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Over 50,000 different “species” of bacteria
Over 1 billion microbes in 1 gram of soil
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1. Indirect method: change the environment

2. Direct method: change the community

How can we use soil microbiology to help citrus crops?



1. Indirect method: change 
the environment

• Add a ”food” source for microbes: carbon
• Compost
• Plant material – cover crops
• Develop soil organic matter (SOM)

• Disturb the soil less often

• Keep roots within the soil

- SL Strauss



1. Indirect method: change the environment

• Encourage native microbes to grow – likely beneficial microbes already in 
soil!

• Increase soil microbial diversity:
• Increase nutrient cycling
• More competition for resources

Benefits

• Soil organic matter (SOM) is very low in Florida

• Increasing SOM takes TIME – results may not occur after only 1 year

• Native soil microbial community not well characterized – and likely 
unique for each location

Difficulties



• Greenhouse trial of HLB-affected 
and non-affected trees

• 3 soil amendments:
• Field soil
• Field soil + compost (5% v/v)
• Field soil + biochar (3% v/v)

• 2 irrigation rates:
• 100% evapotranspiration (ET)
• 75% ET

• 1.5 year experiment

1. Indirect method: change the environment

Collaboration with Dr. Davie Kadyampakeni
and Dr. Arnold Schumann, UF/IFAS CREC

- D Kadyampakeni
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Figure 6. Tree height measurements as a function of irrigation rate, HLB status and soil 196 

amendment. 197 

Root length density (RLD) was not affected by HLB status and irrigation rate, but soil 198 

amendment in May 2017. Somewhat, there was interaction between HLB status and soil 199 

amendment and irrigation rate. Seven months later, greater RLD was observed in heathy trees 200 

and also where full irrigation was applied (Table 3). 201 

Table 3. Root length density as a function citrus greening (HLB) status, soil amendment, 202 

and irrigation rate. 203 

Tree height impacted by soil amendments 

• Root length density was significantly impacted by soil amendments
• Compost amendment reduced water-stress in HLB-affected and healthy trees

• Soil and tree nutrient data still being analyzed 



Soil amendments impacted soil microbial community composition
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Irrigation level impacted soil microbial community composition
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SL Strauss

SL Strauss

• Bahiagrass planted in row middles of established commercial grove

Bahiagrass No-treatment control

SL Strauss SL Strauss

1. Indirect method: change the environment

Collaboration with Dr. Ramdas Kanissery, UF/IFAS SWFREC



Cover crop can influence soil microbial community

T0 T1

−0.2 −0.1 0.0 0.1 0.2 −0.2 −0.1 0.0 0.1 0.2

−0.2

−0.1

0.0

0.1

0.2

Axis.1   [7.6%]

Ax
is.

2 
  [

5.
5%

]

Location
edge
middle

Treatment
control
grass

Before planting 6 months after planting

C anopy edge

R ow  m iddle



2. Direct method: 
change the 
community

2. Direct method: 
change the 
community

• Add specific microbes to the soil

• “Probiotic” approach



MICROB IOME

The Placenta Harbors a Unique Microbiome
Kjersti Aagaard,1,2,3* JunMa,1,2 KathleenM.Antony,1 RadhikaGanu,1 JosephPetrosino,4 JamesVersalovic5

Humans and their microbiomes have coevolved as a physiologic community composed of distinct body site
niches with metabolic and antigenic diversity. The placental microbiome has not been robustly interrogated,
despite recent demonstrations of intracellular bacteria with diverse metabolic and immune regulatory functions.
A population-based cohort of placental specimens collected under sterile conditions from 320 subjects with ex-
tensive clinical data was established for comparative 16S ribosomal DNA–based and whole-genome shotgun
(WGS) metagenomic studies. Identified taxa and their gene carriage patterns were compared to other human
body site niches, including the oral, skin, airway (nasal), vaginal, and gut microbiomes from nonpregnant
controls. We characterized a unique placental microbiome niche, composed of nonpathogenic commensal micro-
biota from the Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes, and Fusobacteria phyla. In aggregate, the
placental microbiome profiles were most akin (Bray-Curtis dissimilarity <0.3) to the human oral microbiome. 16S-
based operational taxonomic unit analyses revealed associations of the placental microbiome with a remote
history of antenatal infection (permutational multivariate analysis of variance, P = 0.006), such as urinary tract
infection in the first trimester, as well as with preterm birth <37 weeks (P = 0.001).

INTRODUCTION
Over the past 4 million or so years, hominids have coevolved with
their microbiomes as physiologic communities composed of distinct
body site niches. Recently published works by the Human Micro-
biome Project (HMP) Consortium (1–4) have provided the first reli-
able estimates of the breadth of structure, function, and diversity of the
healthy (“reference”) human microbiome across multiple body sites.
Despite recent advances in cataloging the complexity of the adult hu-
man microbiome, there are limited population-based data as to how
and when the human microbiome is established.

Characterizing the processes that govern the establishment of hu-
man microbial communities is essential for understanding human de-
velopment and physiology. Studies have shown that neonates demonstrate
complex microbial communities in the gut within the first week of life,
with dynamic fluctuations in bacterial composition until a relatively
mature equilibrium is reached around 1 to 3 years of age (5–13). What
shapes these earliest microbial communities, and at what point the in-
fant is first exposed to and colonized by its microbiome, remains unclear
(12–16). In the first week of life, the full-term neonatal gut microbiome is
largely colonized by the phyla Actinobacteria (including Bifidobacterium),
Proteobacteria, Bacteroides, and, much less, Firmicutes (including the
Lactobacillus spp., which dominate the vaginal flora) (17). In contrast,
neonates who weigh <1200 g are dominated by both Firmicutes and
Tenericutes phyla, with much less dominance of Actinobacteria (18).
These collective observations raise the possibility that the infant may
be first seeded in utero by a common shared low abundance source,
such as the placenta, and this seeding may vary by length of gestation.

Establishment and maintenance of placental integrity and function
are critical to fetal growth, development, and survival (17). Previous studies

have largely used morphologic approaches and grossly documented
the presence of bacteria in different regions of the placenta (18–21).
A recent cross-sectional study of 195 patients (18) demonstrated Gram-
positive and Gram-negative intracellular bacteria harbored in the ba-
sal plate (which comprises the tissue layer directly at and below the
maternal-fetal interface). These were observed in nearly one-third of
placental specimens, with a high prevalence among preterm deliv-
eries <28 weeks of gestation but regardless of clinical or pathologic
evidence of chorioamnionitis (18). Although current paradigms sug-
gest that most intrauterine infections, which are associated with pre-
term birth, originate in the lower genital tract and ascend into an
otherwise “sterile” intrauterine environment (19, 20), most taxa de-
tected in the placenta with DNA-based technology are not found in
the urogenital tract, but rather represent commensal species com-
mon to the oral cavity (21–24). Some of these oral microbes, such
as Fusobacterium nucleatum (a Gram-negative oral anaerobe), may
facilitate hematogenous transmission during placentation as a result
of their ability to bind vascular endothelium and alter permeability,
thereby functioning as an “enabler” for other common commensals,
such as Escherichia coli (25). These latter findings are of particular in-
terest, given the long-standing strong association between periodontal
disease [as well as upper and lower urinary tract infections (UTIs)]
and increased risk of preterm birth (26–29).

Here, we have leveraged recent approaches and tools (1–4) for meta-
genomic analysis to characterize a rigorously collected set of placental
specimens from 320 subjects in a case-cohort design. We present here
an initial snapshot of the human placental microbiome and reveal which
organisms are present, what they are capable of doing, and how the
placental community is likely structured.

RESULTS

Baseline characteristics of the study subjects
Table S1 shows the baseline characteristics of the subjects in each case-
cohort. By design, preterm birth cases significantly differed from their
control cohort by virtue of gestational age (35 weeks versus 39.3 weeks;
P < 0.001) and associated mean birth weight (2.59 kg versus 3.37 kg;

1Division of Maternal-Fetal Medicine, Departments of Obstetrics and Gynecology, Baylor
College of Medicine and Texas Children’s Hospital, Houston, TX 77030, USA. 2Department
of Molecular and Human Genetics, Bioinformatics Research Laboratory, Baylor College of
Medicine, Houston, TX 77030, USA. 3Department of Molecular and Cell Biology, Baylor
College of Medicine, Houston, TX 77030, USA. 4Department of Microbiology and Mo-
lecular Virology, Alkek Center for Metagenomics and Microbiome Research, Baylor
College of Medicine, Houston, TX 77030, USA. 5Department of Pathology and Im-
munology, Baylor College of Medicine and Texas Children’s Hospital, Houston, TX 77030,
USA.
*Corresponding author. E-mail: aagaardt@bcm.edu
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SUMMARY

Colonization of the fetal and infant gut microbiome
results in dynamic changes in diversity, which can
impact disease susceptibility. To examine the rela-
tionship between human gut microbiome dynamics
throughout infancy and type 1 diabetes (T1D), we
examined a cohort of 33 infants genetically predis-
posed to T1D. Modeling trajectories of microbial
abundances through infancy revealed a subset of mi-
crobial relationships shared across most subjects.
Although strain composition of a given species was
highly variable between individuals, it was stable
within individuals throughout infancy. Metabolic
composition and metabolic pathway abundance re-

mained constant across time. A marked drop in
alpha-diversity was observed in T1D progressors in
the time window between seroconversion and T1D
diagnosis, accompanied by spikes in inflammation-
favoring organisms, gene functions, and serum and
stool metabolites. This work identifies trends in the
development of the human infant gut microbiome
along with specific alterations that precede T1D
onset and distinguish T1D progressors from non-
progressors.

INTRODUCTION

The initial colonization of the human gut microbiota begins in
utero (Aagaard et al., 2014) and is strongly influenced by

260 Cell Host & Microbe 17, 260–273, February 11, 2015 ª2015 Elsevier Inc.
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Inflammatory Bowel Disease
as a Model for Translating the Microbiome
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The inflammatory bowel diseases (IBDs) are among the most closely studied chronic inflammatory disorders
that involve environmental, host genetic, and commensal microbial factors. This combination of features has
made IBD both an appropriate and a high-priority platform for translatable research in host-microbiome
interactions. Decades of epidemiology have identified environmental risk factors, although most mecha-
nisms of action remain unexplained. The genetic architecture of IBD has been carefully dissected in multiple
large populations, identifying several responsible host epithelial and immune pathways but without yet a
complete systems-level explanation. Most recently, the commensal gut microbiota have been found to be
both ecologically and functionally perturbed during the disease, but with as-yet-unexplained heterogeneity
among IBD subtypes and individual patients. IBD thus represents perhaps the most comprehensive current
model for understanding the humanmicrobiome’s role in complex inflammatory disease. Here, we review the
influences of the microbiota on IBD and its potential for translational medicine.

Introduction
Crohn’s disease (CD) and ulcerative colitis (UC) are the two main
forms of inflammatory bowel disease (IBD), both chronic im-
mune-mediated diseases with typical onset during young adult-
hood and a lifelong course characterized by periods of remission
and relapse. CD can involve any part of the gastrointestinal tract
but most commonly the ileum and proximal colon. UC is most
often localized to the descending colon but can occur pancoloni-
cally as well. Worldwide, there is a trend toward increasing inci-
dence of both UC and CD, with a recent systematic review
concluding that 75% of the studies of CD and 60% of those
with UC confirm a secular trend in incidence of disease (Molo-
decky et al., 2012). The modest concordance even in monozy-
gotic twins along with the relatively rapid temporal changes in
IBD incidence over the past six decades and the changes in
disease risk with migration suggest an important role for the
environment in disease pathogenesis. Although the disease is
strongly linked to the microbiome (see below) and the environ-
mental factors that can influence the microbiome, the details of
this relationship are complex.

The Complex Interplay of Host and Microbe in IBD
In this era of the $1,000 genome, it is difficult to appreciate the
degree to which our knowledge of the gut microbiota in IBD
has built on more than 50 years of microbiology and immu-
nology. Dawson and colleagues (Vince et al., 1972) cite a ‘‘resur-
gence of clinical interest in the role of the intestinal bacterial
flora’’ in 1972, just as has occurred in the past few years. Three
main developments prior to the advent of modern culture-inde-
pendent (i.e., sequencing-based as opposed to culturing-based)
studies sustained interest in the IBD microbiome: systematic

culture-based profiles during early clinical management of IBD,
similar profiles of the gut microbial response to treatment, and
the advent of rodent genetic models recapitulating IBD symp-
toms. Investigation of IBD throughout the first half of the 20th
century tested and ruled out any number of individual microbial
pathogens as causative agents in the disease (Weinstein,
1961), but gut-resident microbes remained of interest due to
their exposure and uptake during ulceration and barrier breach
(Seneca and Henderson, 1950). Increasingly refined selective
media and anaerobic culture conditions throughout the 1960s
and 70s produced conflicting results for changes in gut microbial
load or profile during IBD (Cooke, 1967; Mallory et al., 1973;
Vince et al., 1972; Wensinck et al., 1981). These results in
many ways predicted those observed more recently with meta-
genomics: although slight changes in gut microbial residents
were present in some subsets of IBD patients, they were hetero-
geneous both among disease subtypes and among individuals
(Sartor, 1990).
In parallel, as treatments such as 5-aminosalicylic acid

(5-ASA) were introduced for the disease (Gorbach et al., 1968),
its effects on the microbiome were explored with similar
techniques. It was rapidly determined that compounds such as
salicylazosulphapyridine in particular were metabolized by gut
microbes (Cooke, 1969), due to differential product metabolite
profiles in germ-free and antibiotic-treated animals (Peppercorn
andGoldman, 1972). Again, though, changes inmicrobial load or
profile were modest (West et al., 1974), and the mechanism of
action of 5-ASAs and their effects on the gut microbiome remain
complex (Iacucci et al., 2010; Morgan et al., 2012). Treatments
for IBD provided another route by which the role of the gutmicro-
biome could be explored, however, because microbial changes

Immunity 40, June 19, 2014 ª2014 Elsevier Inc. 843



• Potentially target specific microbial function
• Example: specific bacteria to control soilborne disease

• Specific Bacillus sp. may increase plant growth

Benefits

2. Direct method: change the community

• Beneficial taxa can be very crop and/or environment specific

• Unknown how introduced organisms will interact with native 
organisms

• Unknown what conditions are necessary to keep introduced 
organisms alive and increasing in number

Difficulties



2. Direct method: change the community
• Apply biostimulants to mature trees in two commercial groves:

• High-input management (> $2,000/acre)
• Low-input management (± $1,000/acre)

• Same rootstock, similar tree age, all affected by HLB

Collaboration with Dr. Ute Albrecht, UF/IFAS SWFREC

- U Albrecht- U Albrecht



2. Direct method: change the community

• Treatments:
• Pure liquid seaweed 

(Ascophyllum nodosum)
• Soluble fluvic acids (69%)
• Beneficial microbes (Bacillus

spp. plus Trichoderma)
• Seaweed + microbes
• Fulvic acids + microbes
• No-treatment control

• Complete randomized design with 6 
replications (5 trees/replicate)

• Monthly applications (soil drench) 
begun in November 2016

- U Albrecht



Six-month evaluation: Low input management

Treatment TRL (m) SRL (m/g) REL TTC (μM) DI

Control 51.0 20.3 0.30 26.9 b 2.6

Fulvic acid (FA) 41.5 20.5 0.32 33.8 ab 2.6

Seaweed (SW) 42.0 24.1 0.22 47.9 a 2.7

Microbes (MB) 52.3 19.7 0.22 38.7 ab 2.4

FA + MB 41.5 19.7 0.36 26.6 b 2.5

SW + MV 66.0 22.8 0.23 47.7 a 2.4

P > 0.05 P > 0.05 P > 0.05 P = 0.0133 P > 0.05

TRL = Total root length; SRL = Specific root length; REL = Root electrolyte leakage

TTC = Method to determine root metabolic activity

DI = HLB disease index (0 = no symptoms, 5 = > 75% of canopy with symptoms



Treatment TRL (m) SRL (m/g) REL TTC (μM) DI

Control 38.3 16.4 0.23 44.1 2.5

Fulvic acid (FA) 39.8 15.0 0.28 37.1 2.5

Seaweed (SW) 60.4 15.9 0.17 43.1 2.0

Microbes (MB) 31.9 16.8 0.29 46.5 2.2

FA + MB 61.6 14.7 0.19 46.9 2.2

SW + MV 59.7 18.9 0.23 45.5 2.2

P > 0.05 P > 0.05 P > 0.05 P > 0.05 P > 0.05

Six-month evaluation: High input management

No significant treatment effects

TRL = Total root length; SRL = Specific root length; REL = Root electrolyte leakage
TTC = Method to determine root metabolic activity

DI = HLB disease index (0 = no symptoms, 5 = > 75% of canopy with symptoms



High-input management Low-input management

High input management Low input management

Management impacted soil microbial interactions



Management may impact soil microbial functions



• Increase understanding of relationship between 
community composition and function

• Examine methods to assess inoculation and 
abundance of added organisms

• Optimize methods for adding SOM to Florida 
soils

What’s next for soil 
microbes in citrus?

- SL Strauss
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