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INTRODUCTION

Aboveground plant surfaces (the phyllosphere) arguably represent the largest terrestrial habitat at
∼6.4 × 108 km2 (Morris and Kinkel, 2002), which is double the global land surface (Vorholt,
2012). Microbes flourish in the phyllosphere, including bacteria (Redford et al., 2010), fungi
(Kembel andMueller, 2014), and archaea (Finkel et al., 2011), although bacteria generally dominate
(Andrews and Harris, 2000). The phyllosphere bacterial community plays major roles in shaping
plant ecophysiology, including: phytopathogeny (Saleem et al., 2017), leaf litter decomposition
(Voríškova and Baldrian, 2013), and trace gas emissions (Bringel and Couée, 2015). While
much attention has focused on how phyllosphere bacterial communities affect plant-atmosphere
interactions (Remus-Emsermann and Schlechter, 2018), a current knowledge gap exists regarding
how bacterial community composition in precipitation is altered by contact with the phyllosphere.

Vegetation significantly alters the amount and pattern of mass and energy inputs to the land
surface. The phyllosphere is washed with tens to hundreds of liters over a single storm (Levia
et al., 2011), sometimes in <0.25 h (Keim and Skaugset, 2004). When rainfall contacts forest
canopies, it reaches the surface via two hydrologic fluxes: throughfall (TF) and stemflow (SF).
TF is the portion of rain that drips from the canopy or passes through gaps, while SF is that
which contacts and subsequently flows down stems, branches, and trunks. Recent work has shown
that TF and SF contain up to 2 orders of magnitude higher concentrations of bacterial cells than
open rainfall, resulting in >1016 cells ha−1 being delivered to the forest floor annually (Bittar
et al., 2018). No work has assessed the taxonomic identities of bacteria transported by TF and
SF, leaving open questions with strong ecohydrological implications: (1) Which bacterial taxa are
TF and SF transporting to the surface? and, (2) Does the bacterial composition of TF, SF, and
rainfall differ? Thus, this report examines how rainfall bacterial community composition is altered
by interaction with Quercus virginiana (Mill., southern live oak) hosting the epiphyte, Tillandsia
usneoides (L., Spanish moss) for 10 storms between March-September 2016 (Table S1). Sampled
storms were evenly spread throughout the season (Figure S1). Bacterial community composition
between rainfall, TF, and SF is compared, the potential sources of bacterial taxa are discussed, and
additional questions generated by these measurements are raised.

METHODS

Water samples were collected at the Skidaway Institute of Oceanography, Savannah,
GA, USA (31.99◦N, 81.02◦W). Rain and throughfall samplers (0.18 m2, 0.5m height,
HDPE bins) were deployed immediately before each storm. Throughfall samplers
were distributed beneath epiphyte-covered and bare canopy areas. Stemflow was
collected by polyethylene tubing (2.5 cm diameter), cut lengthwise to function as
gutters, and installed at 1.4m height around the stems. All samplers were pre-cleaned
with pH 2 ultrapure water (Milli-Q, Millipore) and triple-rinsed. Water samples
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were collected within 8 h of storm end, then 10–60mL of each
sample was filtered through 0.2µm hydrophilic polypropylene
syringe filters. Filters were refrigerated (4◦C) in the dark for no
more than 24 h until DNA extraction using PowerWater DNA
Isolation Kits (Mo-BIO Laboratories) following manufacturer
protocols.

PCR inhibitors were removed from extracted DNA samples
using Omega Bio-Tek MagBind R© Total Pure NGS Kits
(Norcross, GA, USA). A 1:1.2 sample to beads volume ratio
was used to isolate bacterial genomic DNA. The V4 region of
the 16S rRNA gene was amplified in each sample following
methods in Tinker and Ottesen (2016), and submitted to the
Georgia Genomics Facility for sequencing (Illumina MiSeq 250
× 250 bp, San Diego, CA). Sequences were analyzed using
the mothur v.1.35.1 (Schloss et al., 2009) and MiSeq standard
operating protocol with the following changes: 1 ambiguous
base per read was allowed. SILVA release 123 was used for
sequence alignment (Pruesse et al., 2007; Quast et al., 2012;
Yilmaz et al., 2013) and the August 2013 Greengenes release
was used for taxonomic classification with a bootstrap value of
70 (DeSantis et al., 2006; Wang et al., 2007; McDonald et al.,
2012). Sequences were clustered into 97% identity operational
taxonomic units (OTUs), and all samples were rarified to a
constant depth of 5,564 sequences. NonmetricMultiDimensional
Scaling (NMDS) was calculated using weighted Bray-Curtis
dissimilarities based on 97% OTUs after rarefication. Synoptic
variables for each storm were determined using the US-NOAA’s
HYSPLIT atmospheric transport and dispersion model (Stein
et al., 2015) under “normal” trajectory settings with GDAS 0.5
meteorology.

RESULTS AND DISCUSSION

Bacterial Composition of Rainfall,
Throughfall, and Stemflow
8,501,343 16S rRNA gene sequences from 174 samples passed
quality filters, averaging 48,858 reads and 605 OTUs per
sample (Table S2). The predominant phyla in all fluxes were
Proteobacteria, Bacteriodetes, Firmicutes, Actiniobacteria, and
OD1 (Figure 1). Across samples, Proteobacteria was the most
abundant phylum, in some cases exceeding 50% of sequences
(Figure 1). Bacteroidetes accounted for the next largest group of
identifiable bacterial families at 15%, followed by Actinobacteria
at 5–10% (Figure 1).

Many of these bacterial taxa are found as aerosols that catalyze
ice formation, cloud growth and subsequent “bioprecipitation,”
as well as on the phyllosphere. In particular, Proteobacteria
are abundant in the phyllosphere (Vorholt, 2012) and in
aerosols (Radosevich et al., 2002). Among the Proteobacteria,
Pseudomonadaceae generally accounted for a larger proportion
in bare and epiphyte throughfall (TFB, TFE, respectively), 12%,
compared to rainfall and SF, 5%, or less (Figure 1). Pseudomonas
is common in aerosols above plant canopies and is active
in ice nucleation and cloud microphysical processes leading
to bioprecipitation (Morris et al., 2014). Other Proteobacteria
families (Xanthomodaceae, Moraxellaceae, Enterobacteriaceae,

etc.) are considered primary biological aerosols and have been
found to be abundant down-wind from urban environments
(Després et al., 2012)—like Savannah (Georgia, USA) near our
site. Atmospheric transport of Acidobacteria to the tree canopy
is also plausible as these have been observed in cloud water
(Kourtev et al., 2011) and hailstones (Šantl-Temkiv et al., 2013);
however, this phylum (and Actinobacteria) can be abundant on
forest canopy surfaces (Kim et al., 2012).

Variability in Bacterial Community
Structure Between Fluxes
Bacterial alpha and beta diversity was similar among samples
of rainfall, SF, and TF from bare and epiphyte cover
(Figure 2A). Dissimilarity, whether weighted or unweighted, had
similar medians, interquartile ranges, non-outlier ranges, and
even lower-level outliers across sample types (Figures 2B,C).
Cross-flux variability was similar to intra-flux variability (see
Figure S2). Thus, no trends in dissimilarity were observed in
flux comparisons. These findings agree with an OTU-level
permutational multivariate analysis of variance (PERMANOVA)
that found no significant difference between fluxes (F = 1.29,
p = 0.07). The path rainwater travels through the canopy does
not appear to determine the community structure of bacteria
delivered to the forest surface during storms. These findings
are counterintuitive to previous findings; specifically, that (i) TF
and SF bacterial concentrations are two orders of magnitude
greater than in open rainfall at the same site (Bittar et al., 2018),
(ii) SF and TF primarily flow along bark and leaf surfaces,
respectively, and (iii) bark and leaf surfaces have been reported
to host distinct bacterial communities (Lambais et al., 2014). It is
seemingly paradoxical that rainwater entrained as TF and SF in
the canopy becomes enriched in the same bacterial taxa carried
by the rainwater itself. However, aerosolized bacteria that become
cloud condensation nuclei (Bauer et al., 2003), and eventually
rain, are also constantly deposited onto terrestrial surfaces during
the dry period between storms (Tong and Lighthart, 2000). The
ostensible paradox is, thus, resolved if the rainwater entrained as
TF and SF is being enriched with similar bacterial taxa that were
atmospherically deposited onto the canopy prior to the storm.

This raises questions regarding the dynamics of the
phyllosphere bacterial community. For instance, are there
two community factions in the phyllosphere: weakly-attached
and/or atmospherically-deposited bacteria vs. strongly-attached
phyllosphere bacteria? What determines which of these groups
a bacterium falls into? Do specific factions of phyllosphere
bacteria form biofilms that protect them from being scoured
away by rainwater, and why do these protective strategies not
extend to atmospherically-deposited bacteria? Findings by
Lymperopoulou et al. (2016) suggest that bacterial taxa located
on plant leaf surfaces impact bacterial communities found
in surrounding air, supporting the hypothesis that loosely-
associated phyllosphere bacteria are shared with environments
surrounding the plant surface. This report and other work at this
site (Bittar et al., 2018) suggests that weakly-attached bacteria
are numerically abundant. However, the level of activity of these
bacteria on the leaf surface and how they shape the structure
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FIGURE 1 | Relative abundances of taxa at the family level for each flux in each sampled storm. Families observed at <5% relative abundance in all samples were

combined into the “other” category.

Frontiers in Forests and Global Change | www.frontiersin.org 3 November 2018 | Volume 1 | Article 7

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Teachey et al. Net Rainfall Bacterial Community Composition

FIGURE 2 | Boxplots presenting the median (bar), interquartile range (box), non-outlier range (whiskers) and outliers (circles) for Shannon diversity and Bray-Curtis

dissimilarity indices. Alpha diversity (Shannon index) and beta diversity (abundance-weighted and unweighted Bray-Curtis dissimilarity) is plotted for (A–C) flux types

across storms and (D–F) individual storms. Bacterial communities from samples collected from all storms represented on a 2-D NMDS plot (G). Points are colored

according to storm (see D–F for color key) while shapes show flux/sample type. Rainfall amount (mm) for each storm is provided parenthetically in the x-axis of

(D–F). Arrows represent fits for the N-S and E-W components of HYSPLIT back-trajectories of the storm source (Table S1).

and function of the total phyllosphere community remains in
question.

Interstorm Variability in Bacterial
Community Composition
In contrast to the similarity of bacterial community structure
among fluxes, large variability was observed in bacterial
community composition between storms (Figures 2D–F). These
differences were found to be significant by PERMANOVA
(F = 7.48, p = 0.001). Similarity in bacterial community
composition between storms was visualized using NMDS, where
proximity of samples within a 2-dimensional space indicates
community similarity (Figure 2G). The stress value (0.16) of
this analysis is below the 0.2 threshold typically indicative of
good representation in the selected space. The observation that
bacterial communities from the same hydrologic flux (rainfall,
TF, or SF) do not cluster together suggests low similarity within
sample types (Figure 2G), indicating again that the path rain
takes through the phyllosphere to the forest floor (TF vs. SF)
does not strongly influence bacterial community composition.
However, interstorm variability appears to influence sample
clustering by NMDS. HYSPLIT back-trajectories for each storm
is strongly predictive of the positioning of individual storms
within the NMDS (N-S: r2 = 0.5534, p = 9.999e-05; E-W:
r2 = 0.3955, p = 9.999e-05). The N-S and E-W components of
the storm trajectories show similar relationships with community
data, and PERMANOVA found both trajectory sets to be

significant (p = 0.001), suggesting an overall trend in differential
community structure for storms with NE vs. SW trajectories.
One event (17-Jun-2016) exhibited a distinct cluster within the
NMDS plots, perhaps due to its radically different back-trajectory
(Figure 2G). However, this storm is not solely responsible for the
observed relationships, as NMDS analyses that exclude this storm
still show significant relationships between sample positions and
storm HYSPLIT trajectories.

Biogeochemical Implications
Previous work at this site demonstrated that SF may supply
a rapid and substantial bacterial flux (30 × 109 cells m−2

h−1) to soils during storms (Bittar et al., 2018). Members
of the most abundant phylum in canopy-derived hydrologic
fluxes, Proteobacteria, play key roles in carbon, sulfur, and
nitrogen cycling (Kersters et al., 2006). Some examples found
to be abundant in TF and SF include (i) members of
the Oxalobacteriaceae, known to include bacteria that can
fix atmospheric nitrogen, (ii) genera of Sphingomonadaceae,
members of which can metabolize aromatic carbon compounds,
and (iii) Enterobacteriaceae and Pseudomonadaceae, members
of which can oxidize sulfur (Kersters et al., 2006). β- and γ-
Proteobacteria (classes to which many of the taxa in our samples
belong) are reported to be some of the most prominent genera in
litter decomposition (Aneja et al., 2006), although Actinobacteria
and Bacteroidetes (including genera identified in TF and SF)
have been found to be abundant during litter decomposition as
well (Tláskal et al., 2016). Although less abundant in TF and SF,
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Acidobacteria are capable of metabolizing a large range of organic
carbon compounds, nitrate and nitrite reduction, forming
biofilms, stabilizing soil structures, and producing antimicrobial
compounds in soils (Ward et al., 2009). Together, these groups
have the metabolic potential to shape litter degradation and
biogeochemical cycles in the forest floor should they survive
transport and become established in this environment.

CONCLUSIONS

We report the composition and structure of bacteria exchanged
between the phyllosphere and forest floor during storm events.
Bacterial communities, surprisingly, did not differ significantly
in water sampled from various fluxes: rainfall (no canopy
interaction), SF (bark-dominated flowpath), and TF (leaf-
and epiphyte-dominated flowpaths). Significant differences in
bacterial community composition were observed across all fluxes
between storms. This suggests that storm characteristics may
shape the bacterial community of sub-canopy rainfall. Findings
indicate that, although SF and TF are enriched in bacteria
compared to rainfall (Bittar et al., 2018), this enrichment
may not represent a disruption in the local phyllosphere
bacterial communities, along which TF and SF drain. Rather,
TF and SF drainage during storms may primarily suspend and
transport atmospherically-deposited biological aerosols. Future
work should assess the influence of tree species and stand
structure. Finally, should the bacteria transported by TF and
SF be able to access or establish microbial communities at the
forest floor, there may be broad biogeochemical implications for
the litter layer, topsoil, and rhizosphere. Thus, we suggest future
research assess the fate and potential function of microbes in TF
and SF at the forest surface.
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