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Microbes 101

• Microscope picture

12

• Microbes are small 
• But diversity and numbers 
are very high 
• Most are NOT causes of 
infectious diseases 
• Little known about their 
diversity in most locations 
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Diversity of Function

14

The Bad The Good The Unusual

The Consumable The Burnable The Planet
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Genetic and Evolutionary Diversity

92 Bacterial Phyla
25 Archaeal Phyla
5 Eukaryotic Supergroups

Hug et al. Nature Microbiology. A new view of the tree of life. 
http://dx.doi.org/10.1038/nmicrobiol.2016.48
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Studying Microbes
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Field Observations Are Important Tools

• Field studies of multicellular organisms are 
of course common 

• Show binoculars, butterfly nets, etc 
• Field studies of microbes are also possible 

but a bit more challenging
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Field Observations Important in Microbial Studies

• Field studies of multicellular organisms are 
of course common 

• Show binoculars, butterfly nets, etc 
• Field studies of microbes are also possible 

but a bit more challenging
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Culturing Observation

CountCount
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DNA

The Great Plate Count Anomaly
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rRNA rRNArRNA

ACUGC 
ACCUAU 
CGUUCG

ACUCC 
AGCUAU 
CGAUCG

ACCCC 
AGCUCU 
CGCUCG

Taxa   Characters
  S  ACUGCACCUAUCGUUCG
  R  ACUCCACCUAUCGUUCG
  E  ACUCCAGCUAUCGAUCG
  F  ACUCCAGGUAUCGAUCG
  C  ACCCCAGCUCUCGCUCG
  W  ACCCCAGCUCUGGCUCG

Taxa   Characters
  S  ACUGCACCUAUCGUUCG

  E  ACUCCAGCUAUCGAUCG

  C  ACCCCAGCUCUCGCUCG

EukaryotesBacteria ?????ArchaebacteriaArchaea



DNA and Microbes 2: Uncultured
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DNA

ACTGC 
ACCTAT 
CGTTCG

ACTGC 
ACCTAT 
CGTTCG

ACTGC 
ACCTAT 
CGTTCG

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACTGCACCTATCGTTCG

EukaryotesBacteria Archaea
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Many 
sequences 
from one 
sample all 
point to the 
same branch 
on the tree



DNA

ACTGC 
ACCTAT 
CGTTCG

ACTGC 
ACCTAT 
CGTTCG

ACCCC 
AGCTCT 
CGCTCG

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 ACTGCACCTATCGTTCG

EukaryotesBacteria Archaea
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One can 
estimate cell 
counts from 
the number of 
times each 
sequence is 
seen.

DNA and Microbes 2: Uncultured
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Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG

EukaryotesBacteria Archaea
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ACTGC 
ACCTAT 
CGTTCG

ACTCC 
AGCTAT 
CGATCG

ACCCC 
AGCTCT 
CGCTCG

AGGGG 
AGCTCT 
CGCTCG

AGGGG 
AGCTCT 
CGCTCG

ACTGC 
ACCTAT 
CGTTCG

Even with 
more taxa it 
still works

DNA and Microbes 2: Uncultured
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Hug et al 2016Hug et al. 2016 Bacteria

Hug et al. Nature Microbiology. A new view of the tree of life. 
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Hug et al 2016Phyla Never Grown in the Lab
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DNA DNADNA

ACTGC 
ACCTAT 
CGTTCG

ACTCC 
AGCTAT 
CGATCG

ACCCC 
AGCTCT 
CGCTCG

Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
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Taxa   Characters
  B1   ACTGCACCTATCGTTCG
  B2   ACTCCACCTATCGTTCG
  E1   ACTCCAGCTATCGATCG
  E2   ACTCCAGGTATCGATCG
  A1   ACCCCAGCTCTCGCTCG
  A2   ACCCCAGCTCTGGCTCG
  New1 ACCCCAGCTCTGCCTCG
  New2 AGGGGAGCTCTGCCTCG
  New3 ACTCCAGCTATCGATCG
  New4 ACTGCACCTATCGTTCG

inputs of fixed carbon or nitrogen from external sources. As with
Leptospirillum group I, both Leptospirillum group II and III have the
genes needed to fix carbon by means of the Calvin–Benson–
Bassham cycle (using type II ribulose 1,5-bisphosphate carboxy-
lase–oxygenase). All genomes recovered from the AMD system

contain formate hydrogenlyase complexes. These, in combination
with carbon monoxide dehydrogenase, may be used for carbon
fixation via the reductive acetyl coenzyme A (acetyl-CoA) pathway
by some, or all, organisms. Given the large number of ABC-type
sugar and amino acid transporters encoded in the Ferroplasma type

Figure 4 Cell metabolic cartoons constructed from the annotation of 2,180 ORFs

identified in the Leptospirillum group II genome (63% with putative assigned function) and

1,931 ORFs in the Ferroplasma type II genome (58% with assigned function). The cell

cartoons are shown within a biofilm that is attached to the surface of an acid mine

drainage stream (viewed in cross-section). Tight coupling between ferrous iron oxidation,

pyrite dissolution and acid generation is indicated. Rubisco, ribulose 1,5-bisphosphate

carboxylase–oxygenase. THF, tetrahydrofolate.

articles

NATURE | doi:10.1038/nature02340 | www.nature.com/nature 5©  2004 Nature  Publishing Group

DNA and Microbes 2: Genomes
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Sequencing Has Gone Crazy
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• Organisms are covered in a cloud of 
microbes
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The Rise of the Microbiome



• Organisms are covered in a cloud of 
microbes 

• This “microbiome” likely is involved in 
many important phenotypes
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• Organisms are covered in a cloud of 
microbes 

• This “microbiome” LIKELY is involved in 
many important phenotypes
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The Rise of the Microbiome



• Organisms are covered in a cloud of 
microbes 

• This “microbiome” LIKELY is INVOLVED in 
many important phenotypes
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The Rise of the Microbiome



• Organisms are covered in a cloud of 
microbes 

• This “microbiome” LIKELY is INVOLVED in 
many important phenotypes 

• This microbiome can be incredibly diverse 
and vary greatly over time and space
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The Rise of the Microbiome
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Turnbaugh et al Nature. 2006 444(7122):1027-31.

Microbiome and Function

http://www.ncbi.nlm.nih.gov/pubmed/17183312#


Microbiomes and Plant Health
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Asthma, Dust, Dogs and Microbiomes
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Microbiome Functions

• Pathogen resistance 
• Nutrient acquisition 
• Stress resistance 

! Drought 
! Temperature 
! Salinity 

• General vigor and yield 
• Food quality 

! Spoilage 
! Storage 
! Flavors 
! Nutrients

!41
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Example: Rice Microbiome
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Edwards et al. 2015. Structure, variation, 
and assembly of the root-associated 

microbiomes of rice. PNAS

 9 

Supplementary Figures 231 

 232 

Fig. S1 Map depicting soil collection locations for greenhouse experiment. 233 

 10 

 234 

Fig. S2. Sampling and collection of the rhizocompartments.  Roots are collected from rice 235 

plants and soil is shaken off the roots to leave ~1mm of soil around the roots.  The ~1 mm of soil 236 

http://www.pnas.org/content/early/2015/01/15/1414592112.full.pdf+html
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To address some of these questions, we have undertaken an
exhaustive characterization of the root-associated microbiome of
rice. Rice is a major crop plant and a staple food for half of the
world’s population. Metagenomic and proteomic approaches
have been used to identify different microbial genes present in
the rice microbiome (17, 18), but an extensive characterization of
microbiome composition and variation has not been performed.
Rice cultivation also contributes to global methane, accounting
for an estimated 10–20% of anthropogenic emissions, due to the
growth of methanogenic archaea in the vicinity of rice roots (19).
Here we have used deep sequencing of microbial 16S rRNA
genes to detect over 250,000 operational taxonomic units
(OTUs), with a structural resolution of three distinct compart-
ments (rhizosphere, rhizoplane, and endosphere) and extending
over multiple factors contributing to variation, both under con-
trolled greenhouse conditions as well as different field environ-
ments. The large datasets from the different conditions sampled
in this study were used for identification of putative microbial
consortia involved in processes such as methane cycling. Through
dynamic studies of the microbiome composition, we provide
insights into the process of root microbiome assembly.

Results
Root-Associated Microbiomes Form Three Spatially Separable Com-
partments Exhibiting Distinct and Overlapping Microbial Communities.
Sterilized rice seeds were germinated and grown under con-
trolled greenhouse conditions in soil collected from three rice
fields across the Central Valley of California (SI Appendix, Fig.
S1). We analyzed the bacterial and archaeal microbiomes from
three separate rhizocompartments: the rhizosphere, rhizoplane,
and endosphere (Fig. 1A). Because the root microbiome has
been shown to correlate with the developmental stage of the
plant (10), the root-associated microbial communities were
sampled at 42 d (6 wk), when rice plants from all genotypes were
well-established in the soil but still in their vegetative phase of
growth. For our study, the rhizosphere compartment was com-

posed of ∼1 mm of soil tightly adhering to the root surface that is
not easily shaken from the root (SI Appendix, Fig. S2). The
rhizoplane compartment microbiome was derived from the suite
of microbes on the root surface that cannot be removed by
washing in buffer but is removed by sonication (SI Appendix,
Materials and Methods). The endosphere compartment micro-
biome, composed of the microbes inhabiting the interior of the
root, was isolated from the same roots left after sonication.
Unplanted soil pots were used as a control to differentiate plant
effects from general edaphic factors.
The V4-V5 region of the 16S rRNA gene was amplified using

PCR and sequenced using the Illumina MiSeq platform. A total
of 10,554,651 high-quality sequences was obtained with a median
read count per sample of 51,970 (range: 2,958–203,371; Dataset
S2). The high-quality reads were clustered using >97% sequence
identity into 101,112 microbial OTUs. Low-abundance OTUs
(<5 total counts) were discarded, resulting in 27,147 OTUs. The
resulting OTU counts in each library were normalized using the
trimmed mean of M values method. This method was chosen due
to its sensitivity for detecting differentially abundant taxa com-
pared with traditional microbiome normalization techniques
such as rarefaction and relative abundance (20). Measures of
within-sample diversity (α-diversity) revealed a diversity gradient
from the endosphere to the rhizosphere (Fig. 1B and Dataset
S4). Endosphere communities had the lowest α-diversity and the
rhizosphere had the highest α-diversity. The mean α-diversity
was higher in the rhizosphere than bulk soil; however, the dif-
ference in α-diversity between these two compartments cannot be
considered as statistically significant (Wilcoxon test; Dataset S4).
Unconstrained principal coordinate analyses (PCoAs) of

weighted and unweighted UniFrac distances were performed to
investigate patterns of separation between microbial communi-
ties (SI Appendix, Materials and Methods). The UniFrac distance
is based on taxonomic relatedness, where the weighted UniFrac
(WUF) metric takes abundance of taxa into consideration whereas
the unweighted UniFrac (UUF) does not and is thus more sen-
sitive to rare taxa. In both the WUF and UUF PCoAs, the rhi-
zocompartments separate across the first principal coordinate,
indicating that the largest source of variation in root-associated
microbial communities is proximity to the root (Fig. 1C, WUF
and SI Appendix, Fig. S4, UUF). Moreover, the pattern of sepa-
ration is consistent with a gradient of microbial populations from
the exterior of the root, across the rhizoplane, and into the in-
terior of the root. Permutational multivariate analysis of variance
(PERMANOVA) corroborates that rhizospheric compartmen-
talization comprises the largest source of variation within the
microbiome data when using a WUF distance metric (46.62%,
P < 0.001; Dataset S5A). PERMANOVA using a UUF distance,
however, describes rhizospheric compartmentalization as having
the second largest source of variation behind soil type (18.07%,
P < 0.001; Dataset S5H). In addition to PERMANOVA, we also
performed partial canonical analysis of principal coordinates
(CAP) on both the WUF and UUF metrics to quantify the var-
iance attributable to each experimental variable (SI Appendix,
Materials and Methods). This technique differs from unconstrained
PCoA in that technical factors can be controlled for in the
analysis and the analysis can be constrained to any factor of in-
terest to better understand the quantitative impact of the factor
on the microbial composition. Using this technique to control for
soil type, cultivar, and technical factors (biological replicate, se-
quencing batch, and planting container), we found that in
agreement with the PERMANOVA results, microbial commu-
nities vary significantly between rhizocompartments (34.2% of
variance, P = 0.005, WUF, SI Appendix, Fig. S5A and 22.6% of
variance, P = 0.005, UUF, SI Appendix, Fig. S5C).
There are notable differences in the proportions of various

phyla across the compartments that are consistent across every
tested soil (Fig. 1D). The endosphere has a significantly greater
proportion of Proteobacteria and Spirochaetes than the rhizo-
sphere or bulk soil, whereas Acidobacteria, Planctomycetes, and
Gemmatimonadetes are mostly depleted in the endosphere

Fig. 1. Root-associated microbial communities are separable by rhizo-
compartment and soil type. (A) A representation of a rice root cross-section
depicting the locations of the microbial communities sampled. (B) Within-
sample diversity (α-diversity) measurements between rhizospheric compart-
ments indicate a decreasing gradient in microbial diversity from the rhizo-
sphere to the endosphere independent of soil type. Estimated species
richness was calculated as eShannon_entropy. The horizontal bars within boxes
represent median. The tops and bottoms of boxes represent 75th and 25th
quartiles, respectively. The upper and lower whiskers extend 1.5× the
interquartile range from the upper edge and lower edge of the box, re-
spectively. All outliers are plotted as individual points. (C) PCoA using the
WUF metric indicates that the largest separation between microbial com-
munities is spatial proximity to the root (PCo 1) and the second largest
source of variation is soil type (PCo 2). (D) Histograms of phyla abundances in
each compartment and soil. B, bulk soil; E, endosphere; P, rhizoplane; S,
rhizosphere; Sac, Sacramento.

2 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1414592112 Edwards et al.

Edwards et al. 2015. Structure, variation, and assembly of the 
root-associated microbiomes of rice. PNAS 24;112(8):E911-20. 
doi: 10.1073/pnas.1414592112
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using the UUF metric (26.7%, P = 0.005; SI Appendix, Fig. S5D).
This discrepancy is likely due to differences between the WUF
and UUF distance metric: Soil type might have more of an effect
on frequency of rare taxa than abundant taxa, and thus the UUF
metric has a larger effect size for soil type. Compartments of
plants grown in distinct soils have commonalities in differentially
abundant OTUs (Dataset S9), sharing 92 endosphere-enriched
OTUs, 71 rhizoplane-enriched OTUs, and 10 rhizosphere OTUs
(SI Appendix, Fig. S8 J, I, and H, respectively, and SI Appendix,
Fig. S9). In agreement with the PCoA analysis, Davis and
Arbuckle shared a significant overlap in OTUs enriched in the
endosphere and rhizoplane (P = 2.22 × 10−16 and 7.86 × 10−7,
respectively, hypergeometric test; SI Appendix, Fig. S8 I and J) but
not the rhizosphere (P = 0.52, hypergeometric test; SI Appendix,
Fig. S8H). The Sacramento soil did not share significant overlaps
in compartment-enriched OTUs with the other sites.
The enrichment/depletion effects within each rhizosphere com-

partment vary by soil. Rhizosphere compartments of plants in
Davis and Arbuckle soils exhibited higher enrichment/depletion
ratios (72/3 and 53/17, respectively) than plants in Sacramento
soil (78/116) (SI Appendix, Fig. S8A). The level of enrichment is
similar between each soil in the rhizosphere; however, the de-
pletion level is higher in Sacramento soil than in Arbuckle or
Davis. Chemical analysis of the soils showed that the nutrient
compositions of the soils did not show any exceptional trends
(Dataset S7). The Davis and Arbuckle fields were similar in pH
and nitrate, magnesium, and phosphorus content, whereas the
Arbuckle and Sacramento fields were similar in potassium, cal-
cium, and iron content. Taken together, these results indicate that
each soil contains a different pool of microbes and that the plant
is not restricted to specific OTUs but instead draws from avail-
able OTUs in the pool to organize its microbiome. Nevertheless,
the distribution of phyla across the different compartments was
similar for all three soil types (Fig. 1D), suggesting that the overall
recruitment of OTUs is governed by a set of factors that result in
a consistent representation of phyla independent of soil type.

Microbial Communities in the Rhizocompartments Are Influenced by
Rice Genotype. To investigate the relationship between rice ge-
notype and the root microbiome, domesticated rice varieties
cultivated in widely separated growing regions were tested. Six
cultivated rice varieties spanning two species within the Oryza
genus were grown for 42 d in the greenhouse before sampling.
Asian rice (Oryza sativa) cultivars M104, Nipponbare (both
temperate japonica varieties), IR50, and 93-11 (both indica va-
rieties) were grown alongside two cultivars of African cultivated
rice Oryza glaberrima, TOg7102 (Glab B) and TOg7267 (Glab E).
PERMANOVA indicated that rice genotype accounted for
a significant amount of variation between microbial communities
when using WUF (2.41% of the variance, P < 0.001; Dataset
S5A) and UUF (1.54% of the variance, P < 0.066; Dataset S5H);
however, visual representations for clustering patterns of the
genotypes were not evident on the first two axes of unconstrained
PCoA ordinations (SI Appendix, Fig. S10). We then used CAP
analysis to quantify the effect of rice genotype on the microbial
communities. By focusing on rice cultivar and controlling for
compartment, soil type, and technical factors, we found that ge-
notypic differences in rice have a significant effect on root-
associated microbial communities (5.1%, P = 0.005, WUF, Fig.
3A and 3.1%, P = 0.005, UUF, SI Appendix, Fig. S11A). Ordi-
nation of the resulting CAP analysis revealed clustering patterns
of the cultivars that are only partially consistent with genetic
lineage for both the WUF and UUF metrics. The two japonica
cultivars clustered together and the two O. glaberrima cultivars
clustered together; however, the indica cultivars were split, with
93-11 clustering with the O. glaberrima cultivars and IR50 clus-
tering with the japonica cultivars.
To analyze how the genotypic effect manifests in individual

rhizocompartments, we separated the whole dataset to focus on
each compartment individually and conducted CAP analysis
controlling for soil type and technical factors. The rhizosphere

had the greatest genotypic effect on the microbiome (30.3%,
P = 0.005, WUF, SI Appendix, Fig. S11B and 10.5%, P = 0.005,
UUF, SI Appendix, Fig. S11E). The clustering patterns of the
cultivars in the rhizosphere were similar to the clustering pat-
terns exhibited when conducting CAP analysis on the whole
data using all rhizocompartments. Again, the japonica and
O. glaberrima cultivars clustered separately, whereas the indica
cultivars were split between the japonica and O. glaberrima clusters.
This clustering pattern is maintained in the rhizoplane commu-
nities (SI Appendix, Fig. S11 C and F); however, it breaks down in
the endosphere compartment communities, which coincidently
are the least affected by rice genotype (12.8%, P = 0.005, WUF,
SI Appendix, Fig. S11D and 8.5%, P = 0.028, UUF, SI Appendix,
Fig. S11G). α-Diversity measurements within the rhizosphere
show a notable difference between the cultivars (P = 3.12E-06,
ANOVA), with the O. glaberrima cultivars exhibiting high di-
versity relative to the japonica cultivars, especially in Arbuckle
soil (Fig. 3B and Dataset S11). Again, the two japonica cultivars
were more similar to the indica cultivar IR50, and the two
O. glaberrima cultivars were more similar to the indica cultivar
93-11. These patterns in α-diversity were not evident when ex-
amining other compartments (SI Appendix, Fig. S12). To explain
which OTUs accounted for the genotypic effects in each rhizo-
compartment, we performed differential OTU abundance anal-
yses between the cultivars (Dataset S12). In total, we found 125
OTUs that were affected by the plant genotype in at least one
rhizocompartment. The rhizosphere had the most OTUs that
were significantly impacted by genotype (SI Appendix, Fig. S13).
This is consistent with the results from PERMANOVA and the
CAP analyses.

Geographical Effects on the Microbiomes of Field-Grown Plants. We
sought to determine whether the results from greenhouse plants
were generalizable to cultivated rice and to investigate other
factors that might affect the microbiome under field conditions.
We therefore characterized the root-associated microbiomes of
field rice plants distributed across eight geographically separate
sites across California’s Sacramento Valley (Fig. 4A). These
eight sites were operated under two cultivation practices: organic
cultivation and a more conventional cultivation practice termed
“ecofarming” (see below). Because genotype explained the least
variance in the greenhouse data, we limited the analysis to one
cultivar, S102, a California temperate japonica variety that is
widely cultivated by commercial growers and is closely related to
M104 (26). Field samples were collected from vegetatively
growing rice plants in flooded fields and the previously defined
rhizocompartments were analyzed as before. Unfortunately,
collection of bulk soil controls for the field experiment was not

Fig. 3. Host plant genotype significantly affects microbial communities in
the rhizospheric compartments. (A) Ordination of CAP analysis using the
WUF metric constrained to rice genotype. (B) Within-sample diversity
measurements of rhizosphere samples of each cultivar grown in each soil.
Estimated species richness was calculated as eShannon_entropy. The horizontal
bars within boxes represent median. The tops and bottoms of boxes repre-
sent 75th and 25th quartiles, respectively. The upper and lower whiskers
extend 1.5× the interquartile range from the upper edge and lower edge of
the box, respectively. All outliers are plotted as individual points.

4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1414592112 Edwards et al.

Edwards et al. 2015. Structure, variation, and assembly of the 
root-associated microbiomes of rice. PNAS 24;112(8):E911-20. 
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possible, because planting densities in California commercial rice
fields are too high to find representative soil that is unlikely to
be affected by nearby plants. Amplification and sequencing of
the field microbiome samples yielded 13,349,538 high-quality
sequences (median: 54,069 reads per sample; range: 12,535–
148,233 reads per sample; Dataset S13). The sequences were
clustered into OTUs using the same criteria as the greenhouse
experiment, yielding 222,691 microbial OTUs and 47,983 OTUs
with counts >5 across the field dataset.
We found that the microbial diversity of field rice plants is

significantly influenced by the field site. α-Diversity measure-
ments of the field rhizospheres indicated that the cultivation site
significantly impacts microbial diversity (SI Appendix, Fig. S14A,
P = 2.00E-16, ANOVA and Dataset S14). Unconstrained PCoA
using both the WUF and UUF metrics showed that microbial
communities separated by field site across the first axis (Fig. 4B,
WUF and SI Appendix, Fig. S14B, UUF). PERMANOVA agreed
with the unconstrained PCoA in that field site explained the
largest proportion of variance between the microbial communi-
ties for field plants (30.4% of variance, P < 0.001, WUF, Dataset
S5O and 26.6% of variance, P < 0.001, UUF, Dataset S5P). CAP
analysis constrained to field site and controlled for rhizocom-
partment, cultivation practice, and technical factors (sequencing
batch and biological replicate) agreed with the PERMANOVA
results in that the field site explains the largest proportion of
variance between the root-associated microbial communities in
field plants (27.3%, P = 0.005, WUF, SI Appendix, Fig. S15A
and 28.9%, P = 0.005, UUF, SI Appendix, Fig. S15E), sug-
gesting that geographical factors may shape root-associated
microbial communities.

Rhizospheric Compartmentalization Is Retained in Field Plants. Sim-
ilar to the greenhouse plants, the rhizospheric microbiomes of
field plants are distinguishable by compartment. α-Diversity of
the field plants again showed that the rhizosphere had the
highest microbial diversity, whereas the endosphere had the least

diversity for all fields tested (SI Appendix, Fig. S14A and Dataset
S15). PCoA of the microbial communities from field plants using
the WUF and UUF distance metrics showed that the rhizo-
compartments separate across PCo 2 (Fig. 4C, WUF and SI
Appendix, Fig. S14C, UUF). PERMANOVA indicated that the
separation in the rhizospheric compartments explained the sec-
ond largest source of variation of the factors that were tested
(20.76%, P < 0.001, WUF, Dataset S5O and 7.30%, P < 0.001,
UUF, Dataset S5P). CAP analysis of the field plants’ micro-
biomes constrained to the rhizocompartment factor and con-
trolled for field site, cultivation practice, and technical factors
agreed with PERMANOVA that a significant proportion of the
variance between microbial communities is explained by rhizo-
compartment (20.9%, P = 0.005, WUF, SI Appendix, Fig. S15C
and 10.9%, P = 0.005, UUF, SI Appendix, Fig. S15G).
Taxonomic distributions of phyla for the field plants were

overall similar to the greenhouse plants: Proteobacteria,
Chloroflexi, and Acidobacteria make up the majority of the rice
microbiota. The taxonomic gradients from the rhizosphere to the
endosphere are maintained in the field plants for Acidobacteria,
Proteobacteria, Spirochaetes, Gemmatimonadetes, Armatimonadetes,
and Planctomycetes. However, unlike for greenhouse plants, the
distribution of Actinobacteria generally showed an increasing
trend from the rhizosphere to the endosphere of field plants (SI
Appendix, Fig. S14E and Dataset S16).
We again performed differential abundance tests between the

OTUs in the compartments of field-grown plants (SI Appendix, Fig.
S16). We found a set of 32 OTUs that were enriched in the
endosphere compartment between every cultivation site, potentially
representing a core field rice endospheric microbiome (SI Appendix,
Fig. S17). The set of 32 OTUs consisted of Deltaproteobacteria in
the genus Anaeromyxobacter and Spirochaetes, Actinobacteria,
and Alphaproteobacteria in the family Methylocystaceae. In-
terestingly, 11 of the 32 core field endosphere OTUs were also
found to be enriched in the endosphere compartment of
greenhouse plants (SI Appendix, Fig. S18). Three of these
OTUs were classifiable at the family level. These OTUs con-
sisted of taxa in the families Kineosporiaceae, Rhodocyclaceae,
and Myxococcaceae, all of which are also enriched in the Ara-
bidopsis root endosphere microbiome (10).

Cultivation Practice Results in Discernible Differences in the Microbiomes.
The rice fields that we sampled from were cultivated under two
practices, organic farming and a variation of conventional cultiva-
tion called ecofarming (27). Ecofarming differs from organic
farming in that chemical fertilizers, fungicide use, and herbicide use
are all permitted but growth of transgenic rice and use of post-
harvest fumigants are not permitted. Although cultivation practice
itself does significantly affect α-diversity of the rhizospheric com-
partments overall (P = 0.008, ANOVA; Dataset S14), there is also
a significant interaction between the cultivation practice used and
the rhizocompartments (P = 3.52E-07, ANOVA; Dataset S14),
indicating that the α-diversities of some rhizocompartments are
affected differentially by cultivation practice. The α-diversity within
the rhizosphere compartment varied significantly by cultivation
practice, with the mean α-diversity being higher in ecofarmed rhi-
zospheres than organic rhizospheres (P = 0.001, Wilcoxon test;
Dataset S14), whereas not in the endosphere and rhizoplane mi-
crobial communities (P = 0.51 and 0.75, respectively, Wilcoxon
tests; Dataset S14). Under nonconstrained PCoA, the cultivation
practices are separable across principal coordinates 2 and 3 for both
the WUF metric (Fig. 4D) and UUF metric (SI Appendix, Fig.
S14D). PERMANOVA of the microbial communities was in
agreement with the PCoAs in that cultivation practice has a signif-
icant impact on the rhizospheric microbial communities of field rice
plants (8.47%, P < 0.001, WUF, Dataset S5O and 6.52%, P < 0.001,
UUF, Dataset S5P). CAP analysis of the field plants constrained to
cultivation practice agreed with the PERMANOVA results that
there are significant differences between microbial communities
from organic and ecofarmed rice plants (6.9% of the variance,

Fig. 4. Root-associated microbiomes from field-grown plants are separable
by cultivation site, rhizospheric compartment, and cultivation practice. (A)
Map depicting the locations of the field experiment collection sites across
California’s Central Valley. Circles represent organic-cultivated sites
whereas triangles represent ecofarm-cultivated sites. (Scale bar, 10 mi.) (B)
PCoA using the WUF method colored to depict the various sample collec-
tion sites. (C) Same PCoA in B colored by rhizospheric compartment. (D)
Same PCoA in B and C depicting second and third axes and colored by
cultivation practice.
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and mitochondrial) reads to analyze microbial abundance in
the endosphere over time (Fig. 6A). Using this technique, we
confirmed the sterility of seedling roots before transplantation.
We found that microbial penetrance into the endosphere oc-
curred at or before 24 h after transplantation and that the pro-
portion of microbial reads to organellar reads increased over the
first 2 wk after transplantation (Fig. 6A). To further support the
evidence for microbiome acquisition within the first 24 h, we
sampled root endospheric microbiomes from sterilely germi-
nated seedlings before transplanting into Davis field soil as well
as immediately after transplantation and 24 h after transplan-
tation (SI Appendix, Fig. S24). The root endospheres of sterilely
germinated seedlings, as well as seedlings transplanted into
Davis field soil for 1 min, both had a very low percentage of
microbial reads compared with organellar reads (0.22% and
0.71%), with the differences not statistically significant (P = 0.1,
Wilcoxon test). As before, endospheric microbial abundance
increased significantly, by >10-fold after 24 h in field soil (3.95%,
P = 0.05, Wilcoxon test). We conclude that brief soil contact
does not strongly increase the proportion of microbial reads, and
therefore the increase in microbial reads at 24 h is indicative of
endophyte acquisition within 1 d after transplantation.
α-Diversity significantly varied by rhizocompartment (P < 2E-

16; Dataset S23) and there was a significant interaction between
rhizocompartment and collection time (P = 0.042; Dataset S23);
however, when each rhizocompartment was analyzed individ-
ually, the bulk soil was the only compartment that showed
a significant amount of variation in α-diversity over time (SI
Appendix, Fig. S25 and Dataset S23). The above results suggest
that a diverse microbiota can begin to colonize the rhizoplane
and endosphere as early as 24 h after transplanting into soil.
We next evaluated how β-diversities shift over time in each
rhizocompartment. We compared the time-series microbial
communities with the previous greenhouse experiment mi-
crobial communities of M104 in Davis soil (Fig. 6 B and C).
β-Diversity measurements of the time-series data indicated
that microbiome samples from each compartment are sepa-
rable by time. Furthermore, the rhizoplane and endosphere
microbiomes from the later time point in the time-series data

(13 d) approach the endosphere and rhizoplane microbiome
compositions for plants that have been grown in the green-
house for 42 d.
There are slight shifts in the distribution of phyla over time;

however, there are significant distinctions between the com-
partments starting as early as 24 h after transplantation into soil
(Fig. 6D, SI Appendix, Figs. S24B and S26, and Dataset S24).
Because each phylum consists of diverse OTUs that could ex-
hibit very different behaviors during acquisition, we next ex-
amined the dynamics and colonization patterns of specific
OTUs within the time-course experiment. The core set of 92
endosphere-enriched OTUs obtained from the previous green-
house experiment (SI Appendix, Fig. S9C) was analyzed for
relative abundances at different time points (Fig. 6E). Of the 92
core endosphere-enriched microbes present in the greenhouse
experiment, 53 OTUs were detectable in the endosphere in the
time-course experiment. The average abundance profile over
time revealed a colonization pattern for the core endospheric
microbiome. Relative abundance of the core endosphere-
enriched microbiome peaks early (3 d) in the rhizosphere and
then decreases back to a steady, low level for the remainder of
the time points. Similarly, the rhizoplane profile shows an in-
crease after 3 d with a peak at 8 d with a decline at 13 d. The
endosphere generally follows the rhizoplane profile, except that
relative abundance is still increasing at 13 d. These results sug-
gest that the core endospheric microbes are first attracted to the
rhizosphere and then locate to the rhizoplane, where they attach
before migration to the root interior. To summarize, microbiome
acquisition from soil appears to occur relatively rapidly, initiating
within 24 h and approaching steady state within 14 d. The dy-
namics of accumulation suggest a multistep process, in which the
rhizosphere and rhizoplane are likely to play key roles in de-
termining the compositions of the interior and exterior compo-
nents of the root-associated microbiome (Discussion).

Discussion
Factors Affecting the Composition of Root-Associated Microbiomes.
The data presented here provide a characterization of the
microbiome of rice, involving the combination of finer structural

Fig. 5. OTU coabundance network reveals modules of OTUs associated with methane cycling. (A) Subset of the entire network corresponding to 11
modules with methane cycling potential. Each node represents one OTU and an edge is drawn between OTUs if they share a Pearson correlation of
greater than or equal to 0.6. (B) Depiction of module 119 showing the relationship between methanogens, syntrophs, methanotrophs, and other
methane cycling taxonomies. Each node represents one OTU and is labeled by the presumed function of that OTU’s taxonomy in methane cycling. An
edge is drawn between two OTUs if they have a Pearson correlation of greater than or equal to 0.6. (C ) Mean abundance profile for OTUs in module 119
across all rhizocompartments and field sites. The position along the x axis corresponds to a different field site. Error bars represent SE. The x and y axes
represent no particular scale.
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resolution and deeper sequencing than previous plant micro-
biome studies and using both controlled greenhouse and field
studies covering a geographical range of cultivation. Specifically,
we have been able to characterize in-depth the compositions of
three distinct rhizocompartments—the rhizosphere, rhizoplane,
and endosphere—and gain insights into the effects of external
factors on each of these compartments. We note that a detailed
characterization of plant rhizoplane microbiota in relation to
the rhizosphere and the endosphere has not been previously
attempted. To achieve this, we successfully adapted protocols for
removal of rhizoplane microbes from the endosphere of Arabi-
dopsis roots (9, 10). Because the fractional abundance of
organellar reads in the rhizosphere, rhizoplane, and endosphere
exhibits a clear increasing gradient (SI Appendix, Fig. S27), we
hypothesize that we are isolating the rhizoplane fraction via
disruption of the rhizodermis, consistent with direct EM obser-
vations on Arabidopsis roots following sonication (9, 10). The
fine structure approach we have used combined with depth of
sequencing allowed us to analyze over 250,000 OTUs, an order

of magnitude greater than in any single plant species to date.
Under controlled greenhouse conditions, the rhizocompartments
described the largest source of variation in the microbial com-
munities sampled (Dataset S5A). The pattern of separation be-
tween the microbial communities in each compartment is
consistent with a spatial gradient from the bulk soil across the
rhizosphere and rhizoplane into the endosphere (Fig. 1C).
Similarly, microbial diversity patterns within samples hold the
same pattern where there is a gradient in α-diversity from the
rhizosphere to the endosphere (Fig. 1B). Enrichment and de-
pletion of certain microbes across the rhizocompartments indi-
cates that microbial colonization of rice roots is not a passive
process and that plants have the ability to select for certain mi-
crobial consortia or that some microbes are better at filling the
root colonizing niche. Similar to studies in Arabidopsis, we found
that the relative abundance of Proteobacteria is increased in the
endosphere compared with soil, and that the relative abundances
of Acidobacteria and Gemmatimonadetes decrease from the soil
to the endosphere (9–11), suggesting that the distribution of
different bacterial phyla inside the roots might be similar for all
land plants (Fig. 1D and Dataset S6). Under controlled green-
house conditions, soil type described the second largest source
of variation within the microbial communities of each sample.
However, the soil source did not affect the pattern of separation
between the rhizospheric compartments, suggesting that the
rhizocompartments exert a recruitment effect on microbial con-
sortia independent of the microbiome source.
By using differential OTU abundance analysis in the com-

partments, we observed that the rhizosphere serves an enrich-
ment role for a subset of microbial OTUs relative to bulk soil
(Fig. 2). Further, the majority of the OTUs enriched in the
rhizosphere are simultaneously enriched in the rhizoplane and/or
endosphere of rice roots (Fig. 2B and SI Appendix, Fig. S16B),
consistent with a recruitment model in which factors produced by
the root attract taxa that can colonize the endosphere. We found
that the rhizoplane, although enriched for OTUs that are also
enriched in the endosphere, is also uniquely enriched for a subset
of OTUs, suggesting that the rhizoplane serves as a specialized
niche for some taxa. Conversely, the vast majority of microbes
depleted in the rhizoplane are also depleted in the endosphere
(Fig. 2C and SI Appendix, Fig. S16C), suggesting that the selec-
tivity for colonization of the interior occurs at the rhizoplane and
that the rhizoplane may serve an important gating role for lim-
iting microbial penetrance into the endosphere. It is important to
note that the community structure we observe in each com-
partment is likely not simply caused by the plant alone. Microbial
community structural differences between the compartments
may be attributable also to microbial interactions involving both
competition and cooperation.
In the case of field plants, we observed that the largest source

of microbiome separation was due to cultivation site, rather than
the spatial compartments (Dataset S5 O and P). These results
are in contrast to the controlled greenhouse experiment where
the soil effect was the second largest source of variation, sug-
gesting the geography may be more important for determining
the composition of the root microbiome than soil structure alone
(Dataset S5A). These results differ from the results in the maize
microbiome study, where microbial communities showed clear
separation by state but not very much by geographic location
within the same state (12). However, we note that in our study
the locations within California were separated by distances of up
to ∼125 km, vs. a maximum separation of ∼40 km in the in-
trastate locations of the maize study. Other factors that might
account for the different results in our study include the number
of field sites examined (eight, vs. three intrastate fields examined
in the maize study), increased sequencing depth, different reso-
lution because spatial compartments in maize roots were not
separately analyzed, or possibly intrinsic differences between
cultivated rice and maize.
Our design of the field experiment allowed us to test for cul-

tivation practice effects on the rice root-associated microbiome,

Fig. 6. Time-series analysis of root-associated microbial communities reveals
distinct microbiome colonization patterns. (A) Ratios of microbial to
organellar (plastidial and mitochondrial) 16S rRNA gene reads in the endo-
sphere after transplantation into Davis soil. The 42-d time point corresponds
to the earlier greenhouse experiment data (Fig. 1) subsetted to M104 in
Davis soil. Mean percentages of the ratios are depicted with each bar. (B)
PCoA of the time-series experiment and the greenhouse experiment sub-
setted to plants growing in Davis soil and colored by rhizospheric com-
partment. (C) The same PCoA as in B colored by collection day after
transplantation into soil. (D) Average relative abundance for select phyla
over the course of microbiome acquisition. (E) Average abundance profile of
53 out of the 92 core endosphere-enriched OTUs in each rhizospheric com-
partment. Error bars represent SE.
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Opportunities

• Probiotics for agriculture  

• Manipulate environment to modify microbiome 

• Match varieties to environments based on microbiome 
functions and interactions 

• Microbiome as target in breeding
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To address some of these questions, we have undertaken an
exhaustive characterization of the root-associated microbiome of
rice. Rice is a major crop plant and a staple food for half of the
world’s population. Metagenomic and proteomic approaches
have been used to identify different microbial genes present in
the rice microbiome (17, 18), but an extensive characterization of
microbiome composition and variation has not been performed.
Rice cultivation also contributes to global methane, accounting
for an estimated 10–20% of anthropogenic emissions, due to the
growth of methanogenic archaea in the vicinity of rice roots (19).
Here we have used deep sequencing of microbial 16S rRNA
genes to detect over 250,000 operational taxonomic units
(OTUs), with a structural resolution of three distinct compart-
ments (rhizosphere, rhizoplane, and endosphere) and extending
over multiple factors contributing to variation, both under con-
trolled greenhouse conditions as well as different field environ-
ments. The large datasets from the different conditions sampled
in this study were used for identification of putative microbial
consortia involved in processes such as methane cycling. Through
dynamic studies of the microbiome composition, we provide
insights into the process of root microbiome assembly.

Results
Root-Associated Microbiomes Form Three Spatially Separable Com-
partments Exhibiting Distinct and Overlapping Microbial Communities.
Sterilized rice seeds were germinated and grown under con-
trolled greenhouse conditions in soil collected from three rice
fields across the Central Valley of California (SI Appendix, Fig.
S1). We analyzed the bacterial and archaeal microbiomes from
three separate rhizocompartments: the rhizosphere, rhizoplane,
and endosphere (Fig. 1A). Because the root microbiome has
been shown to correlate with the developmental stage of the
plant (10), the root-associated microbial communities were
sampled at 42 d (6 wk), when rice plants from all genotypes were
well-established in the soil but still in their vegetative phase of
growth. For our study, the rhizosphere compartment was com-

posed of ∼1 mm of soil tightly adhering to the root surface that is
not easily shaken from the root (SI Appendix, Fig. S2). The
rhizoplane compartment microbiome was derived from the suite
of microbes on the root surface that cannot be removed by
washing in buffer but is removed by sonication (SI Appendix,
Materials and Methods). The endosphere compartment micro-
biome, composed of the microbes inhabiting the interior of the
root, was isolated from the same roots left after sonication.
Unplanted soil pots were used as a control to differentiate plant
effects from general edaphic factors.
The V4-V5 region of the 16S rRNA gene was amplified using

PCR and sequenced using the Illumina MiSeq platform. A total
of 10,554,651 high-quality sequences was obtained with a median
read count per sample of 51,970 (range: 2,958–203,371; Dataset
S2). The high-quality reads were clustered using >97% sequence
identity into 101,112 microbial OTUs. Low-abundance OTUs
(<5 total counts) were discarded, resulting in 27,147 OTUs. The
resulting OTU counts in each library were normalized using the
trimmed mean of M values method. This method was chosen due
to its sensitivity for detecting differentially abundant taxa com-
pared with traditional microbiome normalization techniques
such as rarefaction and relative abundance (20). Measures of
within-sample diversity (α-diversity) revealed a diversity gradient
from the endosphere to the rhizosphere (Fig. 1B and Dataset
S4). Endosphere communities had the lowest α-diversity and the
rhizosphere had the highest α-diversity. The mean α-diversity
was higher in the rhizosphere than bulk soil; however, the dif-
ference in α-diversity between these two compartments cannot be
considered as statistically significant (Wilcoxon test; Dataset S4).
Unconstrained principal coordinate analyses (PCoAs) of

weighted and unweighted UniFrac distances were performed to
investigate patterns of separation between microbial communi-
ties (SI Appendix, Materials and Methods). The UniFrac distance
is based on taxonomic relatedness, where the weighted UniFrac
(WUF) metric takes abundance of taxa into consideration whereas
the unweighted UniFrac (UUF) does not and is thus more sen-
sitive to rare taxa. In both the WUF and UUF PCoAs, the rhi-
zocompartments separate across the first principal coordinate,
indicating that the largest source of variation in root-associated
microbial communities is proximity to the root (Fig. 1C, WUF
and SI Appendix, Fig. S4, UUF). Moreover, the pattern of sepa-
ration is consistent with a gradient of microbial populations from
the exterior of the root, across the rhizoplane, and into the in-
terior of the root. Permutational multivariate analysis of variance
(PERMANOVA) corroborates that rhizospheric compartmen-
talization comprises the largest source of variation within the
microbiome data when using a WUF distance metric (46.62%,
P < 0.001; Dataset S5A). PERMANOVA using a UUF distance,
however, describes rhizospheric compartmentalization as having
the second largest source of variation behind soil type (18.07%,
P < 0.001; Dataset S5H). In addition to PERMANOVA, we also
performed partial canonical analysis of principal coordinates
(CAP) on both the WUF and UUF metrics to quantify the var-
iance attributable to each experimental variable (SI Appendix,
Materials and Methods). This technique differs from unconstrained
PCoA in that technical factors can be controlled for in the
analysis and the analysis can be constrained to any factor of in-
terest to better understand the quantitative impact of the factor
on the microbial composition. Using this technique to control for
soil type, cultivar, and technical factors (biological replicate, se-
quencing batch, and planting container), we found that in
agreement with the PERMANOVA results, microbial commu-
nities vary significantly between rhizocompartments (34.2% of
variance, P = 0.005, WUF, SI Appendix, Fig. S5A and 22.6% of
variance, P = 0.005, UUF, SI Appendix, Fig. S5C).
There are notable differences in the proportions of various

phyla across the compartments that are consistent across every
tested soil (Fig. 1D). The endosphere has a significantly greater
proportion of Proteobacteria and Spirochaetes than the rhizo-
sphere or bulk soil, whereas Acidobacteria, Planctomycetes, and
Gemmatimonadetes are mostly depleted in the endosphere

Fig. 1. Root-associated microbial communities are separable by rhizo-
compartment and soil type. (A) A representation of a rice root cross-section
depicting the locations of the microbial communities sampled. (B) Within-
sample diversity (α-diversity) measurements between rhizospheric compart-
ments indicate a decreasing gradient in microbial diversity from the rhizo-
sphere to the endosphere independent of soil type. Estimated species
richness was calculated as eShannon_entropy. The horizontal bars within boxes
represent median. The tops and bottoms of boxes represent 75th and 25th
quartiles, respectively. The upper and lower whiskers extend 1.5× the
interquartile range from the upper edge and lower edge of the box, re-
spectively. All outliers are plotted as individual points. (C) PCoA using the
WUF metric indicates that the largest separation between microbial com-
munities is spatial proximity to the root (PCo 1) and the second largest
source of variation is soil type (PCo 2). (D) Histograms of phyla abundances in
each compartment and soil. B, bulk soil; E, endosphere; P, rhizoplane; S,
rhizosphere; Sac, Sacramento.

2 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1414592112 Edwards et al.

Figure 3 Contigs associated by Hi-C reads. A graph is drawn with nodes depicting contigs and edges
depicting associations between contigs as indicated by aligned Hi-C read pairs, with the count thereof
depicted by the weight of edges. Nodes are colored to reflect the species to which they belong (see legend)
with node size reflecting contig size. Contigs below 5 kb and edges with weights less than 5 were excluded.
Contig associations were normalized for variation in contig size.

typically represent the reads and variant sites as a variant graph wherein variant sites are
represented as nodes, and sequence reads define edges between variant sites observed in
the same read (or read pair). We reasoned that variant graphs constructed from Hi-C
data would have much greater connectivity (where connectivity is defined as the mean
path length between randomly sampled variant positions) than graphs constructed from
mate-pair sequencing data, simply because Hi-C inserts span megabase distances. Such
connectivity should, in theory, enable more accurate reconstruction of single-molecule
genotypes from smaller amounts of data. Furthermore, by linking distant sites with fewer
intermediate nodes in the graph, estimates of linkage disequilibrium at distant sites (from a
mixed population) are likely to have greater precision.

To evaluate whether Hi-C produces more connected variant graphs we compared the
connectivity of variant graphs constructed from Hi-C data to those constructed from
simulated mate-pair data (with average inserts of 5 kb, 10 kb, 20 kb, and 40 kb). To exclude
paired-end products from the analysis, Hi-C reads with inserts under 1 kb were excluded
from the analysis. For each variant graph constructed from these inputs, 10,000 variant
position pairs were sampled at random, with 94.75% and 100% of these pairs belonging to
the same connected graph component of the Hi-C and 40 kb variant graphs, respectively.

Beitel et al. (2014), PeerJ, DOI 10.7717/peerj.415 12/19
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