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ABSTRACT Fresh vegetables harbor diverse bacterial populations on their surfaces.
However, information on this microbiota is limited to a few types of fresh vegetables,
and little is known about how it varies with geography and host condition. Here, we an-
alyzed bacterial communities on the floret surfaces of 66 field-grown broccoli collected
from 22 farms in four farming regions of Jeju Island, South Korea, using 454 pyrose-
quencing of 16S rRNA amplicons, and we determined their relationships to farming re-
gion and host-associated factors. Geographic variations in bacterial community composi-
tion and diversity were observed among farming regions, which partly reflected their
relative humidity and insolation. The most abundant phyla were Proteobacteria, followed
by Actinobacteria, Firmicutes, and Bacteroidetes; core operational taxonomic units (OTUs)
assigned to Pseudomonas, Acinetobacter, Oxalobacteraceae, Comamonadaceae, and Enter-
obacteriaceae contributed to the community differences. Bacterial community composi-
tion differed between immature and mature samples, with mature samples harboring
higher bacterial diversity. In comparison with communities on other types of fresh vege-
tables and fruits, bacterial communities on broccoli florets were unique but more similar
to those of ground vegetables than to those of tree fruits/vegetables. This study pres-
ents novel data on the variability of floret-associated bacterial populations of field-grown
broccoli relative to environmental and host-associated factors.

IMPORTANCE Fresh vegetables harbor diverse and complex bacterial populations
on their surfaces. These indigenous bacteria may play a role in human and crop
health; however, the diversity and variability of bacterial communities on fresh vege-
tables require further study. A popular crop of leafy vegetables, broccoli, is of great
agricultural and industrial importance. This study provides a detailed description of
the bacterial community composition and diversity on the surfaces of broccoli flo-
rets. The variability of bacterial communities is associated with the geographic loca-
tion of farming sites and is affected by host growth and health. The bacterial com-
munities specific to broccoli were identified and showed greater similarity to those
found on ground vegetables than to those found on tree fruits/vegetables. This
study presents novel data on the impact of environmental and host-associated con-
ditions on the variability of floret-associated bacterial populations present on field-
grown broccoli.

KEYWORDS broccoli, microbial communities, microbial ecology, phyllosphere-
inhabiting microbes

Fresh vegetables harbor bacterial populations on produce surfaces (1). Human
consumers are directly exposed to these bacteria, with potential health conse-

quences. Fresh vegetables typically act as a vehicle for foodborne pathogens, and their
consumption is linked to the occurrence of foodborne illness (2). Fresh vegetables can
be a main source of microbes colonizing indoor environments (3). Exposure to these
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bacteria can induce allergic responses in the respiratory tract (4) and could affect
commensal microbiota in the gastrointestinal tract (5, 6). Many studies of bacteria
associated with fresh vegetables have focused on potential pathogens.

The surface of fresh vegetables is an environment that supports a variety of
microbes (7). Culture-independent studies based on high-throughput rRNA gene se-
quencing data show that foliar microbiota are more complex and diverse than previ-
ously thought (8). Distinct produce type-specific bacterial populations have been
identified (9), the community composition of which is influenced by farming and
environmental conditions (9–13). However, the microbial ecology on preharvest fresh
vegetables is still poorly understood, and these issues have been addressed with few
types of broad-leafed vegetables (10, 11, 13, 14). Since bacteria residing on plant
surfaces play a positive or negative role in host physiology (15), a better understanding
of their ecology may help improve the safety and quality of fresh vegetables. For
example, cointeractions between plant leaves and resident bacteria confer resistance to
human and plant pathogens (16, 17), while exposure to resident bacteria triggers the
spoilage of fresh vegetables (18). In this context, a detailed characterization of the
bacterial communities within the foliar microbiota of fresh vegetables can make an
important contribution to the field of phyllosphere microbiology.

Since fresh leafy vegetables contain health-promoting phytochemicals (19), their
consumption has increased in recent years. The commercial market for fresh vegetables
is faced with the challenges posed by crop diseases (20, 21) and foodborne illness (22,
23). Therefore, economically important vegetables, particularly leafy greens, are impor-
tant subjects for research in the field of phyllosphere microbiology (8). Broccoli, a main
crop of the Brassicaceae family, is of great agricultural and industrial importance. For
example, the annual value of broccoli production in the United States is estimated at
over $1 billion (24). In contrast with other leafy vegetables, the flowers of broccoli
formed by plenty of short narrow leaves are usually consumed. Despite this, little is
known about the diversity of bacteria on broccoli florets and how this varies relative to
environmental and host-associated conditions.

Jeju Island in South Korea has fertile volcanic soil that is beneficial for agricultural
productivity. The island accounts for 84.9% of the broccoli-producing area and 79.9%
of the market share of broccoli in South Korea (25). Broccoli farming in Jeju Island is
usually conducted in the same season every year (26), which excludes the influence of
seasonality on the development of bacterial communities. Here, we describe the
composition and diversity of floret-associated bacterial communities on field-grown
broccoli and assess community variations with respect to farming region, host growth,
and meteorological conditions. We collected 66 broccoli samples from 22 commercial
farms located in four different geographic regions of Jeju Island (Fig. 1a; see also Fig.
S1 in the supplemental material) and analyzed 16S rRNA gene sequence data from 454
pyrosequencing. We also examined the effect of host health on the development of
bacterial communities on broccoli using samples from a region in which black rot and
downy mildew occurred before sample collection. The results will improve our under-
standing of the ecology of phyllosphere microbiota on fresh vegetables.

RESULTS
Farming region-dependent variation in bacterial communities. Using 454 pyro-

sequencing of 16S rRNA gene amplicons, we obtained a mean � standard deviation
(SD) of 1,319 � 869 high-quality sequences per sample after quality filtering and
removal of chloroplast- and mitochondrion-derived sequences (Table S1). We clustered
sequences into OTUs approximating the species level and compared bacterial commu-
nities using weighted UniFrac distance-based principal-coordinate analysis (PCoA). The
rarefaction curves for bacterial operational taxonomic units (OTUs) in the four regions
were close to reaching a plateau, except for region A (Fig. S2a), indicating that
sequencing detected the majority of species in the bacterial communities on broccoli
florets. We found that bacterial communities were separated significantly by region
(Adonis, P � 0.001) (Fig. 1b). We determined variations in bacterial community structure
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by comparing the indices for species richness (Observed_OTUs) and biodiversity
(PD_Whole_Tree). Region A showed the highest values for species richness and biodi-
versity; no significant differences were found among the other regions (Fig. S2b). Next,
we divided the regions into nine subregions based on the geographical proximity of
farms. The rarefaction curves for bacterial OTUs in the nine subregions were also close
to reaching a plateau, except for subregions A2 and A3 (Fig. S2c). For nine subregions,
bacterial communities were clustered by subregion (P � 0.001; region, r2 � 0.2762;
subregion, r2 � 0.4137), but regional differences were still exhibited dominantly (Fig.
S2d). Also, similar patterns in species richness and biodiversity were seen with respect
to subregional comparisons, although region C showed higher values for species
richness and biodiversity than regions B and D (Fig. S2e). These results suggest that
bacterial community structure and composition on broccoli floret surfaces may be
shaped on a large regional scale than on a short spatial scale.

PCO1

P
C

O
2

A

B

C

D

cb

A

C

D

B

CAP1

C
A

P
2

humidity

cloud cover

insolation
temperature

1,2

3,4,5

2,3,4,5
6

1Region A

1,2,3,4

5

3,4,5,6
1,2
1,2

12.6 km

a

Region B

Region C

Region D

FIG 1 Regional variations in bacterial communities and their correlation with meteorological variables. (a) The sampling sites in four regions where field-grown
broccoli were sampled for this study are indicated on the map of Jeju Island (downloaded from http://www.visitjeju.net/en/index.jto). (b) Bacterial community
compositions within the four regions were compared using a UniFrac distance-based principal-coordinate analysis, with 95% confidence ellipses. Statistical
significance was evaluated using Adonis, with 999 permutations. (c) Meteorological variables correlated with the constrained ordination of distance-based
redundancy analysis specific for farming regions. Only variables showing statistical significance are shown (insolation, P � 0.003; relative humidity, P � 0.003;
cloud cover, P � 0.034; and temperature, P � 0.012). Statistical significance was evaluated using envfit, with 999 permutations. The ellipses represent 95%
confidence inertia ellipses.
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To determine which environmental variables were linked to regional variation of
bacterial communities, we correlated five meteorological parameters (mean values for
weekly temperature, relative humidity, precipitation, insolation, and cloud cover at the
sampling regions) with the ordination constrained to region-specific axes and distance-
based redundancy analysis (db-RDA) (Table S2). Regional variation in bacterial commu-
nities was correlated significantly with all meteorological parameters except for pre-
cipitation (Fig. 1c). Insolation (r2 � 0.1923, P � 0.003) and relative humidity (r2 �

0.1867, P � 0.003) contributed most to regional differences in bacterial communities.
Insolation specifically contributed to the separation of region C from the others, while
relative humidity contributed to the separation of region A. Cloud cover, which
correlated negatively with insolation, contributed to the separation of region C from
the others (r2 � 0.1180, P � 0.034). Conversely, temperature (r2 � 0.1599, P � 0.012)
contributed to the separation of regions B and D from the others. The results indicated
that regional differences in bacterial communities may be attributed to weather
conditions in farming regions, particularly insolation and relative humidity.

Identification of core members of bacterial communities. Sixteen phyla were
detected on broccoli florets, but the majority of them accounted for less than 1% total
abundance. Four phyla were abundant and commonly observed across the samples
(Fig. S3a). Proteobacteria (89.1% � 11.8%) was the most abundant phylum, followed by
Actinobacteria (4.2 � 5.8%), Firmicutes (3.6% � 5.5%), and Bacteroidetes (2.5% � 4.6%).
Among Proteobacteria, Gammaproteobacteria (67.5% � 27.7%), Betaproteobacteria
(15.4% � 17.5%), and Alphaproteobacteria (6.0% � 7.8%) were the most abundant
classes. The relative abundances of four phyla varied among farming regions. Within
the Proteobacteria phylum, the abundance of Gammaproteobacteria was negatively
correlated with the abundances of Betaproteobacteria and Alphaproteobacteria. A high
abundance of Gammaproteobacteria and low numbers of Betaproteobacteria and Alp-
haproteobacteria were observed in regions B and D, while a low abundance of Gam-
maproteobacteria with a high abundance of Betaproteobacteria and Alphaproteobacteria
were observed in regions A and C (one-way analysis of variance [ANOVA], P � 0.05) (Fig.
S3b). Where Gammaproteobacteria were rare, the Actinobacteria and Firmicutes phyla
were present in large numbers (P � 0.05) (Fig. S3b). The colonization of Gammapro-
teobacteria may therefore be a key determinant of regional variation in bacterial
communities.

To determine the core members of the bacterial communities on broccoli florets, we
identified shared OTUs in the bacterial communities among the four regions. A total of
36 OTU were detected as core members for the bacterial communities on broccoli
florets (Fig. 2a). Of those, five OTU (OTU543864, OTU698795, OTU778478, OTU838837,
and OTU944197) were prevalent in �50% of the total broccoli samples, which were
assigned to the genera Acinetobacter and Pseudomonas and unclassified genera of
Oxalobacteraceae, Comamonadaceae, and Enterobacteriaceae. Further, OTUs were se-
lected that had �1% abundance and were also prevalent across at least half of the
samples within each region. At the family level, OTUs meeting these criteria were
assigned to the Pseudomonadaceae, Enterobacteriaceae, Moraxellaceae, Oxalobacter-
aceae, and Comamonadaceae families. At the genus level, OTUs assigned to the genus
Pseudomonas were the most common in broccoli samples, followed by OTUs assigned
to the genus Acinetobacter and unclassified genera of the families Enterobacteriaceae,
Oxalobacteraceae, and Comamonadaceae (Fig. 2b). The OTUs of the Enterobacteriaceae,
Oxalobacteraceae, and Comamonadaceae families were not classified into any known
genus. This is evidence of the existence of novel bacterial species specific to the
phyllosphere of fresh produce, including broccoli.

To test the contribution of the core genera to differences in community composi-
tion, a random forest classifier model was created with 411 OTU, selecting the most
discriminant 10 OTU for each observed source of variation. The genera of the core OTUs
and the genera Hafnia, Lysinibacillus, and Bacillus made the largest contribution to the
observed regional differences (Fig. 2c), indicating that the relative abundances of the
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core genera are a key determinant of microbial community structure that we detected
in the four regions. Together, the phyllosphere microbiota of field-grown broccoli is
dominated by few bacterial groups with large minor bacterial groups.

Effects of host growth on bacterial communities. To test the effects of host
growth on bacterial community composition on broccoli floret surfaces, we compared
immature broccoli sampled in the growing season (8 to 9 weeks after seeding, 80 to
120 g) with mature broccoli sampled at the time of harvest (15 to 16 weeks after
seeding, 250 to 400 g) from each region (Fig. S1b). Bacterial community composition
differed significantly with host growth (Adonis, P � 0.006) (Fig. 3a). Species richness
and biodiversity of bacterial communities were significantly lower in immature samples
than in mature samples (Fig. 3b). Considering that temporal variations in sample
collection exist, different weather conditions at the time of sampling for immature and
mature plants might confound host growth-related differences in bacterial communi-
ties. By correlating five meteorological parameters with the ordination constrained to
host growth-specific axes of db-RDA, we found that only temperature (r2 � 0.4676, P �

0.001) accounted for the difference in bacterial communities between growth stages.
Plant maturation, therefore, influenced the formation of bacterial populations on
broccoli florets, although it may not be the sole determinant.
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Phylum-level variation was associated with host growth. A high abundance of
Gammaproteobacteria with low abundance of Actinobacteria was observed in immature
compared with mature broccoli plants (Student’s t test, P � 0.05) (Fig. S3c), indicating
that Gammaproteobacteria-mediated variation in bacterial communities may be a
feature associated with broccoli host physiology. To identify the contribution of the
core genera to host growth-specific differences in community composition, a random
forest classifier model was conducted. Variations in the abundances of the core OTUs
and the occurrence of minor Enterobacteriaceae OTUs made the largest contribution to
the host growth differences (Fig. 3c), implying that different bacterial populations may
be colonized on broccoli florets according to host growth stage.

Depletion of bacterial populations on unhealthy broccoli florets. Broccoli plants
grown in region C were physically damaged by black rot and downy mildew in late
2014 before sampling. Indeed, the weight of the broccoli floret in region C (approxi-
mately 250 g) was much less than that in regions A, B, and D (approximately 400 g). We
investigated differences in the abundance, composition, and diversity of bacterial
communities on broccoli florets on the basis of host health status, although regional
variation was not excluded due to a lack of undamaged broccoli samples from region
C. Differences in bacterial community compositions between healthy and unhealthy
broccoli florets were determined on the basis of weighted UniFrac distance (P � 0.035)
(Fig. S4a) but not unweighted UniFrac distance (P � 0.141) (Fig. S4b); also, there were
no significant differences in species richness and biodiversity (Fig. S4c). Thus, this may
be the result of regional variations in bacterial communities.

Next, we determined the numbers of viable bacteria on healthy and unhealthy
broccoli florets using cell cultivation methods. As undamaged healthy samples from
region C were not supported in this study, we additionally collected broccoli samples
from local retail stores as alternative controls to minimize regional variations in the
abundance of viable bacteria. The abundance of viable bacteria in unhealthy damaged
broccoli (1.69 � 0.87 log CFU · g of tissue�1) was significantly lower than that in healthy
broccoli (4.43 � 1.91 log CFU · g of tissue�1) and retail broccoli (4.73 � 1.63 log CFU
· g of tissue�1) (one-way ANOVA, P � 0.05) (Fig. 4a). Many studies of phyllosphere
microbiota report that bacterial communities on the surfaces of fresh vegetables
consist mostly of members of the Enterobacteriaceae family (8). In this regard, the
numbers of viable Enterobacteriaceae were compared using three selective media
specific for Enterobacteriaceae and coliform bacteria. The abundance of viable Entero-
bacteriaceae in the damaged broccoli (0.09 � 0.37 log CFU · g of tissue�1) was
significantly lower than in the healthy (1.88 � 1.31 log CFU · g of tissue�1) and retail
(2.11 � 1.04 log CFU · g of tissue�1) broccoli (P � 0.05) (Fig. 4b). The same patterns
were observed in coliform bacteria (P � 0.05) (Fig. 4c and d). The results suggest that
colonization of broccoli floret surfaces may be influenced by the health state of the host
plant, although the culture-based method only reflects approximately 1% to 10% of
actual bacteria (27). However, no candidate bacteria that cause black rot were detected
in the culture analysis. Taken together, the data suggest that disease-induced physical
damage to broccoli may have a larger effect on the entire load of resident bacteria
rather than on community composition.

Global comparisons of bacterial communities on the surfaces of fresh produce.
We next compared bacterial populations on broccoli with those on other fresh produce.
To identify the taxa responsible for differences, we compared the bacterial communi-
ties on 11 fruits and vegetables described by Leff and Fierer (9). The bacterial commu-
nity on broccoli florets clustered separately from that on other produce types (Fig. 5a);
the within-group distance between bacterial communities on broccoli was significantly
lower than the between-group distance between those on broccoli and each of the
other produce types (Kruskal-Wallis test, P � 0.001) (Fig. 5b), indicating the uniqueness
of bacterial communities on broccoli florets. Bacterial communities on broccoli were
more similar to those of vegetables (lettuce, alfalfa, spinach, mung bean, and pepper)
than those of fruits (strawberry, apple, peach, and grape); among vegetables, bacterial
communities on broccoli were closer to those on vegetables typically grown at ground
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level (lettuce, alfalfa, and spinach) than to those on tree vegetables (mung bean and
pepper) (Kruskal-Wallis test, P � 0.001) (Fig. 5b), implying that proximity to the ground
may be an important factor affecting bacterial communities on the surface of fresh
produce. With respect to vegetables, the high abundances of the families Pseudomon-
adaceae (Pseudomonas and unclassified genera) and Oxalobacteraceae (unclassified
genus) and low abundance of Enterobacteriaceae were the defining features of broccoli-
specific bacterial communities (Fig. 5c).

DISCUSSION

Understanding the ecology of the phyllosphere microbiota on leafy green vegeta-
bles is an important step toward improved food quality and safety. A few previous
studies characterizing the bacterial communities residing on preharvest leafy vegeta-
bles have underscored their uniqueness and adaptation (11, 13, 28, 29). The present
study provides a comprehensive description of bacterial community composition and
diversity on the floret surfaces of field-grown broccoli using a combination of culture-
independent methods, and it highlights their variability in relation to environmental
and host-associated factors. Our findings illustrate differences in bacterial composition
and abundance according to farming region and host physiology, and they identify the
meteorological and spatial factors correlated with the bacterial communities on the
floret surfaces of field-grown broccoli.

The results show the dominance of Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes phyla on broccoli florets, as seen on other fresh vegetables (10, 11, 30).
Such bacterial diversity of the broccoli phyllosphere is greater than that predicted by
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culture-based analysis, which detects only a few bacterial species (31), and suggests
that the majority of phyllosphere bacteria on broccoli florets are novel. Regardless of
farming region and host growth, OTU-based comparison discriminated between bac-
terial communities on broccoli and other fresh vegetables and fruits, underscoring the
interactions between the broccoli plant and bacterial populations. In contrast to fruits,
members of the Enterobacteriaceae family are specific to the bacterial communities
present on vegetables (9). For example, Enterobacteriaceae are more abundant on
lettuce, spinach, sprouts, tomatoes, and peppers than on apples, peaches, and grapes.
Enterobacteriaceae were abundant on broccoli, but much less so than Pseudomon-
adaceae. In addition, the families Oxalobacteraceae and Moraxellaceae were comparable
(in terms of abundance) to the family Enterobacteriaceae. On alfalfa, the family Moraxel-
laceae was dominant. On field-grown lettuce, salad, and spinach, any of these three
families may be codominant with the Enterobacteriaceae family (11, 12). This finding
suggests that vegetable type-specific host-bacterium interactions may result in varia-
tions in the abundance of four families and that these bacterial families may be key taxa
that discriminate the bacterial communities on different vegetables.

The four core bacterial families showed clear regional variations. Regional differ-
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ences in family abundance may reflect weather conditions in each farming region. The
phyllosphere is considered hostile to bacterial colonization and survival due to high
variability in nutrient and water availability and solar radiation (7). Thus, bacterial
populations on plant surfaces are highly influenced by weather conditions (32). Our
data show that insolation (an index of UV exposure) and relative humidity (atmospheric
moisture) made the greatest contribution to the observed variability in bacterial
community composition. This finding is consistent with those of two previous studies
of the lettuce phyllosphere, which described seasonal climate-based variation in bac-
terial community composition (10) and the impact of water availability on bacterial
diversity (13). Since high relative humidity induces metabolic activity in phyllosphere
bacteria (33); this factor may be one reason why the bacterial communities in region A
were different from those in other regions. Solar radiation is also considered a critical
environmental stress, especially for nonpigmented bacteria present on leafy greens
(34). Truchado et al. (35) showed that long-term exposure to solar radiation results in
a high abundance of Gammaproteobacteria and low abundance of Betaproteobacteria
on lettuce. Bacterial communities in region D under high insolation and low cloud
cover were also dominated by Pseudomonadaceae, belonging to Gammaproteobacteria,
which is UV tolerant (36); low insolation and high cloud cover in region C correlated
with the dominance of Oxalobacteraceae (belonging to Betaproteobacteria) accompa-
nied by the genus Pseudomonas. Thus, UV exposure and availability of free moisture
may determine the structure of phyllosphere bacterial communities on broccoli florets.

In a comparison of different types of fresh vegetables, our data support evidence
that the distance from the ground plays a role in shaping bacterial communities (9).
Along a vertical axis, soil and atmosphere are considered the most likely sources of
foliar microbiota (7). For example, Acidobacteria (abundant in soil) have been detected
on plant leaves (37), and airborne dust-derived Geodermatophilaceae have been de-
tected on lettuce leaves (10). Experimental studies show that foliar microbiota on
lettuce differs between field-grown plants and those grown in an air-conditioned
laboratory (14). Spatial variations in bacterial diversity and community composition
along a vertical axis were even found in the same plant (38). Thus, exposure to
surroundings along a vertical axis may drive the niche differentiation of phyllosphere
bacteria seeded from the environment onto broccoli and other fresh vegetables.

The present study identified host growth and health status as two host-associated
factors shaping bacterial communities. However, their effects on bacterial populations
were very different. While host growth influenced bacterial composition and diversity,
the state of host health mostly influenced bacterial abundance. Associations between
bacterial diversity and host growth were reported previously. Williams et al. (13)
monitored daily variations in bacterial communities on lettuce and found that bacterial
diversity increased with leaf age. Leff et al. (38) found higher bacterial diversity in leaves
from older tissues than in leaves from young tissues within the same individual tree.
Similarly, we found higher bacterial diversity on mature than on immature broccoli
plants, although different weather conditions were also a factor. Our data support the
hypothesis that host maturity exerts a driving force on microbial succession. We also
found that Gammaproteobacteria predominated in communities on immature broccoli,
implying that members of this class might colonize plants during early life.

It was also suggested that the health status of the host plant was significantly
associated with a loss of total bacteria, although the data were not sufficiently sup-
ported with geography-matched healthy samples. Broccoli plants in region C were
damaged by black rot and downy mildew during cultivation. In this regard, it is
noteworthy that the lowest abundance of viable bacteria was observed on disease-
damaged broccoli florets, compared with the florets of field-grown broccoli from other
regions and retail broccoli. This indicates a positive correlation between host health and
microbial load. Differences in community composition, but not in diversity, were
observed between unhealthy and healthy broccoli florets; however, it is further eval-
uated with geographic controls because region-specific patterns were not ruled out.
The results suggest that host health may have a larger effect on total abundance of
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phyllosphere microbiota; the data may imply an important role for mutual host-
microbe interactions in microbial succession within the phyllosphere of fresh vegeta-
bles. More researches need to be performed with geographic controls to clarify if host
health status affects the phyllosphere microbiota of broccoli florets.

This study provides a detailed description of bacterial community composition and
diversity on broccoli floret surfaces, and we examined field-associated ecological
factors that contribute to the establishment of bacterial populations on leafy green
vegetables. This study evaluated the importance of key environmental (geographical
location, weather conditions, and proximity to ground) and host-associated (host
growth) factors that affect phyllosphere microbiota on fresh vegetables. The data
demonstrate that complex interactions between the host, environment, and microbes
play a role in defining niches important for resident bacteria. It remains unclear how the
fresh vegetable-associated microbiota changes during the food processing stages of
handling, packaging, transport, and storage after harvest.

MATERIALS AND METHODS
Sample collection. Broccoli (Brassica oleracea var. italic) samples (n � 66) were collected from 22

commercial farms in four regions of Jeju Island (six farms in Daejeong [region A], five farms in Hallim
[region B], five farms in Jocheon [region C], and six farms in Seongsan [region D]) during the growing and
harvest seasons of 2014 to 2015. Broccoli plants were grown using standard farming methods. Immature
plants grown for 8 to 9 weeks after seedlings planted in the soil (weight, 80 to 120 g) were collected at
one farm in each region, while mature plants grown for 15 to 16 weeks (weight, 250 to 400 g) were
collected from the remaining farms (Fig. S1b). The Agricultural Research and Extension Services of Jeju
reported that broccoli plants at five farms in region C were physically damaged by black rot and downy
mildew in late 2014 before sampling. A piece (�10 g) was cut from a large flower head (floret) on a tree
using a sterile knife, and a 30-g sample was gathered from three trees in a sterile plastic bag (Fig. S1a).
Three samples were taken from widely separated locations in each field (Fig. S1a). Samples were
delivered to the lab within 2 h and mixed with 120 ml of 0.1% buffered peptone water (Difco, Becton
Dickinson, Sparks, MD, USA), and microbial cells were removed by sonication at maximum power for 10
min (Powersonic420; Hwashin Technology, Daegu, South Korea). A total of 66 sample fluids were used
further for DNA extraction and viable cell counting. Daily meteorological data (temperature, relative
humidity, cloud cover, precipitation, and hours of sunshine) for 1 week before and after the sampling
date were provided by the Korea Meteorological Administration (http://web.kma.go.kr/eng/index.jsp),
and a mean value of five parameters were used for analysis (Table S2). Retail samples (n � 40) were
collected from 10 local grocery stores located on Jeju Island and were used for counting of viable cells.

DNA extraction, 16S rRNA gene PCR, and 454 pyrosequencing. Sample fluid (40 ml) was
centrifuged at 16,000 � g at 4°C for 1 min to pellet microbial cells. Total DNA was extracted using a
PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA). The V5–V6 hypervariable
regions of the 16S rRNA gene sequence were amplified with primers 799f and 1115r, which do not
amplify chloroplast DNA (39). For multiplexing the sample preparation, the forward primer contained 454
Life Sciences primer A, decamer multiplex identifier sequences, and the bacterial primer 799f (5=-CCA TCT
CAT CCC TGC GTG TCT CCG ACT CAG NNNNNNNNNN AAC MGG ATT AGA TAC CCK G-3=). The reverse
primer contained 454 Life Sciences primer A and the bacterial primer 1115r (5=-CCA TCT CAT CCC TGC
GTG TCT CCG ACT CAG AGG GTT GCG CTC GTT G-3=). The PCR mixture contained template DNAs, each
primer at a concentration of 0.2 �M, and 2� PCR master mix solution (i-Taq; iNtRON Biotechnology,
South Korea). The PCR conditions were as follows: 94°C for 3 min, followed by 28 cycles of 94°C for 15
s, 55°C for 45 s, and 72°C for 1 min, and a final extension step at 72°C for 8 min. Negative controls were
set to detect possible contamination of the commercial DNA extraction kits and reagents (40). Nine
samples (A3, A6, A7, A18, C33, C43, C48, D56, and D58) that failed PCR amplification were excluded from
sequencing. Four amplicon replicates were prepared per sample and then combined to yield a single
sample. The amplicons were purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA, USA)
and quantified using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Invitrogen,
Carlsbad, CA, USA). The amplicon replicates were combined in an equimolar amount and sequenced
using a 454 pyrosequencing GS FLX Titanium apparatus (Roche 454 Life Sciences, Branford, CT, USA).

16S rRNA amplicon analysis. The 16S rRNA amplicon data were analyzed as described by Kim and
Bae (41). Raw sequences were filtered based on quality using the QIIME software package 1.9.0 to reduce
any effects of poor sequence quality and/or sequencing errors (42). The sequences were denoised using
Denoiser, and reverse primer sequences were trimmed away. Chimeric sequences were further excluded
by UCHIME (version 7.0). High-quality sequences were clustered at 97% sequence identity using
SortMeRNA_SUMACLUST. The representative sequences of the operational taxonomic units (OTUs) were
aligned against prealigned reference sequences using PyNAST, and unaligned sequences were removed.
A phylogenetic tree of the representative sequences was constructed using FastTree. The OTUs identified
as chloroplasts or mitochondria or unassigned to a specific phylum were excluded to reduce the noise
of the OTU table (Table S3). Samples were then even-depth rarefied to 300 sequences. The sample A11
was also excluded due to low depth of sequencing. Taxonomy was assigned against the Greengenes
database (2013-08 release) using the UCLUST classifier. Species richness (Observed_OTUs) and biodiver-
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sity indices (PD_Whole_Tree) were estimated. Beta diversity was determined based on weighted UniFrac
distance. The 16S rRNA gene sequence data set of bacterial communities on fresh fruits and vegetables
(9) were downloaded from Qiita (https://qiita.ucsd.edu/). This was combined with the data generated
herein and analyzed as previously described with the OTU table rarefied to 200 sequences, according to
Leff and Fierer (9).

Enumeration of viable bacteria. The numbers of viable bacterial cells were determined by counting
CFU on the following complex and selective media: tryptic soy agar (TSA; Difco, Becton Dickinson) for
viable bacteria, Enterobacteriaceae Petrifilm EB (3M Microbiology Products Co., St. Paul, MN, USA) for
Enterobacteriaceae, and Escherichia coli Petrifilm EC (3M Microbiology) and E. coli/coliforms Petrifilm CC
(3M Microbiology) for E. coli and coliforms. The sample fluid was serially diluted 10-fold to 10�7 and
incubated at 37°C for 48 h. CFU were monitored at 24-h intervals. Colonies specific for the selective media
were interpreted according to the instructions in the 3M sample plate book (3M Microbiology Products
Co., St. Paul, MN, USA).

Statistical analysis. A P value of �0.05 was considered significant. An unpaired Student’s t test,
one-way ANOVA with a Tukey’s post hoc test, and the Kruskal-Wallis with Dunn’s multiple-comparison
test were performed using GraphPad Prism version 5.0 for Windows (GraphPad Software, CA, USA). PCoA
and db-RDA were performed based on weighted UniFrac distance using the R package vegan (43). The
statistical significance for four observed variations was assessed using the function Adonis, with 999
permutations. Five meteorological parameters were correlated with the ordination of db-RDA using the
function envfit, with 999 permutations. The random forest algorithm implemented in the R package
“randomForest” was used to identify discriminant bacterial taxa according to farming region and host
growth (44). For model accuracy, the numbers of ntree and mtry values were set at the level giving the
minimum out-of-bag error rate.

Accession number(s). The EMBL-EBI accession number for the 16S rRNA gene sequences is
PRJEB20114.

SUPPLEMENTAL MATERIAL

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