biomass biomass
pH 0.48 0.33
0.19) (0.45)
EC 0.40 0.49
(0.29) 0.19)
N -0.03 0.04
(0.94) 0.91)
C -0.07 -0.17
(0.86) (0.62)
C:N -0.34 -0.45
0.37) (0.23)
NO3-N 0.38 0.49
(0.31) (0.18)
P 0.21 0.21
(0.59) (0.59)
K 0.37 0.33
(0.32) (0.39)
Zn -0.24 -0.14
(0.53) 0.72)
Fe -0.46 -0.17
(0.22) (0.67)
Mn -0.44 -0.19
(0.24) (0.63)
Cu 0.33 0.46
(0.39) 0.21)
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Table 2.5 Relationships between soil microbial diversity and plant biomass (Pearson’s correlation coefficients). P-

values are shown in parentheses. See Table 3 for definitions of diversity measures.

Shannon Simpson
Schao H EH ED SD
Shoot 0.45 0.52 0.55 0.60 0.56
biomass (0.22) (0.16) (0.12) (0.08) (0.12)
Root 0.41 0.33 0.36 0.47 0.43
biomass (0.27) (0.38) (0.34) (0.20) (0.25)
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Table 2.6 Relationship between soil bacterial abundance and plant biomass (Pearson correlation coefficients).
Values shown are Pearson's correlation values relating soil bacterial taxa abundance and measured plant

characteristics. * indicates (p < 0.05).

Shoot Root
biomass biomass
Actinobacteria -0.34 -0.09
(0.37) (0.81)
Alphaproteobacteria -0.17 -0.14
(0.67) (0.72)
Betaproteobacteria 0.22 0.16
(0.55) (0.68)
Deltaproteobacteria 0.54 0.68*
(0.13) (0.04)
Gammaproteobacteria 0.24 0.23
(0.54) (0.56)
Acidobacteria -0.17 -0.40
(0.65) (0.28)
Chloracidobacteria 0.56 0.36
(0.12) (0.35)
Gemmatimonadetes -0.13 -0.20
(0.73) (0.61)
Sphingobacteria -0.03 -0.20
(0.93) (0.60)
Oscillatoriophycideae 0.28 0.02
(0.47) (0.95)
Synechococcophycideae -0.26 -0.08
(0.50) (0.83)
Other 0.43 0.35
(0.25) (0.35)
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CHAPTER 3: SOIL MICROBIAL DIVERSITY DIFFERENTIALLY
INFLUENCES INVASION BY PATHOGENIC AND BENEFICIAL

MICROORGANISMS

Introduction

Plants and soil microorganisms (the soil microbiome) have evolved intimate relationships
that can be either beneficial or detrimental to plant health and growth [1]. For instance, disease-
suppressive soils provide a well-studied example of how the soil microbiome discourages
community invasion by pathogenic organisms and in some cases improves productivity. Higher
soil species richness [106], diversity [24], evenness [35] and microbial biomass [22, 23] have
been credited with an increase in soil disease suppressiveness. In contrast, soils with lower
biodiversity and evenness are more vulnerable to pathogen invasion and disease [18, 71].

Obviously, not all soil environments are naturally disease suppressive. In these cases,
manipulating the soil microbial community for improved plant health and productivity could
become an important tool [2]. One such option involves the use of beneficial microbial
inoculants also known as plant growth promoting rhizobacteria (PGPR). These microorganisms
could colonize the rhizosphere and provide functionalities to the plant such as exclusion of
pathogens, antagonism of pathogens via antibiotics, and production of plant growth and stress
alleviating hormones [1]. However, despite proven success in controlled experimental
environments, evidence of inoculant success in the field is lacking.

The goal of this study was to determine whether soil bacterial diversity affects pathogen

or PGPR colonization and effects. Previous research has shown that soil microbial communities
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function in disease suppression. So, the hypothesis for this experiment was extended to include
PGPR. Our hypothesis was that natural soil suspensions with higher bacterial diversity would
result in reduced disease and reduced increases in plant biomass with PGPR application.
Previous experiments focusing on effects of soil bacterial diversity have incorporated only one
soil type [24, 29]. To expand upon previous methods, this study emphasizes a variety of soil
types while incorporating two different inoculation treatment groups: an alfalfa pathogen or an
alfalfa PGPR. Soils were selected with the goal of optimizing variation in microbial community
composition and diversity. To this end, four soils with varying geography and management
histories were collected and characterized for soil physico-chemical and biological
characteristics. Realistically complex microbial communities were suspended in water using a
range of field soils and used to populate alfalfa growing in a greenhouse environment. In
addition, suspensions of soil microbes and corresponding filtered controls were prepared for each
soil and applied to plants growing in a standard inert medium. Subsequently, either a PGPR or
pathogen was introduced into the various soil communities and resulting alfalfa biomass was
measured. In summary, this experimental design allowed for screening of potential differences in
the ability of a pathogen or PGPR to establish in the presence of an indigenous soil community,

while also considering the involvement of soil physico-chemical factors.

Materials and Methods

Soil descriptions and analyses
Four soils with varying locale and management were used in the experimental study

(Table 1). Two soils were collected from agricultural soils in the San Luis Valley of Colorado:
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one organic production field for potato and one conventional production field for potato. These
two fields had been in production for at least three years and represent different rotation of crops,
potato cultivars, and pesticide usage. The third soil was from an agriculturally fallow site where
Arabidopsis thaliana was naturally present. The fourth soil was collected from a forest site
managed by the US Forest Service and dominated by Ponderosa Pine (Pinus ponderosa). Soil
samples were taken from at least three locations in each field from the top 15 cm of the soil
profile. All three samples were combined, mixed thoroughly to homogenize and stored at 4°C.
Physico-chemical profiles for all soils were characterized by the Colorado State
University Soil Testing Facility including soil pH, electric conductivity (EC), C:N ratio, nitrate

(NOs-N) and various mineral nutrients and represent a subset of data presented in Chapter 1.

Soil microbial community characterization using 454 pyrosequencing

Soil DNA was extracted according to the manufacturer’s instructions using the
UltraClean-htp 96-well soil DNA kit (MoBio, Carlsbad, CA), except for the addition of an extra
ethanol wash and an additional purification step using AM- Pure Beads (Agencourt, Danvers,
MA). Preparation for pyrosequencing, including PCR amplification and library preparation, was
conducted according to the method published in [39]. University of Florida Genomics Facility
performed pyrosequencing analysis using a 454 Life Sciences GS FLX system with standard
chemistry.

Soil bacterial diversity measures and taxonomic classification were determined using
MOTHUR version 1.24.1 [90]. Sequences were removed if they contained ambiguous bases,
quality scores < 25, or holopolymers > 10. Remaining sequences were aligned using the SILVA

alignment [107] and gaps were removed. Chimeras were detected using uchime [108] and also
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removed. Finally, the resulting sequences were classified with the Greengenes database [91]
using the MOTHUR-embedded naive Bayesian classifier [109]. Any sequences identified as
chloroplast were removed. Following classification, sequences were screened so that 95% of
sequences had the same minimum length and endpoint (optimize=minlength-end, criteria=95).
Next, so that all sequences covered the same genetic space, sequences were filtered again for
vertical alignment and gap removal (vertical=T, trump=.). An average coverage of 73% was
achieved with 2119 reads per sample after equalized subsampling. The typical genetic distance
of 3% was used for defining Operational Taxonomic Units (OTUs) and reported OTU
abundances are relative abundances. Relative abundance was determined by dividing the number
of reads for any given OTU by the total number of reads obtained for each soil. Diversity indices
including Chao, Shannon, Shannon Evenness, Simpson, and Inverse Simpson indices were also

calculated using MOTHUR.

Seedling establishment

A sterile, inert growing media of sand and vermiculite (1:1, v:v) was thrice steam
sterilized for 30 minutes in an autoclave and filled into cone-shaped pots. The cone-shaped pots,
4 cm in diameter x 20.7 cm long, were randomized in racks in a block design. The Saranac
cultivar of Medicago sativa was chosen for its susceptibility to alfalfa root rot disease in order to
provide adequate disease incidence rates in control plants. Alfalfa seeds were first surface-
sterilized in 3% sodium hypochlorite solution for 10 minutes, then rinsed three times with
sterilized distilled water. Micro-centrifuge tubes were filled with 0.7% water agar and populated

with one alfalfa seed, then maintained at 37°C in a growth chamber with 12h light/dark cycles.
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Seedlings were transplanted at 5 days post germination (dpg) into prepared cone-shaped
pots and placed in a greenhouse on a misting bench that provided constant moisture and
humidity. At 18 dpg, racks of cone-shaped containers were moved to a standard greenhouse
bench. Fertilization using a Dosatron fertilizer injector (Dosatron, Clearwater, FL, USA) was

done every 5 days with consistent 15-5-15 NPK fertilizer with added micronutrients.

Soil microbial community suspensions

Two types of microbial suspensions were prepared from the four soils, filtered and non-
filtered. Each of the four soils was combined with Millipore filtered water in a flask at 1:10
(w:v). Consequently, flasks were shaken at room temperature for 30 minutes at 220 rpm and set
aside for 30 minutes to settle. The supernatant was decanted into 500 mL centrifuge bottles and
centrifuged for 3 minutes at 3000 rpm to remove soil particles. The remaining solution was left
unfiltered and was used as a soil microbial suspension to populate sterile media with four
different soil microbial communities. Filtered suspensions were prepared similarly the previous
day. For filtered preparations, the supernatant was centrifuged for 30 minutes at 9000 rpm to
remove remaining soil particles, then decanted and vacuumed through a 0.45 pm pore filter
(Merck, Billerica, MA, USA). Filtered suspensions were kept at 4° C overnight. Most average-
sized bacteria and fungal spores are larger than 0.45 pm and would not pass through this filter.
Ultramicrobacteria, defined as bacteria smaller than 0.3 um in size, may pass through at this
level of filtration [98].

At 11 dpg, filtered and non-filtered suspensions were applied to at a rate of 15 mL soil
suspension to each cone containing approximately 145 g of autoclaved sand and vermiculite (1:1,

v:v) mixture. A second soil suspension application was made at 18 dpg.
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Microbial inoculants

Treatments were further divided into three groups: a soil-suspension-only control, added
plant growth promoting rhizobacteria (PGPR), or added pathogen groups. One-third of each rack
received a different microbial treatment for a total of 24 unique treatment groups (Figure 3.1).

At 21 days post germination, the PGPR inoculum was applied to 13 of 39 cones for each
soil suspension treatment at a rate of 15mL per cone (containing 143 g of soil media). Strain
KT2440 of Pseudomonas putida, a plant growth promoting rhizobacteria (PGPR) with
kanamycin resistance, was grown for 8 hours in LB broth with kanamycin (50 pg / L). The
culture was pelleted via centrifugation for 10 minutes at 7000 rpm. The pellet was rinsed with
sterile water three times and re-suspended in phosphate buffered saline (PBS) at a standardized
optical density (OD) of 2 x 10" cfu/mL in preparation for application.

Alfalfa pathogen, Phytophthora medicaginis strain M2019, an oomycete which causes
root rot in Medicago sativa, was obtained from Dr. Deborah Samac at University of Minnesota.
P. medicaginis was cultured according to a previously published method [110] for 2 weeks prior
to application to allow for complete growth over the V8 agar plate. Two days prior to
inoculation, sporulation was induced according to the method described by Gray et. al. (1983).
Inoculum was prepared by blending mycelial mats and zoospores from six 9mm v8 agar plates
with 200mL sterile water. At 22 days old, a mixed inoculum of mycelium and oospores was
applied to one-third of the replicates for each soil suspension treatment group. Inoculum was
applied at a rate of 3mL per cone. In addition, one-third of each soil treatment group received no
added inoculant bringing total treatment groups to twenty-four (4 soils x 2 preparations (filtered

or non-filtered) x 3 inoculant types (PGPR, pathogen, or none). An additional thirteen plants
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served as untreated controls and did not receive a soil suspension application. Untreated controls

received 15 mL water in place of inoculation with PGPR or pathogen.

DNA extraction for gPCR and generation of standard curves

Root tissue from three alfalfa plants from each treatment group were collected for gPCR
analysis and stored at -80°C until DNA was extracted. DNA was isolated from the roots using
the PowerSoil DNA 96-well Kit (MoBio Laboratories, Inc. Solana Beach, CA) according to the
manufacturer’s instructions, except for the addition of an extra ethanol wash. For the g-PCR
standard curves, duplicate cultures of P. putida KT2440 (GFP) were grown in LB broth
containing 50 ug/mL kanamycin antibiotic at 30°C and 220 rpm. DNA was extracted and
purified using the UltraClean® Microbial DNA Isolation kit (MoBio Laboratories, Inc. Solana
Beach, CA), and 10-fold serial dilutions were made for qPCR analysis. Total DNA for serial
dilutions of P. putida KT2440 (GFP) was quantified using a PicoGreen dsDNA Quantitation Kit
(Invitrogen, Carlsbad, CA) using a modified protocol. Working PicoGreen reagent was prepared
by diluting the concentrated DMSO-PicoGreen stock solution, provided in the PicoGreen kit,
1:200 with TE according to the kit instructions. The extracted P. putida KT2440 DNA sample
was added in 2uL quantity to 198 uL of PicoGreen dsDNA working reagent and incubated for 5
minutes at room temperature. Fluorescence was determined using a calibrated TBS-380 Mini-
Fluorometer, which quantified dSDNA. Standard dilutions of extracted KT2440 DNA were
subsequently prepared at 25, 20, 15, 5, and 1 ng/uL. with TE. Concentrations of KT2440 DNA
dilutions were confirmed via the same protocol using lambda DNA standards included in the

PicoGreen kit.
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Primer pairs and gPCR analysis

The qPCR primers were designed for the green fluorescent protein gene (gfp) (Integrated
DNA Technologies, Coralville, IA) (Table 3.2). Different forward and reverse primer
concentrations were tested in order to obtain the minimum cycle threshold values and provide
optimal amplification. Subsequently, a range of annealing temperatures was tested using serial
dilutions of the standard and the optimal primer concentrations. An annealing temperature of
54°C was chosen based upon an absence of primer dimers and minimum cycle threshold values.
Following optimization, the qPCR reactions for the experimental samples were performed in 96-
well plates and contained 1000 nM of each forward and reverse primer, 10 uL. Maxima SYBR
Green Supermix (Thermo Scientific, Waltham, MA), and 2 uL of isolated soil DNA. The qPCR
was initiated with a 8.5 min cycle at 95 °C and followed by 35 cycles of denaturing for 15 s at 95
°C, annealing for 30 sec at 54 °C, and extension for 60 sec at 72 °C. The qPCR was carried out
in a spectrofluorimetric thermal cycler, iCycler IQ™ Real-Time PCR Detection System (BIO-
RAD). In all gPCR reactions, to check for singular product, reaction products were analyzed by
melt curve analysis and confimed on a 3% agarose gel. The amount of amplified gfp was
calculated using cycle threshold values obtained from triplicate samples. Cycle threshold values
were converted to ng DNA obtained from P. putida KT2440 using the four-point external
standard curve generated from pure KT2440 DNA. Difference in levels of detected gfp for
various soil suspension treatments was determined via the non-parametric Kruskal-Wallis

analysis of variance in combination with Wilcoxon Rank Sum tests (a = 0.05).
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Analyses of plant biomass production and microbial effects

Previous research indicates that alfalfa biomass increases due to P. putida inoculation
may not be significant until 8 weeks post inoculation [96]. Therefore, all plant shoots were cut
and collected for drying at 60 dpg to maximize plant biomass increases due to PGPR inoculation.
Soil was removed from roots and root surfaces were rinsed prior to collection. For biomass
measurements, shoot and root tissues were dried at 70°C for 7 days. Prior to weighing, tissue
samples were kept at room temperature and humidity for at least three days.

Separate comparisons were made of filtered and non-filtered soil suspension treatments.
Pairwise comparisons of alfalfa shoot and root biomass both with and without added PGPR were
performed using the Wilcoxon Rank Sum test (o = 0.05). This comparison was used to
determine if a significant change in root or shoot biomass resulted when adding PGPR with each
of the four soil suspensions. All results were expressed as + standard error of the mean (S.E.M.).

To determine pathogen effects, disease severity and disease incidence were both
considered. Alfalfa Root Rot disease severity was rated according to a previously published scale
[129]. Disease incidence was determined by counting plants with 25% or more disease affected
roots as diseased and less than 25% as not affected by disease.

The change in alfalfa biomass with PGPR versus without was calculated for each non-
filtered soil suspension. Correlations between plant biomass increases when adding PGPR and
measured soil factors, e.g. physico-chemical qualities, bacterial diversity and evenness, were
calculated using the Pearson product-moment correlation coefficient (r). Correlations between
disease incidence and measured soil factors were calculated using the same method. Pearson
correlation coefficients with values close to 1 indicate a strong relationship between the soil

factor and plant biomass or disease, while values close to zero indicate a weak relationship.
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Additionally, a chi-squared test using contingency tables of disease counts was utilized to

determine if observed differences in disease incidence held significance.

Results

Soil physico-chemical and microbiological characteristics

The four soils varied in both physico-chemical and microbiological characteristics. Soil
pH was similar in the two potato soils at 7.4 and 7.6, but the fallow and forest soils were more
acidic with respective pH values of 5.8 and 5.4. Soil electrical conductance (EC) values ranged
from 0.3 to 0.9, a threefold difference. Percentage of soil nitrogen (N) was in the 6-10% range
with the potato and fallow agricultural soils, but a much higher 33% in the forest soil. The
carbon to nitrogen ratio (C:N) was lower in the two potato soils (range 9.5 - 9.8) and higher in
the fallow and forest soils (range 13.5 - 13.8). The two potato soils were similar in pH, percent
nitrogen (N%), and C:N ratio, but the organic potato soil had more than twice as much NO3-N
(N in the nitrate ion form) as the conventional potato soil and the largest value of all four soils.
The organic potato soil also was substantially higher in soil phosphorus (P) (39.7 ppm) and
potassium (K) (585 ppm) than the other three soils that ranged downward to 3.7 ppm for soil P
and 41.6 ppm for soil K. The forest soil had the highest levels of iron (Fe) at 70.8 ppm and
Manganese (Mn) at 14.3 ppm. The fallow soil had the lowest level of zinc (Zn) at 0.91 ppm and
the highest level of copper (Cu) at 2.5 ppm. All measured soil physico-chemical characteristics
are detailed in Table 3.3.

The four soils were analyzed via pyrosequencing to calculate Shannon’s diversity,

Shannon’s evenness, Simpson and Inverse Simpson indices (Table 3.4). Simpson Index
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(quantifying diversity) values ranged from 0.106 to 0.287 for the four experimental soils. Inverse
Simpson Index (quantifying evenness) values ranged from 93 to 291. The two potato soils had
communities with the highest diversity and evenness levels and the least diverse, and also least
even, soil bacterial community was from the forest soil.

The taxonomic composition of the four soils also varied (Figure 3.2). Both potato soils
had higher relative abundances of Actinobacteria compared to the other soils, but the organic
potato soil had less Actinobacteria than conventional potato. Relative abundance of
Gammaproteobacteria was higher while Actinobacteria was lower in both potato soils.
Conventional potato soil had higher relative abundance of the Betaproteobacteria class. Fallow
soil was the only soil type to present Synechococcophycideae and Oscillatoriophycideae, which
were absent from all three other soils. Fallow soil had the highest number of OTUs that were
present at numbers less than 100 and grouped into the category ‘Other’. Fallow and Forest soils
were similar in their high abundance of Actinobacteria (44%) and low abundance of
Chloracidobacteria (3%). Forest soil had the highest relative abundance of Alphaproteobacteria,
3-8% higher than the other soils. The most striking difference between the four soils was in the

most abundant bacterial class, Actinobacteria.

Phytophthora root rot disease incidence and severity

All alfalfa plants suffered significantly lower shoot and root biomass with added
Phythophthora compared to without Phytophthora, regardless of which soil microbial
suspension was applied. Wilcoxon rank sum tests showed no significant difference in alfalfa root
or shoot biomass between filtered and non-filtered treatment groups with added pathogen (data

not shown). Alfalfa roots were also assessed for disease incidence and severity. Filtered soil
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suspensions did not show different incidence of disease relative to the control (Fig. 3.3a). Only
the non-filtered organic potato treatment group exhibited borderline significance with regard to
reduced disease incidence (p = 0.053) when compared to its filtered counterpart. All other non-
filtered soil suspensions had disease incidence levels that were not statistically different from
filtered applications. Disease severity when adding Phytophthora was equal to the non-amended
control with all filtered and non-filtered treatment groups except for the filtered organic potato,
which showed increased disease severity (Fig 3.3b). The forest soil was the only treatment group
with lower disease incidence in filtered (soil microorganisms removed) versus non-filtered
suspensions, a 20% reduction. Soils with higher Zn levels were associated with a lower disease
incidence (> < -0.96, p = 0.04). Soil microbiology also influenced disease incidence. Percent
incidence of disease was negatively correlated with higher soil bacterial diversity as measured by
both Shannon indices (r* < -0.70), an indication that higher soil bacterial diversity was correlated
with lower disease incidence. The same correlation was observed with Simpson and Inverse
Simpson diversity indices, but it was less pronounced. None of the correlations between soil

bacterial diversity and disease incidence was statistically significant (Table 3.5).

PGPR root colonization

Using the DNA extracted from P. putida KT2440, the standard curve for the gfp gene (y
=-0.2686x + 9.7195; r> = 0.9776) was linear over four orders of magnitude (Fig. 3.4). Amounts
of amplifiable P. putida KT2440 DNA (gfp) are shown in Fig. 3.5 and are reflective of
differences in PGPR root colonization. Significantly more PGPR were detected in the filtered
organic potato treatment as compared to other treatments. A consistent effect of higher PGPR

was found in all filtered treatments compared to non-filtered treatments, which contained soil
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microorganisms. Detected PGPR was not statistically different between any non-filtered
treatment groups. Calculation of the Pearson product-moment coefficient did not reveal any
significant relationships between gfp (ng/g root tissue) and soil diversity, evenness, or richness
measures. In addition, increases in alfalfa shoot biomass did not correlate with PGPR root

colonization.

Soil chemical properties influence PGPR effects on plant biomass

The four filtered soil suspensions were evaluated for potential chemical effects on plant
biomass increases with added PGPR. No alfalfa plants receiving filtered soil suspensions showed
increased shoot or root biomass with added PGPR versus without (Figures 3.6a & 3.6b).
However, plant biomass increases were observed in the non-amended control, which received
PGPR inoculation but no soil suspension. Equal increases in shoot biomass were observed when
PGPR were added after the two non-filtered potato soil suspensions, which contained both the
chemical and microbiological components. Neither filtered nor non-filtered fallow and forest
treatment groups had an increase in plant biomass with added PGPR. Three soil physico-
chemical properties showed strong, significant correlation with percent increases in biomass with
added PGPR: EC (r* = 0.98, p = 0.02), NO3-N (r* = 0.98, p = 0.02), and P (r* = 0.95, p = 0.05).
All of these properties had a positive effect on PGPR increases in plant biomass. A strong
correlation between increased plant biomass (r* = 0.90, p = 0.10) and soil pH (range 5.4 — 7.6)
was observed, but was not significant. Notably, plant biomass increases were only observed
when these physico-chemical components were applied as a combination of chemical and

biological factors in the form of non-filtered suspensions.
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Soil microbial diversity increases PGPR effects on plant biomass

Soil microbes were added to alfalfa plants, along with soil chemical components, in the
form of non-filtered soil suspensions. Two non-filtered suspensions, the organic and
conventional potato, exhibited significantly higher shoot biomass with added PGPR compared to
without (Figures 3.7a & 3.7b). These two potato soils also have the highest soil microbial
diversity values as measured using Shannon and Inverse Simpson indices (Table 3.4). The
organic potato soil suspension group was the only one to significantly increase root biomass with
added PGPR versus without (Fig. 3.7b). Increased plant growth with added PGPR was strongly
and significantly correlated with higher soil microbial diversity and evenness (Table 3.6). In
alfalfa plants receiving PGPR, the strongest correlation to increases in shoot biomass were soil
suspensions with high evenness as measured by the Simpson Index (r* = 0.99, p = 0.01). The
Inverse Simpson Index, a measure of soil bacterial evenness, also exhibited a significantly strong

correlation (r* = 0.98, p = 0.01).

Specific bacterial species correlate with plant biomass increases with added PGPR

Since previous research has found increases in shoot biomass, rather than root biomass,
to be most indicative of P. putida plant growth increases [96], correlations between abundance of
bacterial taxa were performed with percent increases in shoot biomass. Twelve species had a
significant (p < 0.05) and strong correlation (r* > 0.90) with increased alfalfa shoot biomass in
non-filtered soil suspensions when adding PGPR (Table 3.7). Four bacterial classes were
represented: Actinobacteria (4 species), Alphaproteobacteria (5 species), Betaproteobacteria (2
species), and Chloracidobacteria (1 species). Eight out of twelve of the genetic sequences were

not classifiable to the species level, but every sequence except one was classified to genus. Half
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of these genera contain species that have been characterized as N-fixing or carrying the nifH
gene (Agromyces, Kocuria, Microbacterium, Micromonospora, Achromobacter, and
Azohydromonas) [111-114]. Also related to the N cycle, Lutibacterium spp. functioned to reduce
N [115] and showed positive correlation to biomass increases with PGPR. Two genera (Kocuria
and Micromonospora) were previously isolated from N-fixing root nodules formed as part of
rhizobia symbiosis [113, 116]. Four genera (Micromonospora, Balneimonas, Agromyces and
Achromobacter) have been shown to exhibit biocontrol or plant growth promoting functions
[117-121]. Other bacterial groups (Paracoccus and Lutibacterium) were previously characterized
by degradation or bioremediation of chemical toxins [122-124]. Finally, two photosynthetic
genera (Chloracidobacteria and Rhodobiaceae) were associated with increased shoot growth
when adding PGPR [125, 126].

Two bacterial groups (Plantomyces and Skermanella) were associated with a lack of
increase in shoot biomass with added PGPR (r2 >0.95, p <0.05; Table 3.8), which was observed
with non-filtered fallow and forest soil suspensions. The first, Skermanella, is a poorly
characterized genus, but was isolated from coal mining soil and shows a high tolerance for the
element antimony [127]. The second, Actinoplanes, are known root endophytes, produce chitin-
degrading enzymes [120], and have been used to reduce root rot in controlled environments
[128]. In addition, over 120 different antibiotics have been produced by various Actinoplanes

strains [129].
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Discussion

Soil chemical properties affect both disease and PGPR effects

Filtered soil suspensions included all soil suspension components that are soluble in
water and pass through a 0.45 um pore filter. Filtered components largely represent the chemical
fraction of the soil suspension, potentially including small amounts of herbicides, fungicides,
secondary metabolites, and sugars and breakdown products. Ultramicrobacteria, defined as
smaller than 0.3 um in size, may also pass through [98], but are a limited taxonomic group.
Viruses are also small enough to pass filtration, however no symptoms of viral infection were
observed during the experiment. In contrast, most fungal spores and average sized bacteria
(roughly 1 — 1.5 um) are removed by the microfiltration process [98]. A total of 30 ml of filtered
soil suspension, split into two applications, was applied to each alfalfa plant. This small volume
of soil chemical extract was enough to reduce disease incidence by half, compared to non-
amended controls, in the forest treatment group. Similarly, soil chemical extracts reduced PGPR
effects. Increases in plant biomass observed in non-amended controls were completed absent
when adding PGPR to all filtered treatment groups.

Soils showing higher Zn levels were correlated with reduced disease incidence. Low Zn
levels were correlated with increased Phytophthora Root Rot severity in alfalfa in previous
studies [130] due to an improvement in plant function with adequate Zn. It is possible that soil
Zn, particularly high in the fallow soil, dissolved in the soil suspension and passed through the
filtration process and resulted in a decreased disease rate.

Attempts were also made to correlate soil physico-chemical factors with biomass
increases when adding PGPR. None of the measured soil physico-chemical factors was

significantly negatively correlated with biomass increases with added PGPR, which would
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indicate a negative effect by a soil physico-chemical property on PGPR activity. However, since
all four filtered suspensions exhibited a lack of effect with added PGPR, it is difficult to
determine which component may be preventing the PGPR from increasing plant growth.
Agrochemicals such as pesticides, herbicides, and fungicides from soil residues are potential
components of filtered soil suspensions. Importantly, Pseudomonas strains are known to be
sensitive to several agrochemicals including chlorophenoxy herbicides [131], copper oxychloride
and other pesticides [132], and tebuconazole and other fungicides [61]. Such residues are water
soluble, filterable, and could have affected PGPR activity or survival. In contrast to PGPR
effects, PGPR root colonization was different across treatment groups as detected using qPCR
quantification of gfp (Figure 3.5). However, calculation of Pearson’s correlations did not reveal
any relationships between soil physico-chemical differences and PGPR root colonization. It is
interesting to note that while colonization was significantly higher in the filtered potato and
forest treatments (Fig. 3.5), no difference in shoot biomass was observed in any of the filtered
treatments (Fig. 3.6). This result suggests that higher PGPR colonization will not always result in
increased plant biomass and should be carefully considered when determining appropriate use of
PGPR. In this case, the lower biomass observed in filtered treatment groups suggests that filtered
suspensions may be causing plant stress that the PGPR was not able alleviate. As such, adding a

PGPR to the soil did not result in any improvements in plant growth.

Soil bacterial diversity differentially influences pathogen and PGPR
Non-filtered soil suspensions would include all of the chemical components as well as
biological components such as soil bacteria, fungi, protozoa and other faunal predators. Non-

filtered soil suspensions achieved reduced disease severity in all cases and three of the four
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exhibited reduced disease incidence relative to their filtered counterparts. In calculating the

Pearson’s correlation coefficient, strong negative correlations (r* < -0.70) were observed for

disease incidence and severity with soil bacterial diversity and evenness (Table 3.5). However, in

contrast to previously reported research [24], the relationship between soil bacterial diversity and
pathogen effects were not significant (0t = 0.05). However, this result may have been

confounded by varying soil levels of Zn, which also affects Phytophthora root rot disease. Two
non-filtered suspensions, the organic and conventional potato, restored the significant increases
in shoot growth with applied PGPR versus without to the same level observed in non-amended
controls. The organic and conventional potato soils also had the highest levels of soil bacterial
diversity among the four experimental soils (Table 3.4).

While soil bacterial diversity did not significantly affect pathogen success, it improved
plant biomass increases when adding PGPR. To better understand these contrasting outcomes,
we must examine the ecosystem processes at work. Proposed mechanisms by which soil
microbial diversity inhibits pathogens include: resource-based competitive exclusion and
antagonism of the invading organisms [24]. Competition for resources increases with increasing
soil bacterial diversity due to a greater rate of consumption and more resource types being
consumed by the indigenous community [133, 134]. Competition for the remaining limited
nutrients reduces the success of invasions in communities with higher diversity [77]. Hence, the
higher the diversity of the soil bacterial community, the less likely an organism can successfully
invade. However, other ecosystem processes must be influencing PGPR effects since we observe
an increase in PGPR effects with increasing soil bacterial diversity.

When adding PGPR, the highest plant biomass was observed in plants receiving the two

non-filtered potato suspensions, which are also the soils with the highest bacterial diversity. Plant

57



biomass in these groups was equal to control plants grown in the sterile sand and vermiculite
mixture, which provided a competition-free environment for testing PGPR inoculations. Multiple
explanations for an equal biomass effect despite unequal competition are possible. The PGPR
may be relatively more resource competitive, lack antagonists, benefit from beneficial
preparation of the environment by other organisms, or enhance positive effects of other
organisms. Any of these ecological mechanisms potentially explain the contrasting effects of soil
bacterial diversity on the PGPR versus the pathogen. To determine which is most influential, the
levels of PGPR quantified via qPCR from root tissues must be considered. PGPR colonization of
roots was unilaterally reduced across all non-filtered treatments relative to filtered treatments
(Fig 3.5). These results suggest an inhibitory effect by the indigenous soil community, possibly
due to niche and resource competition with added PGPR organisms. In addition, equivalent root
colonization of the PGPR suggests that varying levels of competition or benefit from different
soil communities was not the reason for differences in root colonization. Although, given the
complexity of soil communities, mutually counteracting relationships between varying
antagonists and commensals of the soil community cannot be ruled out. The more likely
explanation for the differences observed in plant biomass increases is enhancement of positive
effects of other soil organisms by the added PGPR. By enhancing the beneficial effects of other
organisms, plant biomass production is increased, even when the PGPR level of colonization is
not.

To further explore potential relationships between P. putida and other soil bacteria, the
specific bacterial membership of the experimental soils is examined in the next section.
Pseudomonas putida has been shown to enhance the beneficial effects of multiple other soil

microorganisms. For example, adding siderophore-producing Pseudomonas strains, like P.
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putida, in combination with microbial inducers of systemic resistance suppressed Fusarium wilt
of radish better than the application of individual strains [135]. Addition of P. putida also
amplifies beneficial effects of Vesicular Arbuscular Mycorrhizal (VAM) fungi, which improve
plant biomass through improved acquisition of P and water [136, 137]. Root colonization by
VAM fungi was increased four-fold when VAM were added with P. putida [96]. These are just a
few examples of microbial communities functioning better together than alone; many others are
likely to occur in complex soil communities. Competition with indigenous soil microorganisms
has previously been proposed as a reason that PGPR inoculations sometimes fail in field
applications [38]. As a consequence, it has been suggested that disrupting the soil community,
for example by applying fungicide, might improve PGPR colonization [2]. These results suggest
that such a strategy be considered very carefully, since the diversity of the indigenous soil
microbial community may be critical to achieving desired increased in plant biomass with PGPR

applications.

Specific bacterial species correlate with increases in plant biomass with added PGPR

Percent increase in dry shoot biomass with added PGPR was positively correlated with
abundance of twelve species from four different bacterial classes (Table 3.7). The majority of
these species were related to N cycling. Some are known to fix atmospheric N or carry the nifH
gene, which codes for the enzyme necessary to perform that function (Agromyces spp., Kocuria
rosea, Microbacterium flavescens, Micromonospora spp.). Others function within N fixing
nodules (Kocuria rosea, Micromonospora spp.) or by reducing N (Paracoccus spp.). Since data
on varying number of root nodules is lacking for this study, it is unclear if the positive

association between P. putida and these bacterial species related to N-cycling increased alfalfa
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biomass through increased nodulation or other means. Since P. putida has been shown to
enhance the beneficial effects of other soil microorganisms, such as the nodule-forming
symbiont, Sinorhizobium meliloti [68], it could have enhanced other N-cycling functions. In fact,
PGPR have been found to increase in effectiveness when applied in formulations of multiple
species [138]. One previously characterized PGPR had increased abundance in high productivity
potato soils. Belneimonas, which has been correlated with improved growth in wheat plants, was
also correlated with increased PGPR effects in this study. Therefore, the functions of other PGPR
in the higher diversity potato soils could have been enhanced by P. putida and resulted in
increased plant biomass in these treatments.

Several species were correlated with shoot biomass increases when adding PGPR that are
known bacterial antagonists. These include: Agromyces spp. and Micromonospora spp.
However, while these, two bacterial groups are known as general antagonists to other bacteria,
they are less effective against P. putida One species of Agromyces, Agromyces ramosus, attacks
and feeds on some species of bacteria, but was experimentally shown not to feed on P. putida
[118]. Micromonospora spp. produce antibiotic and antifungal compounds [120], at least one of
which was less effective on Pseudomonas spp. [139]. The decreased effects on Pseudomonas
organisms could explain why the presence of these organisms did not decrease P. putida
colonization in this research. As an alternative form of commensalism, three bacterial groups
contain species previously characterized by their ability to degrade various environmental toxins.
Paracoccus sp. Strain KT-5 was previously shown to degrade pyridines, which are used in
herbicide synthesis and as pesticides (Qiao and Wang 2010). Similarly, Lutibacterium spp.,
degrade polyaromatic hydrocarbons (PAHs) [122]. These bioremediating functions are of

particular importance considering that filtered soil suspension applications contained an
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unknown chemical component that eliminated all increases in plant growth with added PGPR.
These organisms could allow better functioning of the PGPR or other beneficial bacteria in the
two non-filtered potato soil treatment groups by removing chemicals, such as pesticides or
fungicides, toxic to P. putida and other organisms.

A full list of species associated with improved PGPR effects along with their known
ecological functions is detailed in Table 3.7. Further research is needed to identify specific
bacterial species that promote plant growth to a greater degree in the presence of other PGPR
like P. putida. Carefully planned multi-species PGPR formulations could significantly improve

the practicality of using PGPR to increase agricultural production.

Bacterial species negatively correlated with shoot biomass when adding PGPR

Actinobacteria, taken as an entire bacterial class, was negatively correlated with an
increase in shoot biomass with added PGPR. Actinobacteria have also been found to play an
important role in preventing soil invasion by bacterial pathogens [24]. A full list of species
negatively correlated with alfalfa biomass when adding PGPR along with their known ecological
functions is detailed in Table 3.8. One specific unclassified species of genus Actinoplanes was
correlated with reduction of beneficial PGPR effects (r* = -0.99; p = 0.02). Actinoplanes are well
characterized for their ability to produce antibiotics, with over 120 different antibiotics identified
to date [129]. If one or more the Actinoplanes antibiotics is effective against P. putida, a higher
abundance of this unclassified Actinoplanes spp. in the fallow and forest soils could account for a
failure of the PGPR to establish in these treatments. An unclassified species of the genus
Skermanella was also correlated with reduced benefit when adding PGPR (> = -0.98; p = 0.02).

Skermanella spp. are not well characterized, but were isolated from coal-mining soil and
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demonstrate high tolerance for the potentially toxic metal antimony [127]. Further research on
other ecological roles and rhizosphere competence of Skermanella spp. is necessary to confirm
this association.

These data consider only soil bacterial diversity and do not include measures of soil
fungal diversity. Perhaps the fungal to bacterial ratio or the total soil fungi diversity might be
more relevant to explaining the ability of this PGPR to increase plant biomass in some soil
communities better than others. Further study comparing plant biomass production and PGPR
colonization in combination with soil fungi measures would be valuable in determining the

hierarchy of bacterial and fungal antagonism versus commensalism.

Conclusion

Soil bacterial diversity was shown to have contrasting effects on pathogen versus PGPR
effects on plant health and growth. Pathogen-caused disease was not shown to change with
increasing bacterial diversity. However, significantly greater PGPR effects on plant biomass
were observed with more diverse soil bacterial communities. In contrast, PGPR colonization of
alfalfa roots did not differ between varying soil microbial communities. These seemingly
conflicting outcomes are possibly due to the ability of PGPR to enhance the activities of other
beneficial microorganisms. In addition, more diverse soil bacterial communities are more likely
to include these beneficial microorganisms, such as plant mutualists or other PGPRs, which
increasingly provide plant benefit when PGPR are present. Further research is needed to confirm
these findings and to account for the additional influence of fungi and soil fauna. Continued

research in this area will identify bacterial species consortia that provide higher increases in plant
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biomass together than individual members alone and improve success of field inoculation with

PGPR organisms.
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Table 3.1 Site descriptions for four soils used in soil suspension applications

Soil Label Location Description Management
POTATO-ORG Colorado Potato cropping Organic
POTATO-CONV  Colorado Potato cropping Conventional
FALLOW Wisconsin Arabidopsis thaliana dominated Fallow
FOREST Oregon Pine Forest Natural Area

Table 3.2 Sequences of primers used for q-PCR analysis

Primer Sequence (5’-3°) Tm (°C) Fragment (bp)
gfp forwmard ~ ATGCGTAAAGGAGAAGAACTTTTCA 54.9 717
gfp reverse TTTGTATAGTTCATCCATGC 47.7

Table 3.3 Soil physico-chemical qualities for four soils used in soil suspension applications.

pH EC N(%) C:N NO;-N P K Zn Fe Mn Cu
(mS) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
POTATO[7.6 09 0.101 9.82 264 397 585 35 9.1 2.1 1.5
-ORG
POTATO[7.4 05 0.077 955 119 147 229 29 174 1.8 1.3
-CONV
FALLOW/5.8 03 0.066 135 823 3.7 416 091 207 27 25
FOREST |54 03 0326 138 6 6.8 241 33 708 143 1.9
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Table 3.4 Bacterial alpha diversity (OTUs, defined at 3% genetic distance) for four soils used in soil suspension

applications.
Shannon Simpson
Soil Schao H Ey Ep Sp
POTATO-ORG 2815 6.35 0.918 0.287 291
POTATO-CONV 2731 6.23 0.905 0.224 219
FALLOW 1929 5.89 0.878 0.172 141
FOREST 2144 5.96 0.879 0.106 93

H = diversity index, Eq and Ep = evenness, Sp = effective species or # of species at observed diversity index

assuming complete equitability
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Table 3.5 Relationships between Alfalfa Root Rot disease incidence and severity and soil bacterial diversity and
evenness measures (Pearson’s correlation coefficients). No statistically significant correlations were revealed. See

Table 3 for definitions of diversity measures.

Disease Disease

Severity pvalue incidence pvalue
Isrlnlc?:; > -0.77 p=023 -0.70 p=0.30
%32222; -0.79 p=021 -0.71 p=029
IS?xZneprssn -0.65 p =034 -0.57 p=042
1811113115; . -0.48 p=052 -0.34 p =063

Table 3.6 Relationships between soil bacterial abundance and percent increase in alfalfa biomass with added PGPR.

All p-values are shown in parentheses below Pearson’s correlations coefficients (r*) values in the table.

Shannon Simpson
Plant Trait Sobs Chao H Ey Ep Sp
Shoot 0.85 0.83 0.91 0.93 0.98 0.99
Biomass (0.07) (0.09) (0.05) (0.04) (0.01) (0.01)
Root 0.80 0.85 0.80 0.77 0.75 0.72
Biomass (0.10) (0.07) (0.10) (0.12) (0.13) (0.14)

H = diversity index, Eg and Ep = evenness, Sp = effective species or # of species at observed diversity index

assuming complete equitability
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Table 3.7 Bacterial species positively correlated with increases in alfalfa shoot biomass with added P. putida. Soil

bacterial abundance (total sample reads for the bacterial species) correlated with percent increase in shoot biomass.

. 2
P-values are shown in parentheses below Pearson’s r”.

Kocuria rosea 0.96 N-fixing [113]
(0.04)
Endophyte associated with wild grape roots
[120] and nodules of legumes [113]

Micromonospora 0.96 N-fixing [112]
sp. (unclassified) (0.04)
Biocontrol, improved plant growth [120]

Endophyte associated with aquatic plants [141]

Kaistobacter sp. Poorly characterized, found in soils and one

(unclassified) radioactive site [142]

Paracoccus sp. 0.98 Includes N-reducing [124] and pyridine
(unclassified) (0.02)  degrading [143] species
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Betaproteobacteria Achromobacter sp.  0.95 Stimulates plant growth in sunflowers [117]

(unclassified) (0.05)
Includes N-fixing species [114]

Chloracidobacteria unclassified 0.99 Photosynthetic thermophile [125]
(0.01)
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Table 3.8 Bacterial species negatively correlated with changes in alfalfa shoot biomass with added P. putida. Soil
bacterial abundance (total sample reads for the bacterial species) correlated with percent increase in shoot biomass.

. 2
P-values are shown in parentheses below Pearson’s r”.

Alphaproteobacteria Skermanella sp. 0.98 Antimony-resistant, isolated from
(unclassified) (0.02) coal-mining soil [127]
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15mL /pot 15mL / pot 15mL /pot 15mL / pot 15mL / pot 15mL /pot
non-filtered suspension filtered suspension non-filtered suspension filtered suspension  non-filtered suspension filtered suspension

SRR

13 replicate pots 13 replicate pots 13 replicate pots 13 replicate pots 13 replicate pots 13 replicate pots
non-filtered filtered non-filtered filtered non-filtered filtered
pathogen added pathogen added no inoculant no inoculant PGPR added PGPR added
V
6 treatments repeated for

four different soil suspension groups
(6 x 4x 13 +13 unamended controls = 312 total plants)

Figure 3.1 Schematic diagram of the 24 treatment groups including no added organism, added PGPR, or added
pathogen for pots already treated with filtered and non-filtered soil suspensions of four different soils (Table 1). An

non-amended control was also utilized (not shown).

70



100% 1

90% - ® Actinobacteria
80% - ¥ Alphaproteobacteria
¥ Betaproteobacteria
70% -
¥ Gammaproteobacteria
60% -

° ¥ Sphingobacteria
50% - H Chloracidobacteria
40% - B Acidobacteria
30% - B Deltaproteobacteria

¥ Gemmatimonadetes
20% -

¥ Synechococcophycideae

0 -
10% . H Oscillatoriophycideae
0%

T T T 1 © Other
POTATO - POTATO - FALLOW FOREST

ORG CONV

Fig 3.2 Relative abundance of bacterial taxa at the class level detected in 4 soils used in soil suspensions. Classes

represented by fewer than 100 sequences were grouped into the ‘Other’ category for simplification of presentation.
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Fig 3.3 Alfalfa Root Rot disease incidence (a) and severity (b) are shown for each filtered and non-filtered soil

microbial suspensions with an added pathogen, Phytophthora medicaginis. * indicates statistically significant

differences in disease incidence with filtered versus non-filtered soil suspensions using chi-squared test with

contingency tables (p < 0.05).
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Fig. 3.4 Standard curve for the detection of Pseudomonas putida KT2440 in pure culture using the green fluorescent

protein gene, gfp, generated using qPCR.
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Fig. 3.5 Comparison of Pseudomonas putida KT2440 as detected by the green fluorescent protein gene, gfp, shown
as ng per g root tissue for all filtered and non-filtered treatments with added PGPR. DNA utilized for gPCR
experiment was extract from non-homogenized alfalfa roots. Asterisk (*) indicates significantly higher gfp detected

using Kruskal-Wallis non-parametric test combined with Wilcoxon Rank Sum test.
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Fig 3.6 Average dry shoot (a) and root (b) biomass, measured in (mg), are shown with soil microbial suspensions

(only) and with added PGPR for each of four soils. All displayed data is from filtered soil microbial suspensions,

except for the control group, which did not receive any soil microbial suspension. Asterisk (*) indicates significant

increase biomass with added PGPR versus without PGPR (p < 0.05).
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Figure 3.7 Average dry shoot (a) and root (b) biomass, measured in (mg), are shown with non-filtered soil microbial
suspensions (only) and with added PGPR for each of four soils. The control group did not receive any soil microbial
suspension, and is also shown both with and without added PGPR. * indicates significant increase in biomass with

added PGPR versus without PGPR (p < 0.05).
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CONCLUSION

Studies examining whether soil microbial diversity influences plant health and
productivity are important for formulating methods for manipulating soil microbiology for
improved yields. These studies examined how a diverse set of indigenous soil communities
influenced both alfalfa biomass production and establishment of introduced beneficial or
pathogenic microorganisms. Much research exists on the effects of soil fungal diversity on plant
productivity [18, 20, 28, 71], but very few [29] look at the influence of bacterial diversity as this
study does. Also, the ability of an indigenous soil microbial community to exclude pathogens has
been well researched [24], but the effects on exclusion of beneficial microbial inoculants has not
[38]. Furthermore, previous work has included microbial communities from a very limited
number of soils, in most cases including a singular soil community for evaluation [18-20, 24, 29,
71]. The experiments for this thesis focus on bacterial communities and include multiple soil
types with diverse microbial communities; nine in the first study and four in the second. Another
important feature of these studies is utilization of naturally-assembled microbial communities.
Naturally-assembled soil microbial communities are less subject to selection effects and more
closely mimic the complexity of the natural environment [83]. It is important to study naturally
assembled soil communities, because they are more complex and contain thousands of microbial
species, while artificially assembled communities contain less than 100 [24]. Additionally, it is
important to consider the separate effects of soil biology and chemistry on plant biomass. To
separate biological from chemical effects on plant biomass production and microbial invasions,
soil suspensions were applied in both microfiltered and non-microfiltered forms to a sterile

substrate. This separation of soil chemical and biological influences on plant traits has
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historically proved very difficult. Therefore, this experimental design was utilized in both studies
for this thesis to provide a clear separation of chemical versus biological influences on
experimental outcomes.

The first study investigated differences in alfalfa root and shoot biomass resulting from
variation in the soil microbial community. Results of this study do not reinforce previous
research showing that more diverse soil microbial communities encourage plant biomass
production. This disparity is likely due to the use of naturally assembled soil communities and
emphasis on soil bacteria, rather than fungi in this research. These results align closely with other
studies utilizing naturally complex communities and focusing solely on soil bacteria [29].
Anderson and Habiger [29] report that the specific taxonomic membership of soil bacteria
present had a stronger effect on plant productivity than community measures such as diversity. In
addition, soil microbiology was shown to have a bioremediation function by compensating for
negative effects on plant biomass due to soil chemistry. The neutralization of negative soil
chemistry effects was highly correlated with the bacterial class Deltaproteobacteria, which was
previously shown to demonstrate syntrophy by cooperating with other microorganisms to
breakdown chemical substrates [105]. Overall, alfalfa biomass correlated more highly with soil
bacterial richness, diversity, evenness and specific taxonomic groups than with soil physico-
chemical factors such as pH, N, and C (total):N(total) ratio. Soil biology and soil chemistry were
shown to have contrasting effects on plant growth, particularly shoots. There is a strong potential
that such mutually counteracting soil chemical and biological effects on plant growth have gone
unnoticed in other experimental systems. These results emphasize the complexity of soil

influences on plant biomass production.
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In the second study, diversity of the soil bacterial community was not shown to affect
pathogen invasion as per previous findings [24], which may be due to the more complex natural
soil communities utilized by this study. However, the opposite result was observed when
introducing the plant growth promoting rhizobacteria (PGPR), Pseudomonas putida. Beneficial
effects with added P. putida, as measured by a percent increase in alfalfa shoot biomass, were
found to be significant and highly correlated with soil bacterial diversity. However, root
colonization of P. putida was not found to differ between non-filtered treatment groups (soil
microorganisms retained). These results suggest that the mechanism for increased plant biomass
was improved benefit from other soil microorganisms in the presence of P. putida. In filtered
treatments, where soil microorganisms were removed, root colonization by the PGPR was
improved but did not increase plant biomass. This result suggests that higher levels of PGPR
colonization will not always improve plant growth, especially in the absence of other beneficial
soil organisms. Specific taxonomy of the soil bacterial community was also found to be
important to PGPR effects. Increases in shoot biomass were significantly correlated with specific
nitrogen fixing and plant growth promoting genera in experimental soils and negatively
correlated with Actinoplanes, known to produce numerous antibiotics. In summary, other
members of the soil microbial community, plant stressors and whether the PGPR will help
alleviate those stressors must be considered before applying PGPR. The results of this study have
broader implications for improving our ability to manipulate the soil microbial communities for
improved plant health and growth.

Further experiments can be conducted on representatives of the genera that showed
significant effect with added PGPR to confirm enhanced PGPR performance. Additional

pyrosequencing analyses post-harvest could confirm the rhizosphere competence of identified
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bacteria. Also, using carefully designed qPCR primers to detect quantities of soil fungi would
help elucidate the relative importance of bacterial and fungal members of the soil community for
optimal plant biomass production. While this study made use of multiple soils, future studies
further expanding the variety of soils, environmental and cultural systems are needed to better
establish generalized conclusions associated with increased plant biomass and PGPR effects.
This work also uncovered two bacterial species that showed potential deleterious effects on
PGPR establishment. Further research should be applied to investigate the possible prevention of
PGPR activity with these specific bacteria. Finally, more research could develop specific
microbial partners that work synergistically to enhance plant production, increasing overall
health of the agroecosystem. Understanding how microorganisms antagonize or benefit each
other will contribute greatly to improving plant biomass production when manipulating

agricultural soil microbial communities.
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