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ABSTRACT Patterns of phyllosphere diversity have become increasingly clear with
high-throughput sequencing surveys, but the processes that control phyllosphere di-
versity are still emerging. Through a combination of lab and field experiments using
Napa cabbage and lactic acid bacteria (LAB), we examined how dispersal and estab-
lishment processes shape the ecological distributions of phyllosphere bacteria. We
first determined the abundance and diversity of LAB on Napa cabbage grown at
three sites using both culture-based approaches and 16S rRNA gene amplicon se-
quencing. Across all sites, LAB made up less than 0.9% of the total bacterial commu-
nity abundance. To assess whether LAB were low in abundance in the Napa cab-
bage phyllosphere due to a limited abundance in local species pools (source
limitation), we quantified LAB in leaf and soil samples across 51 vegetable farms and
gardens throughout the northeastern United States. Across all sites, LAB comprised
less than 3.2% of the soil bacterial communities and less than 1.6% of phyllosphere
bacterial communities. To assess whether LAB are unable to grow in the phyllo-
sphere even if they dispersed at high rates (establishment limitation), we used a
gnotobiotic Napa cabbage system in the lab with experimental communities mim-
icking various dispersal rates of LAB. Even at high dispersal rates, LAB became rare
or completely undetectable in experimental communities, suggesting that they are
also establishment limited. Collectively, our data demonstrate that the low abun-
dance of LAB in phyllosphere communities may be explained by establishment limi-
tation.

IMPORTANCE The quality and safety of vegetable fermentations are dependent on
the activities of LAB naturally present in the phyllosphere. Despite their critical role
in determining the success of fermentation, the processes that determine the abun-
dance and diversity of LAB in vegetables used for fermentation are poorly character-
ized. Our work demonstrates that the limited ability of LAB to grow in the cabbage
phyllosphere environment may constrain their abundance on cabbage leaves. These
results suggest that commercial fermentation of Napa cabbage proceeds despite low
and variable abundances of LAB across different growing regions. Propagule limita-
tion may also explain ecological distributions of other rare members of phyllosphere
microbes.

KEYWORDS 16S, cabbage, community assembly, lactic acid bacteria, microbiome,
phyllosphere

The phyllosphere, the aboveground portion of plants that can be colonized by
microbes, plays important roles in the productivity of agricultural systems, as well

as the safety and quality of food (1–3). Various bacteria, fungi, and other microbes
colonize the phyllosphere, where they are antagonists, commensals, or mutualists of
their hosts (4–7). Many recent studies have described patterns of phyllosphere micro-
bial diversity using high-throughput sequencing (4, 8–16). An extensive body of
experimental work has characterized the dynamics of phyllosphere species and pop-

Citation Miller ER, Kearns PJ, Niccum BA,
O’Mara Schwartz J, Ornstein A, Wolfe BE. 2019.
Establishment limitation constrains the
abundance of lactic acid bacteria in the Napa
cabbage phyllosphere. Appl Environ Microbiol
85:e00269-19. https://doi.org/10.1128/AEM
.00269-19.

Editor Karyn N. Johnson, University of
Queensland

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Benjamin E. Wolfe,
benjamin.wolfe@tufts.edu.

Received 31 January 2019
Accepted 14 April 2019

Accepted manuscript posted online 19
April 2019
Published

FOOD MICROBIOLOGY

crossm

July 2019 Volume 85 Issue 13 e00269-19 aem.asm.org 1Applied and Environmental Microbiology

17 June 2019

https://doi.org/10.1128/AEM.00269-19
https://doi.org/10.1128/AEM.00269-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:benjamin.wolfe@tufts.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00269-19&domain=pdf&date_stamp=2019-4-19
https://aem.asm.org


ulations, including many plant pathogens and biocontrol agents (17, 18). A mechanistic
understanding of the specific ecological processes that explain patterns of phyllo-
sphere community composition is still emerging.

Dispersal may be one ecological process that shapes phyllosphere microbiome
diversity and function. When a microbe is present in a local species pool, its abundance
in the phyllosphere may be constrained by how many cells successfully reach and
colonize available plant leaf habitat. In plant and animal ecology, species are consid-
ered propagule limited when propagules (seeds, spores, larvae, etc.) fail to reach all
suitable habitat patches at saturating densities (19–22). While the term propagule is not
widely used in microbiology, a microbial propagule is a cell or other biological unit (e.g.,
spore, group of cells in a biofilm) that can generate a new microbial population when
disseminated (23). Propagule limitation can be divided into three different compo-
nents: (i) source limitation, where not enough propagules are locally produced to
colonize all potential habitats; (ii) dispersal limitation, where enough propagules are
produced, but they cannot reach all available habitats; and (iii) establishment limitation,
where local population sizes are constrained by availability of viable niche spaces and
not by propagule abundance (22) (Fig. 1A). Several studies in other microbiomes,
including the built environment (24), tree roots (25), and aquatic communities (26),
have provided observational evidence for propagule limitation. Many studies in the
phyllosphere have tracked the dispersal and movement of microbial species and
populations (17), but we are unaware of studies that have experimentally tested the
significance of propagule limitation as a driver of phyllosphere microbiome community
composition.

Lactic acid bacteria (LAB) can be found in the phyllosphere and are widely known
for their beneficial impacts in food systems (27). In addition to fermenting vegetables
to make products such as sauerkraut, kimchi, and natural pickles (28–30), plant-
associated LAB have the potential to impact human health through increasing the
nutritional quality of raw food materials (31). Despite their widespread use in food
fermentation, surprisingly little is known about the ecology of LAB in the phyllosphere
(32, 33). Most studies have focused on the dynamics of LAB during fermentation (28, 34,
35), and the processes that determine LAB distributions in the phyllosphere are largely
unknown.

Lactic acid bacteria are essential for successful vegetable fermentations, and varia-
tion in the initial abundance and composition of LAB may impact the outcome of
cabbage fermentation (36–39). In both large- and small-scale production, vegetable
fermentations are not usually inoculated with defined starter cultures and instead rely
on LAB present in the phyllosphere (40). Microbes from local species pools in the farms
where cabbages are grown colonize cabbage leaves during phyllosphere microbiome
assembly. During the fermentation process, the phyllosphere microbiome undergoes a
second stage of community assembly, leading to a new fermented vegetable micro-
biome (Fig. 1B). Some studies have detected LAB in soil and water (41, 42), but the
sources of LAB cells in agricultural systems and their dispersal dynamics are poorly
characterized.

Here, we introduce cabbage leaves as a model system for determining the ecolog-
ical processes shaping phyllosphere bacterial community composition. We used Napa
cabbage (Brassica rapa subsp. pekinensis, also known as Chinese cabbage), which is
grown around the world to be consumed fresh, as well as for fermentation into kimchi
and other fermented vegetable products (43–45). It is a fast-growing species that can
be easily grown in plant tissue culture and seeds can be sterilized to create gnotobiotic
plants. Using field- and lab-grown plants, we first determined that LAB are low in
abundance in the Napa cabbage phyllosphere (NCP). We then used field sampling and
an experimental approach with gnotobiotic cabbages to determine that establishment
limitation explains the low abundance of LAB in the NCP. Our work demonstrates the
utility of the Napa cabbage system as a model to link patterns with processes in
phyllosphere microbiomes and illustrates the importance of dispersal processes in
explaining species distributions in microbial communities.
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RESULTS
LAB are in low abundance in the Napa cabbage phyllosphere. To estimate the

abundance and diversity of LAB in the NCP, we grew Napa cabbages at three different
field sites in the Boston, MA, area (see Fig. S2 in the supplemental material). After 2
months in the field (August through October), cabbages were returned to the lab
where we determined phyllosphere bacterial community composition using 16S rRNA
gene amplicon sequencing. We also plated cabbage leaf homogenates on de Man,

FIG 1 Conceptual overview of propagule limitation and the farm-to-ferment assembly of fermented vegetable
microbiomes. (A) The three types of propagule limitation are source, dispersal, and establishment. Source limitation
is where not enough propagules are present in local species pools to disperse to the phyllosphere. Dispersal
limitation is where enough propagules are produced in local species pools, but they cannot reach all available
habitats due to lack of dispersal opportunities. Establishment limitation is where local population sizes are
constrained by the availability of habitats that can be colonized, for example, by competition with other
phyllosphere bacteria. (B) Local species pools consist of bacteria that could disperse to cabbage leaves to form the
phyllosphere microbiome. When chopped up and fermented, the phyllosphere microbiome is reassembled to
become the fermented vegetable microbiome.
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Rogosa, and Sharpe (MRS) agar, which is selective for many LAB taxa (46), and tryptic
soy (TS) agar, which enables the growth of many phyllosphere community members
(47). We paired these culture-based approaches with amplicon sequencing of the 16S
rRNA gene (V4 variable region) to determine the relative abundance (RA) of LAB as all
reads assigned to the order Lactobacillales compared to the total number of bacterial
reads in each sample. Plating demonstrated that LAB were low in abundance in the
NCP, with average total cultural abundances of 0.76% at site 1, 0.51% at site 2, and
1.09% at site 3 (Fig. 2A). Amplicon sequencing also demonstrated the low abundance
of LAB with RAs of 0.30% at site 1, 0.89% at site 2, and 1.68% at site 3 (Fig. 2B).

Amplicon sequencing enabled us to determine not just the relative abundance of
LAB but also the diversity of LAB genera present in the NCP. Members of the Lacto-
bacillaceae, Leuconostocaceae, and Streptococcaceae were detected in low numbers on

FIG 2 Microbial diversity and LAB abundance in the Napa cabbage phyllosphere. (A) Abundance of total culturable bacteria (TS agar in blue) and lactic acid
bacteria (MRS agar in red) in the Napa cabbage phyllosphere at three sites in the Boston, MA, area. Site 1, n � 9; site 2, n � 10; site 3, n � 7. (B) Relative
abundance of bacterial phyla and Lactobacillales families identified in the Napa cabbage phyllosphere using amplicon sequencing of the 16S rRNA gene. Each
column represents an individual cabbage showing the initial phyllosphere microbiome of the lab-grown cabbage (n � 5), site 1 phyllosphere (n � 9) and
fermented (n � 4), site 2 phyllosphere (n � 10) and fermented (n � 4), and site 3 (n � 7) and fermented (n � 4). Members of the Lactobacillales are shown at
the family level in order to indicate the prevalence of major LAB groups. (C) Abundance of total culturable bacteria (TS agar in blue) and lactic acid bacteria
(MRS agar in red) in the Napa cabbage phyllosphere from cabbages purchased at five supermarkets. For each supermarket, n � 6. (D) Relative abundance of
phyla identified in the Napa cabbage phyllosphere purchased from one of the five supermarkets. Each column represents an individual cabbage. As with panel
B, members of the Lactobacillales are shown at the family level in order to indicate the prevalence of major LAB groups.

Miller et al. Applied and Environmental Microbiology

July 2019 Volume 85 Issue 13 e00269-19 aem.asm.org 4

https://aem.asm.org


the cabbages from all three sites, including the genera Lactobacillus, Fructobacillus,
Leuconostoc, Lactococcus, and Streptococcus (see Table S1 in the supplemental mate-
rial). These genera contain species that are important for vegetable fermentation,
including Leuconostoc mesenteroides, a common heterofermentative LAB detected in
the early stages of many fermented vegetables (48), and Lactobacillus plantarum, a
homofermentative LAB that is typically found in the later stages of fermentation (48).
Although the NCP reads assigned to LAB were low, all of the main LAB families essential
for fermenting vegetables were detected at all three sites.

Sequence-based data on cabbage phyllosphere bacterial diversity are very limited
(43, 49), and our amplicon sequence data help fill this gap. Across the three sites,
Proteobacteria dominated the amplicon sequence data sets, with Bacteroidetes, Firmi-
cutes (non-LAB), and Actinobacteria making up smaller fractions of the NCP at each site
(Fig. 2B, Table S2). This phylum-level composition is similar to the phyllosphere micro-
biomes of other leafy vegetables (47, 50–52) and a range of other plant species where
Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes dominate (3, 50, 53–55). The
most abundant bacterial genera detected across the three sites were Sphingomonas,
Pseudomonas, and Methylobacterium, which are also abundant taxa in many phyllo-
sphere microbiomes (4, 56). While the same broad taxonomic groups of bacteria were
found across the three sites, there were significant differences in phyllosphere com-
munity composition across all three sites (permutational multivariate analysis of vari-
ance [PERMANOVA]; F � 34.02, P � 0.001), suggesting that differences in local species
pools can drive variation in NCP assembly across sites.

To determine how LAB abundances in the NCP change from phyllosphere to
fermentation, we measured fermentation potential of NCP material from each of the
three sites. Leaves were chopped into small pieces, combined with salt (2% [wt/wt]),
and fermented at 24°C for 14 days. At site 1 and site 3, the RAs of LAB in the community
increased as the cabbage was fermented (Fig. 2B), and we observed characteristic declines
in pH in our small-scale fermentations (see Fig. S1 in the supplemental material). The
increase in LAB was particularly striking at site 3, where the LAB went from �1% RA in
phyllosphere samples to an RA of �50% in three of the four fermented samples (Fig. 2B).
The fermentation of site 2 phyllosphere samples diverged from site 1 and site 3 in that site
2 communities were dominated by Proteobacteria and had very small amounts of LAB at
the end of fermentation. As with the phyllosphere communities, the composition of
fermented bacterial communities was significantly different across sites (PERMANOVA;
F � 21.43, P � 0.01), suggesting that initial phyllosphere composition can translate into
differences in final fermentation community composition.

To confirm that LAB are consistently low in abundance in the NCP and that our
findings were not an artifact of our experimental manipulations, field sites, or cabbage
variety, we used the same culture-based and amplicon sequencing approaches to
measure LAB in Napa cabbages purchased from five supermarkets in Boston, MA. Using
culture-based methods, LAB had a low abundance in all of the sampled cabbages with
a total cultural abundance between 0.004 and 0.78% (Fig. 2C). Using amplicon sequenc-
ing on cabbages from one of the supermarkets, the RA of LAB in the NCP was found
to be 0.16%, supporting the culture-based results (Fig. 2D; see Table S3 in the supplemen-
tal material). Together, these results indicate that LAB are not abundant in the NCP both in
experimental cabbages grown in our field sites and in commercially available cabbages.
Building on this observation, we next sought to determine ecological explanations for the
rarity of LAB.

LAB are not abundant in local species pools across the northeastern United
States. One explanation for why LAB have a low abundance in the Napa cabbage
microbiome is that they are rare in local species pools in farms and gardens, or source
limited (Fig. 1A). A limited abundance of LAB in species pools would provide few
opportunities for dispersal of LAB cells to the NCP. While there are many potential
species pools that could be sources of LAB, such as water (57), insects (58, 59), soil (16),
and leaves (60), we selected and tested the two species pools that we predicted could
be the main reservoir for the phyllosphere microbial community: soil and leaves.
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To determine whether LAB are source limited, we sampled soil and leaves from 51
sites throughout the northeastern United States (Fig. S2) and used selective plating and
amplicon sequencing to determine LAB abundance in the species pools. Sites 1, 2, and
3 from above were included in this species pool survey. Sampling locations were small
farms or community gardens where cruciferous vegetables, including cabbage, were
being grown or had been grown in the recent past. At each site, soil and leaves were
collected from five randomly selected locations and were then pooled and homoge-
nized to give a site-specific sample. Soil samples were taken from the top 5 cm of soil
after dead plant litter was removed. Leaf samples consisted of a mix of vegetation,
including crop and weed species (Amaranthus retroflexus, Portulaca oleracea, Cerastium
arvense, Chenopodium album, and Ambrosia artemisiifolia). We did not directly sample
cabbage leaves because each site had a range of cabbages of different species, varieties,
and ages and because some sites were not growing cabbage while we were sampling.
Weed species growing within each site provided a common potential species pool that
could be consistently sampled. We used the same paired culture-based plating and 16S
rRNA gene amplicon sequencing as described above to determine the RA of LAB in the NCP
to estimate the RA of LAB in soil and leaf species pools.

Across all 51 sites, LAB had a low abundance in both the leaf and soil species pools.
With culture-based methods, the mean RAs of LAB were 1.55% in the leaves and 3.20%
in the soil (Fig. 3A). Using 16S rRNA gene amplicon sequencing across a subset (n � 14)
of the soil and leaf samples from across the geographic range sampled, we found a

FIG 3 LAB are rare in species pools. (A) Abundance of total culturable bacteria (TS agar in blue) and lactic acid bacteria (MRS agar in red) in leaf and soil species pools
from 51 farms through the northeastern United States. Each point represents CFU data collected from a pool of five leaf or soil samples from each site. (B) Relative
abundance of bacteria found in leaf samples and soil samples at a subset of farms from panel A, as determined with amplicon sequencing of the 16S rRNA gene (V4
region). As with Fig. 2, members of the Lactobacillales are shown at the family level in order to indicate the prevalence of major LAB groups. Each column represents
sequence data collected from a pool of five leaf or soil samples from each site. Data from 14 sites are presented. (C) Relative abundance of Lactobacillales in amplicon
sequence data collected as part of the Earth Microbiome Project. Points indicate means, and error bars indicate one standard deviation.
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much lower RA of LAB, where leaves had an RA of 0.32% and soil had an RA of 0.14%
(Fig. 3B; Table S4). The lower RA of LAB detected using amplicon sequencing is likely
due to an inability to culture many leaf and soil bacteria on TS agar and incomplete
selectivity of the MRS agar leading to undercounting of non-LAB community members
relative to LAB. This survey across the northeastern United States indicated that LAB are
rare members in the sampled species pools of soil and leaves. These species pools
could be the main reservoir for the Napa cabbage microbiome and the scarcity of LAB
in these species pools may contribute to an overall low abundance of LAB in environ-
ments where Napa cabbages grow.

To determine whether LAB that colonize NCP can be found in the soil and leaf
species pools, we compared LAB detected in the NCP phyllosphere data collected from
sites 1 to 3 with our survey of soil and leaf samples across the 51 sites. All of the LAB
taxa identified in the NCP were also detected in the soil and leaf species pools (Table
S1). However, there were LAB identified in these species pools which were not detected
in the NCP. For instance, Vagococcus and Enterococcus (Enterococcaceae) were present
in one of the soil samples, but not present in any of the sampled NCPs. Facklamia and
Aerococcus (Aerococcaceae), as well as Alloiococcus, Desemzia, Marinilactibacillus, Do-
losigranulum, Granulicatella, and Atopoistipes (Carnobacteriaceae), were present in a few
of the sampled species pools (both soil and leaves) but were rarely detected in the NCP.
These data indicate that the sampled species pools could be reservoirs of LAB that can
eventually colonize cabbage leaves.

LAB are in low abundance across a global sample of soil and leaf species pools.
To further examine the distribution and abundance of LAB in the environment, we
determined the relative abundance of taxa from the order Lactobacillales in a recently
published global survey of bacterial communities (61). At a global scale, LAB were in
low abundance with a mean RA of �2.0% (standard deviations, �9.2%). In the majority
of soils and plant-associated systems, LAB were particularly rare with average RAs of
�0.001% except in steppe (mean RA � 3.7%) and dry soils (mean RA � 1.6%) (Fig. 3C).
Outside of soil- and plant-associated systems, LAB were present in low relative abun-
dance across multiple ecosystems (mean RA � 0.01%; Fig. S2). Several hot spots for LAB
abundance were observed in insect-associated habitats (mean RA � 22.5%), human-
associated habitats (mean RA � 15.1%), bird nests (mean RA � 11.1%), coral reefs
(mean RA � 10.9%), animal-associated habitats (mean RA � 9.3%), and city environ-
ments (mean RA � 7.8%). These global data suggest that the abundance of LAB is
constrained across many plant and soil environments and that the rarity of LAB is not
unique to the Napa cabbage phyllosphere environment.

Gnotobiotic and field-grown Napa cabbages demonstrate that LAB are estab-
lishment limited. In addition to being source limited, establishment limitation could
also constrain the abundance of LAB in the NCP (Fig. 1A). Despite being in low
abundance in the field environment, it is possible that LAB could be capable of rapid
growth once they arrive in the NCP if they can easily become established. However, if
LAB cannot colonize the leaf due to poor growth, weak competitive abilities, or an
inability to tolerate the phyllosphere environment, they will remain at a low abundance
in the cabbage phyllosphere.

To test whether LAB are establishment limited, we developed gnotobiotic Napa
cabbages. These cabbages were prepared by surface-sterilizing Napa cabbage seeds
and planting them into sterilized glass tubes containing Murashige and Skoog (MS)
basal salt broth and calcined clay (Fig. 4A). After the cabbages had grown for a week,
we inoculated them with pure cultures of LAB, along with various levels of LAB mixed
with a synthetic phyllosphere community (SPC) consisting of 14 bacterial taxa repre-
senting the common phyla of bacteria detected in the NCP (Table 1). Four different
lactic acid bacteria were tested: Leuconostoc mesenteroides strain BN10, Lactobacillus
plantarum strain MKR2, Lactococcus lactis strain D119, and Pediococcus pentosaceus
strain B6N. These bacteria represent some of the most common genera and species of
LAB that are consistently found in fermented vegetable products (28, 62, 63). The ability
of LAB to establish in the NCP was measured by comparing their abundance at the start
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of the experiment (input) to their abundance after 10 days of growth in the NCP
(output). Three different ratios of LAB relative to the SPC were inoculated onto the Napa
cabbages to determine how initial LAB abundance impacts establishment: a 1:1, a 1:10,
and a 1:100 initial starting ratio of LAB to SPC (Fig. 4B). The 1:100 dilution results in LAB
abundances that approximate levels detected in our field experiments described
above. The treatment with high levels of LAB relative to the SPC (1:1) was designed to
mimic high rates of LAB dispersal to the NCP (Fig. 4B).

All four of the LAB tested decreased in abundance when sprayed onto Napa
cabbages as pure cultures, suggesting that LAB cannot grow alone on Napa cabbage
leaves and instead die over time (Fig. 4C). Decreases in viable LAB cells ranged from �3
log in L. lactis to �1 log in P. pentosaceus (Fig. 4C). In the presence of the SPC, the
decline of LAB was even greater, with all LAB decreasing when inoculated at a 1:1 ratio
with the SPC. For example, in the presence of the SPC, there was an �2-log-fold
decrease in viable P. pentosaceus cells. Dilution of the LAB (the 1:10 and 1:100 LAB:SPC
treatments) resulted in a greater decrease in LAB abundances (Fig. 4C). The most

FIG 4 Gnotobiotic cabbages demonstrate that LAB are establishment limited in the Napa cabbage phyllosphere. (A) Photograph of gnotobiotic Napa cabbages
used in experiments. (B) Overview of experimental design showing four treatments (LAB grown alone, LAB grown 1:1 with synthetic phyllosphere community
[SPC], LAB grown 1:10 with SPC, and LAB grown 1:100 with SPC). Treatments were applied using sterile brown amber spray bottles. Four lactic acid bacteria
were used in these experiments: Pediococcus pentosaceus strain B6N, Leuconostoc mesenteroides strain BN10, Lactobacillus plantarum strain MKR2, and
Lactococcus lactis strain D119. (C) Abundance of the SPC (TS agar in blue) and LAB (MRS agar in red) in the input (I) inoculum and output (O) after 10 days of
growth in the NCP is shown. Input and output were significantly different from one another in all tested LAB species (t test, P � 0.5, corrected for repeat
sampling using a Hochberg correction; n � 8; ND, not detected).
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dramatic decrease was seen in Lactobacillus plantarum, which when coinoculated with
the SPC was not detected at any of the three LAB dilutions. In two of the tested LAB,
L. mesenteroides and P. pentosaceus, no bacteria were detected after being applied at
the lowest (1:100) dilution. In contrast to the decrease in abundance seen in all of the
LAB sprayed onto the NCP, the SPC increased in abundance in all treatments, demon-
strating that the experimental conditions were conducive to bacterial growth. The SPC
had an average abundance of 1.6 � 108 CFU/g across all community treatments, which
is comparable to levels detected in field-grown cabbages (Fig. 2A).

To confirm that LAB are also establishment limited in a field setting with larger
cabbages and background levels of bacterial dispersal, 3-week-old Napa cabbage
seedlings were inoculated with a mixed community of LAB (Leuconostoc mesenteroides
strain BN10, Lactobacillus plantarum strain MKR2, and Pediococcus pentosaceus strain
B6N; here referred to as “�LAB”) or phosphate-buffered saline (PBS; here referred to as
“Control”) and then planted into three treatment and three control beds in an exper-
imental garden at Tufts University in Medford, MA, in mid-May (Fig. 5A). We selected
these three LAB because they are naturally resistant to vancomycin, as are many
members of the Lactobacillales (64, 65), and can therefore be easily tracked after being
applied to plants in field settings. After a month of growth, a leaf was removed from
each cabbage, and the RA of the LAB was estimated using culture-based approaches.
Ten days later, the cabbages were sprayed again with the LAB mix or PBS, and the
abundance of LAB was determined after 17 days.

As with our lab-grown gnotobiotic cabbages, the LAB did not grow well in the
phyllosphere of field-grown plants. After the initial inoculation, �LAB cabbages had an
average LAB density of 1.0 � 106 CFU/g, and only one out of 45 Control cabbages had
detectable LAB (6 CFU/g; Fig. 5B). After 1 month, no LAB were detected in both the
Control and the �LAB cabbages, demonstrating the same rapid die-off of LAB in the
phyllosphere observed in laboratory conditions (Fig. 5B). At the time of the second
inoculation, Control cabbages had background densities of LAB similar to what were
observed in our field-planted cabbages described above. This background LAB growth
is likely due to colonization from local species pools or movement of LAB between
treatment and control beds. The second inoculation raised the LAB density to an
average density of 2.5 � 105 log CFU/g in the �LAB treatment, but LAB levels de-
creased to an average of 5.5 � 103 log CFU/g about 2 weeks later (Fig. 5C).

TABLE 1 Bacterial isolates used to construct the synthetic phyllosphere community in gnotobiotic cabbages

Strain Phylum Family Genus/species

NCBI accession
no. of 16S rRNA
gene sequence Isolation source

BSC5 Alphaproteobacteria Rhizobiaceae Unknown Rhizobiaceae species MK308543 NCPa

BSC6 Gammaproteobacteria Enterobacteriaceae Pantoea sp. MK308544 NCP
BSC12 Gammaproteobacteria Enterobacteriaceae Pantoea sp. MK308545 NCP
BSC13 Actinobacteria Microbacteriaceae Microbacterium sp. MK308546 NCP
BSC14 Bacteroidetes Sphingobacteriaceae Pedobacter sp. MK308547 NCP
BSC44 Alphaproteobacteria Caulobacteraceae Brevundimonas sp. MK308548 NCP
BSC45 Gammaproteobacteria Pseudomonadaceae Pseudomonas sp. MK308549 NCP
BSC46 Actinobacteria Micrococcaceae Unknown Micrococcaceae species MK308550 NCP
BSC51 Gammaproteobacteria Xanthomonadaceae Xanthomonas sp. MK308551 NCP
BSC57 Betaproteobacteria Alcaligenaceae Achromobacter sp. MK308552 NCP
BSC58 Alphaproteobacteria Sphingomonadaceae Sphingomonas sp. MK308553 NCP
GR2 Actinobacteria Microbacteriaceae Curtobacterium sp. MK308554 NCP
GR11 Actinobacteria Microbacteriaceae Unknown Microbacteriaceae species MK308555 NCP
GR29 Bacteroidetes Sphingobacteriaceae Sphingobacterium sp. MK308556 NCP
BN10 Firmicutes Leuconostocaceae Leuconostoc mesenteroides MK329278 NCP
MKR2 Firmicutes Lactobacillaceae Lactobacillus brevis MK329281 Fermented vegetable

product
B6N Firmicutes Lactobacillaceae Pediococcus pentosaceus MK329280 NCP
D119 Firmicutes Streptococcaceae Lactococcus lactis MK329277 Farm soil
aNCP, Napa cabbage phyllosphere.
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To determine whether supplementing field cabbages with LAB changed fermenta-
tion outcomes, we harvested Control and �LAB cabbages and fermented them in small
(118-ml) sterile glass jars. Both Control and �LAB cabbages had similar fermentation
dynamics, with no significant differences in total LAB abundance (Fig. 5D) or acidifica-

FIG 5 LAB are establishment limited in the phyllosphere of field-grown Napa cabbages. (A) Overview of the experimental design. Napa cabbages were grown
in the lab and were sprayed with either PBS as a control or an equal mix of three LAB (Pediococcus pentosaceus strain B6N, Leuconostoc mesenteroides strain
BN10, and Lactobacillus plantarum strain MKR2) for the �LAB treatment. Input data were collected right after inoculation, and output data were collected after 30 days
of growth in the field. After 10 days of growth, cabbages were inoculated again with the same treatments. Input data were collected at the second inoculation, and
output data were collected after 17 more days of growth. (B) Abundance of LAB (MRS agar in red) and other phyllosphere bacteria (TS agar in blue) in the input (I)
inoculum and output (O) leaf harvests for the first period of the experiment. An asterisk indicates a significant difference between input (I) and output (O) bacterial
densities (t test, P � 0.5, corrected for repeat sampling using a Hochberg correction). The number of replicates is indicated at the bottom of the graph. ND, not detected.
(C) Same as panel B, but for the second set of inputs and outputs. (D) Abundance of LAB during fermentation of cabbages from the Control and �LAB treatments
in panels B and C. Points indicate mean values (n � 3). Error bars represent one standard deviation. (E) pH during fermentation of cabbages from the Control and �LAB
treatments in panels B and C. Points indicate mean values (n � 3). Error bars represent one standard deviation. Control and �LAB treatments were not significantly
different from one another in panel D or E (see the text for repeated-measures ANOVA statistics).
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tion (Fig. 5E) over the 2 weeks of fermentation (LAB abundance repeated-measures
ANOVA, F1,4 � 0 .01, P � 0.95; acidification repeated-measures ANOVA, F1,4 � 0.18,
P � 0.69). These results demonstrate that low levels of LAB are sufficient for a successful
fermentation to proceed and that supplementation of LAB in the field is unlikely to
impact fermentation outcomes.

DISCUSSION

Lactic acid bacteria are critical for successful vegetable fermentation and fermented
vegetable producers rely on naturally occurring LAB during the production of these
foods. While a number of common LAB species are detected in fermented products,
there are few studies which investigate the ecology of these LAB in either the vegetable
phyllosphere or the field environment (66, 67). We used culture-based and sequencing
methods to show that LAB are in low abundance in the phyllosphere of experimental
and commercially available Napa cabbages. Using lab and field experiments, we
investigated whether two components of propagule limitation, source and establish-
ment limitation, could explain the low abundance of LAB in the NCP. Source limitation
was tested by conducting a survey of two different species pools across 51 sites
throughout the northeastern United States. This survey found that LAB were rare in
both soil and leaf species pools, and this result held true at a global scale. By inoculating
LAB into the NCP, it was also shown that they are unable to establish or grow, providing
evidence that establishment limitation could also restrict their abundance. Surprisingly,
instead of finding evidence for growth of LAB in the phyllosphere, we found that they
die over time, both alone and when growing with other phyllosphere bacteria. Our
work demonstrates that while LAB are consistently found on Napa cabbage plants, they
are always at low abundance and have limited capabilities to grow in the phyllosphere.

The culture-based and amplicon sequencing results indicate that LAB are consis-
tently in low abundance in the Napa cabbage phyllosphere. Our study only used
varieties of Napa cabbage (Brassica rapa subsp. pekinensis), and there are many other
Brassica species and cultivars that are fermented including green, red, and savoy
cabbage (all cultivars of Brassica oleracea). The different phylloplane structure and
chemistry of these species and cultivars could influence the ability of LAB to grow and
establish, and LAB may not be establishment limited for all cabbage varieties or all
plant species. However, previous studies do support our observation of limited colo-
nization by LAB in other phyllosphere systems. Metagenomic studies that were not
specifically designed to study the ecology of LAB also found that Lactobacillales are
generally in low abundance in the phyllosphere (51, 52, 68). Culture-based studies from
the 1960s noted that LAB are in low abundance on the surfaces of cucumbers, beets,
carrots, and other vegetables (67). A recent survey of a fermentation production facility
found that LAB are in low levels in the green cabbage phyllosphere (49). Collectively,
these studies demonstrate a consistently low abundance of LAB across other species
and varieties of cabbage, as well as other vegetables.

Our survey of soil and leaf species pools from 51 sites demonstrates that LAB are rare
in agroecosystems of the northeastern United States. We focused on two species pools,
soil and leaves, which we predicted would be the main inoculation source for the
phyllosphere microbiome. Soil was thought to be a potential species pool as previous
research has shown the phyllosphere is typically a subset of the bacteria detected in the
rhizosphere (16). Leaves were also considered a potential species pool for the phyllo-
sphere microbiome since neighboring plants growing in proximity to Napa cabbages
could facilitate dispersal of microbes as plant leaves brush against one another or as
other vectors (farm tools, humans, insects, etc.) move bacteria from one plant to
another. LAB were in low abundance in both of these tested species pools, which
demonstrates the potential for source limitation of LAB in agroecosystems.

We acknowledge that there are other potential reservoirs of LAB that might colonize
cabbage leaves that were not sampled in this study. For example, water (57), air (60),
and herbivores that feed on cabbage leaves (59, 69) could all contain LAB. Insects could
be an especially important species pool to consider as certain insects, including
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Scaptomyza spp. and Mamestra brassicae, have been reported to vector bacteria
between plants as they feed on leaves (58, 70). Honeybee species have been shown to
have LAB in their intestinal tracts (59), and although bees do not usually feed on leaves,
they could have other interactions with plant leaves that might transfer bacteria into
the phyllosphere. Our analysis of the Earth Microbiome Project data revealed that
members of the Lactobacillales were highest in abundance in insect-associated systems,
as well as in association with birds, and were low in abundance in water, air, and soil.
This suggests that herbivory or excretion from birds may contribute LAB to phyllo-
sphere microbiomes. Future experiments that experimentally manipulate insect her-
bivory in the Napa cabbage phyllosphere could help assess the contribution of this
microbial species pool to dispersal dynamics of LAB.

LAB were not able to grow well in the phyllosphere, and the levels decreased
despite inoculating the cabbages with large amounts of LAB. Initial LAB inoculum lost
viability over time and fell to levels comparable to those detected in the Napa cabbages
planted out at the three field sites. These data suggest that there may be a low carrying
capacity for LAB on the leaf or that there is a constant influx of LAB which do not
survive once they arrive in the phyllosphere. It is not surprising that LAB do not colonize
the phyllosphere in high levels since they lack many of the microbial traits that are
found in phyllosphere-adapted bacteria. For example, many phyllosphere bacteria are
pigmented and use these pigments to protect against high levels of UV light on leaf
surfaces (71–73). LAB generally lack photoprotective pigments (74) and are likely poorly
equipped to deal with damage caused by UV.

Studies using next-generation sequencing have shown a common pattern in mi-
crobial community composition where a few common species make up the majority of
the community, along with a “long tail” of rare species (75, 76). These rare species might
play a disproportionate role in ecosystem functioning or could function only when the
environment changes (77). Conditional rarity describes bacterial taxa that remain in low
abundance until environmental conditions enable them to rapidly increase in abun-
dance (78) and may be aptly applied to LAB in a farm-to-ferment framework (Fig. 1B).
While the agroecological function of LAB was not tested in this study, it is possible that
they remain rare in the environment but shift to an increased abundance after plant
decomposition at the end of the growing season when plants are harvested. LAB are
also important in creating silage where plants are fermented in anaerobic conditions on
a farm (79, 80). Release of plant sugars and a shift to an anaerobic environment are two
of the main environmental changes which are also present in fermented vegetable
production. LAB are not good at persisting in the Napa cabbage phyllosphere, but the
anaerobic, salty, and sugar-rich conditions of the fermentation environment allow these
bacteria to become dominant members of the fermented food microbiome.

This research focused exclusively on the bacteria that make up the NCP microbiome.
Most plants are colonized by fungi, protists, and other microbes that may contribute to
the ecological distributions of LAB in the phyllosphere. For example, many fungi can
live in the phyllosphere of cabbages as pathogens (81, 82), and the phyllosphere yeast
Rhodotorula is known to cause defects in fermented vegetable products (83, 84). Future
work should determine the contributions of these other microbes in the phyllosphere
and fermentation microbiome assembly process.

We developed gnotobiotic Napa cabbages to dissect microbial community dynam-
ics in the phyllosphere. Our model system integrating germ-free plants with a culture
collection spanning the diversity of cabbage phyllosphere bacteria adds to the growing
number of gnotobiotic systems being used to study how microbial communities assemble
in the phyllosphere and rhizosphere (13, 16, 85). We acknowledge that young cabbages in
test tubes with artificial soil medium do not fully recapitulate the dynamics of full-sized
field-grown cabbages, but our results in the lab were supported by similar field experi-
ments. The Napa cabbage phyllosphere model provides future opportunities to explore
how other ecological processes, including microbe-microbe interactions, explain patterns
of phyllosphere diversity and impact the quality of fermented vegetables.
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MATERIALS AND METHODS
Determining the abundance of LAB in the Napa cabbage phyllosphere. Kaboko F1 hybrid

organic Napa cabbage seeds (High Mowing Seeds) were surface sterilized by soaking in 10% bleach for
40 min and then rinsed eight times with sterile deionized water. Seeds were sown in plant pots
(5.5 � 5.5 � 5 cm) and watered as necessary with autoclaved (121°C for 20 min) deionized water. Pots
were filled with Sunshine mix 1 (Sun Gro Horticulture) that was autoclaved (121°C for 20 min) to reduce
its microbial load. Pots were then placed in sterile Sun bags (pore size 0.02 �m; Sigma-Aldrich) to
minimize contamination with microbes from the lab environment. Pots were kept under light racks
(full-spectrum T5 fluorescent bulbs) with a 16-h light cycle at 24°C.

After cabbages had grown at least three true leaves (about 4 weeks of growth), they were planted
out at three sites in mid-August. Site 1 was an urban community garden with a mix of vegetables and
flowers in Boston, MA; site 2 was a raised garden bed used regularly for plant research projects at Tufts
University (Medford, MA); and site 3 was a small, rural farm used for vegetable production about 25 miles
outside Boston (Lincoln, MA) (Fig. S1). To help reduce variation in soil conditions between sites, peat pots
(Jiffy pots 10.16 cm wide by 10.16 cm deep) containing Sunshine mix soil were first placed into the site
in a grid formation (�25-cm spacing between pots), and the cabbages were planted into the peat pots.
All cabbages were watered as needed throughout the growing season. Each plant was fertilized with
50 ml of fertilizer (3:4:4 N:P:K, 5% calcium, 1% magnesium, 2% sulfur) prepared in a concentration of
15 g/liter and filter sterilized before application.

After 2 months (mid-October), the cabbages were cut at the base of the head and placed in a Ziploc
bag for transporting back to the lab. In the lab, leaf fragments were taken from each cabbage for
amplicon sequencing and for plating. For amplicon sequencing, leaf fragments (�4 cm2) were taken
from three randomly selected leaves from across the plant (both inner and outer leaves) and frozen at
– 80°C for processing at a later date. In addition, three leaf fragments per plant were taken for
culture-dependent analyses. The leaf fragments were homogenized with 500 �l of phosphate-buffered
saline (PBS) in a 1.5-ml microcentrifuge tube using a sterile micropestle. The cabbage homogenate was
then plated on tryptic soy (TS) agar plates containing cycloheximide (100 mg/liter) to estimate total
cultural phyllosphere bacteria and de Man, Rogosa, and Sharpe (MRS) agar plates containing cyclohex-
imide (100 mg/liter) to estimate total LAB abundance. After a week of aerobic growth at 24°C, colonies
were counted from TS and MRS plates to determine CFU per gram of cabbage.

After samples of Napa cabbage were taken for plating and sequencing, the remaining cabbage
was shredded using a Cuisinart DLC-2ABC Mini-Prep Plus food processor for �2 min, and 2% (wt/wt)
salt was added. Cabbage homogenate was then compacted into sterile 5-ml screw-top vials (Axygen
Scientific) and maintained at 24°C for 14 days. On days 1, 2, 4, 7, 10, and 14, four replicate ferments
were harvested. Ferments were homogenized in a Whirl-Pak bag. A 100-�l sample of the liquid
ferment was then frozen at –20°C for DNA extraction and amplicon sequencing (see below). We
acknowledge that these small-scale fermentations do not completely reflect the conditions in home
or industrial fermentations, where the production environment or other ingredients may introduce
LAB (43, 86). However, these assays do provide an estimate of the fermentation potential of
vegetable materials.

To determine the LAB abundance and diversity in commercial Napa cabbages, we purchased
cabbages from five different supermarkets in the Boston, MA, area. For each supermarket sampled, three
Napa cabbages were purchased on the same day and returned to the lab, where 20 g of cabbage from
each of four outer leaves was placed into 118-ml Whirl-Pak bags. In addition, 20 g of cabbage was taken
from four inner leaves (leaves which were not exposed to environment) and also placed into 118-ml
Whirl-Pak bags. Napa cabbage leaves were then homogenized in 50 ml of 1� PBS for 1 min per bag. The
cabbage homogenate was then plated on TS agar plates containing 21.6 mg/liter of natamycin to
estimate total cultural phyllosphere bacteria and MRS agar plates also containing 21.6 mg/liter of
natamycin to estimate total LAB abundance.

Amplicon sequencing of the 16S rRNA gene. DNA was extracted from leaf fragments or ferment
liquid using the MoBio Powersoil kit (Qiagen) according to the manufacturer’s instructions. To generate
amplicon libraries, a portion of the 16S rRNA gene was amplified using the primers 515F (GTGYCAGC
MGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT) (87). Golay barcodes (12 bp) were incorporated
in reverse primer constructs to allow for multiplexing. Promega PCR master mix was used for duplicate
PCRs in 25-�l reaction mixtures with 0.2 �M concentrations of each primer and 1 �l of DNA template
using the following thermocycler conditions: an initial denaturation at 95°C for 5 min; 35 cycles of 45 s
at 95°C, 60 s at 50°C, and 90 s at 72°C; and a final elongation at 72°C for 10 min. PCR amplicons were
pooled, cleaned and normalized using SequalPrep normalization plates (Life Technologies). Equimolar
concentrations were pooled for sequencing on an Illumina MiSeq in the CU Boulder BioFrontiers
Sequencing Center using the v2 300-cycle kit (Illumina, Inc.).

QIIME (88) and UPARSE (89) were used to process amplicon sequencing data, as described by Andrei
et al. (90), with some modifications. Sequences were demultiplexed using the Golay barcodes via QIIME
v1.9.1 (89). The following options were used to obtain raw forward and reverse fastq read files:
split_libraries_fastq.py -q 0 –max_bad_run_length 250 –min_per_read_length_fraction 0.0001 –se-
quence_max_n 250 –store_demultiplexed_fastq. Paired ends were merged in usearch v8 (91). Data from
two independent runs on an Illumina MiSeq were combined. Reads were quality filtered, and operational
taxonomic unit (OTU) tables were constructed using the UPARSE pipeline (89). OTUs were clustered at
97% sequence similarity with de novo chimera detection enabled. The following parameters were used
to modify the UPARSE pipeline: the –minh option of -uchime_ref was set to 1.5 for reference-based
chimera removal to reduce the false-positive detection of chimeras; the OTU table was generated by
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mapping quality-filtered reads back to the OTU seeds by setting the following – usearch_global param-
eters: -maxaccepts 0 -maxrejects 0, in order to avoid overinflation of specific OTU counts and ensure that
individual reads are correctly mapped to their respective OTUs. Consensus taxonomy was assigned using
QIIME v1.9.1 (88) on a custom database sourced from SILVA v128 (92). Because LAB are rare in the Napa
cabbage phyllosphere, we did not rarefy the amplicon sequencing data as this could lead to the loss of
rare LAB reads.

Identifying LAB in local species pools. To determine whether soil or neighboring plants are major
reservoirs of LAB, we quantified the abundance of LAB at 51 farms or community gardens throughout
the northeastern United States using culture-based and amplicon sequencing approaches. Farmers were
recruited using local extension agencies and regional farm networks. From each farm, five randomly
selected sites were sampled, and 20 g of leaf material and 20 g of soil from the top 5 cm of soil were
collected. Samples were kept at 4°C for 1 or 2 days before being processed at the lab. Slurries of either
leaf or soil were made by placing the collected material into a Whirl-Pak bag together with 50 ml of PBS
and then macerating the sample for 5 min. Equal volumes (10 ml) of each of the five soil and five leaf
samples from each site were pooled to create a pooled leaf mix and a pooled soil mix.

A culture-based approach was used to determine the abundance of LAB in all leaf and soil samples.
Soil and leaf homogenates were plated onto both MRS and TS plates containing 21.6 mg/liter natamycin.
Colonies were counted after aerobic incubation at 24°C for 1 week, and the ratios of CFU growing on MRS
plates to TS plates were used to provide an estimate of the RA of LAB in the phyllosphere community.
LAB colonies were distinguished from Enterobacteriaceae colonies which can grow on MRS plates as LAB
are small white, creamy, and/or translucent colonies, whereas Enterobacteriaceae colonies are large,
viscous, and cream colored. Amplicon sequencing was performed on a subsample (14 of 51 sites) of leaf
and soil slurries to confirm the plating data. DNA was extracted using a MoBio Powersoil DNA extraction
kit, and amplicon libraries were prepared and sequenced as previously described.

Gnotobiotic Napa cabbages. Calcined clay (Turface) was washed repeatedly with tap water to
remove fine particles and dust. The clay was then autoclaved (121°C for 20 min) to reduce bacterial load.
Cabbage growth chambers were prepared by adding 10 g of dry calcined clay and 10 ml of Murashige
and Skoog (MS) basal salt broth (4.4 g/liter of basal salt to water) to glass test tubes (15 cm by 2.5 cm).
Tubes were covered with 22-mm Magenta two-way test tube caps (Sigma-Aldrich) and autoclaved at
121°C for 60 min. Kakabo Napa cabbage seeds were sterilized by placing 100 seeds in a 1.5-ml
microcentrifuge tube, vortex mixing the seeds for 5 min in 1 ml of 70% ethanol, and then vortex mixing
them again for 5 min in 1 ml of 50% bleach. Ethanol and bleach were rinsed away using four washes in
sterile deionized water with vortex mixing for 5 min. The seeds were left soaking in the sterile deionized
water for at least 1 h to help soften any remaining seed coat. Using sterilized tweezers, one sterile seed
was added to each prepared tube, and the lid was firmly replaced. Tubes were placed under light racks
(full-spectrum T5 fluorescent bulbs) with a 16-h light cycle at 24°C. The relative humidity inside the test
tubes was 55%.

Creating a synthetic phyllosphere community for Napa cabbage. A synthetic phyllosphere
community (SPC) was created by sampling Napa cabbage leaf samples collected from the cabbage field
experiment previously described (sites 1, 2, and 3). We isolated a range of phyllosphere bacteria by
plating leaf homogenates onto the following media: yeast extract peptone dextrose, tryptic soy,
Pseudomonas isolation, M17, and de Man, Rogosa, and Sharpe. Single colonies of different morphotypes
were streaked out and identified using 16S rRNA gene sequencing with the primers 27f (AGAGTTTGAT
CCTGGCTCAG) and 1492r (GGTTACCTTGTTACGACTT) (93). Identities and NCBI accession numbers of
strains are given in Table 1. Strains were made into experimental glycerol stocks by growing each strain
as an overnight liquid culture (TS broth) and pelleting the overnight culture at 3,000 � g for 5 min at 4°C.
The supernatant was discarded, and the pellet was then washed with 1� PBS before being resuspended
in 15% glycerol in 1� PBS.

Inoculating gnotobiotic cabbages to test establishment limitation. Inocula of all 14 members of
the SPC and four LAB (Leuconostoc mesenteroides strain BN10, Lactobacillus plantarum strain MKR2,
Lactococcus lactis strain D119, and Pediococcus pentosaceus strain B6N) were prepared from frozen
glycerol stocks. These glycerol stocks were prepared by growing each strain on solid media (TS agar for
SPC strains and MRS agar for LAB) and then scraping cells of each of the strains into sterile 15% glycerol
before storage at – 80°C. Multiple tubes were prepared for each strain, and one tube was thawed and
plated before experiment setup to determine viable cell densities (CFU/�l).

All of the SPC members were diluted in 1� PBS to 10,000 CFU/�l, and 8 ml of each stock was
combined to create a solution containing equal concentrations of each of the 14 members. Each of the
four LAB was also diluted in PBS to 10,000 CFU/�l. Multiple treatments with different mixing ratios of LAB
to SPC were prepared: 1:1, 1:10, and 1:100. These ratios were prepared by mixing equal volumes of the
full-strength LAB and SPC inocula (1:1) or by mixing 10-fold dilutions of the LAB inoculum with the
full-strength SPC inoculum for the 1:10 and 1:100 concentrations. Inocula of each of the LAB alone were
also prepared for a total of 16 treatments: each LAB alone and each LAB in a mix with the SPC in ratios
of 1:1, 1:10, and 1:100. A negative-control bottle containing just 1� PBS was also prepared to test for
contamination of sterile plants, bottles, or reagents.

All 16 treatments were sprayed onto plants using amber Boston round glass bottles (59.15 ml) with
an atomizer. Bottles and atomizers were sterilized by soaking them in a 30% bleach solution for at least
30 min and then rinsing them with sterile deionized water. Three pumps of inoculum (�600 �l) were
applied to each cabbage using the atomizer with 16 replicate cabbages per treatment. After spraying,
half the cabbages (n � 8) were harvested to enumerate the input bacteria inoculated. To harvest,
cabbages were removed from the tubes with sterilized tweezers, and roots were cut off using sterilized
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dissection scissors. The entire mass of the cabbage was weighed in a 1.5-ml microcentrifuge tube, and
400 �l of 1� PBS was added to each tube. Leaves were then homogenized with a sterile micropestle, and
the cabbage slurry was then diluted and plated onto TS agar and MRS agar plates to quantify total
phyllosphere bacteria and LAB abundance, respectively. Cabbages were left to grow at 24°C under light
racks, as described earlier, for 10 days. All remaining cabbages in each treatment were harvested in the
same manner as the inputs to get output counts on TS agar and MRS agar.

Testing establishment limitation in the field. To test whether LAB are establishment limited in a
field setting, seeds of the Napa cabbage variety “Bilko F1 OG” were surface sterilized as described above
and planted in pots containing Sunshine mix soil. We switched seed varieties in this experiment (from
the Kakabo variety used above) due to a limited availability of Kakabo seeds. Pilot experiments
comparing the growth of LAB and SPC isolates found no differences between the Bilko F1 OG and
Kakabo varieties. For our field experiments, we did not use the sterile tissue culture approach described
above because preliminary experiments suggested cabbages grown in ambient lab conditions had no
detectable LAB. We did not attempt to control the composition of other phyllosphere bacteria in this
experiment. After the cabbages had grown under light racks (same conditions described above) for 3
weeks, they were inoculated with a mixed community of LAB, including Leuconostoc mesenteroides BN10,
Lactobacillus plantarum MKR2, and Pediococcus pentosaceus B6N (�LAB), or sprayed with PBS as a control
(Control). The inoculum was added as described above for gnotobiotic lab plants, where three pumps of
inoculum (�600 �l) were sprayed using an atomizer attached to a sterile glass bottle. This is the “first
inoculation” in Fig. 5. One leaf was removed from each replicate cabbage postinoculation (n � 45 per
treatment) to determine the density of LAB inoculated per gram of cabbage (on MRS agar) and the
density of background phyllosphere bacteria (on TS agar). The cabbage leaf was weighed in a 1.5-ml
microcentrifuge tube, and then 400 �l of PBS was added. The cabbage leaf was homogenized with a
sterile micropestle, and the cabbage slurry was then diluted and plated on MRS agar plates with
21.6 mg/liter of natamycin to inhibit fungi and 100 mg/liter of vancomycin to reduce the growth of
Enterobacteriaceae. The cabbages were then planted into raised beds (183 � 122 � 38 cm) filled with a
mix of field soil and composted cow manure in an experimental garden at Tufts University in mid-August.
Three beds were assigned as controls, and three were assigned as treatments. After a month of growth
(mid-September), a leaf was removed from each replicate cabbage (n � 40), placed into a 29.57-ml
Whirl-Pak filter bag (Nasco, Modesto, CA), and taken back to the lab for processing. This is the “first
output” in Fig. 5. Approximately 0.4 g of the cabbage leaf was placed into a 1.5-ml microcentrifuge tube
with 400 �l of PBS and homogenized with a sterile micropestle. The homogenized cabbage slurry was
then diluted and plated on MRS plates with 21.6 mg/liter of natamycin to inhibit fungi and 100 mg/liter
of vancomycin to reduce the growth of Enterobacteriaceae (94). Ten days after the first harvest, the
cabbages were sprayed again with LAB inoculum or PBS (“second inoculation” in Fig. 5), and the
abundance of LAB was tracked after 17 days (early October, “second output” in Fig. 5) via plating, as was
just described.

Fermentation of field-grown cabbages. Field-grown cabbages from the Control and �LAB treat-
ments were fermented in 4-oz. (�118 ml) sterile glass canning jars with metal screw-top lids. Cabbages
from each Control or �LAB plot were pooled (Control bed 1, 13 cabbages; Control bed 2, 15 cabbages;
Control bed 3, 15 cabbages; �LAB bed 1, 15 cabbages; �LAB bed 2, 12 cabbages; �LAB bed 3, 14
cabbages) and finely sliced using a knife sterilized with 70% ethanol. This chopped cabbage was then
mixed for 5 min with salt to obtain a 2% (wt/wt) salt concentration. Equal amounts of the cabbage mix
were distributed into the sterile jars and tightly compacted, and the lids were then sealed. Jars were
incubated in the dark at 24°C. LAB abundance and pH were measured at 0, 1, 2, 4, 7, and 14 days. At each
time point, the jar of sauerkraut was emptied into a sterile 118.29-ml Whirl-Pak bag and fully mixed to
homogenize the sample. LAB abundance was determined by plating cabbage juice from the ferment
onto MRS agar. The pH was determined by inserting a pH probe into the Whirl-Pak bag with �20 ml of
liquid.

Analysis of the global distribution of LAB. To further understand the ecology of LAB at a global
scale, we investigated their relative abundance in the recently published Earth Microbiome Project (61).
A rarefied OTU table (10,000 sequences per sample) that was generated from closed reference OTU
clustering was retrieved from the EMP website (ftp://ftp.microbio.me/emp/release1). The table was
filtered to identify members of the order Lactobacillales in QIIME and analyzed in R.

Statistical analysis. Statistical analyses were performed using R v3.5.1. All CFU data were log
transformed prior to analysis. PERMANOVAs were conducted using the vegan package. Repeated-
measures analysis was carried out using the lme4 package and the post hoc test ANOVA was carried out
with the car package. Student t tests were corrected for repeat sampling using a Hochberg correction.

Data availability. Partial 16S rRNA gene sequences of bacterial isolates have been deposited in NCBI
(see Table 1 for accession numbers). Amplicon sequence data have been deposited in the NCBI database
as BioProject PRJNA510140 with Sequence Read Archive accession numbers SAMN10612113 to
SAMN10612199.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.00269-19.
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