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a  b  s  t  r  a  c  t

The  species  of  bacteria  associated  with  the traps  of  the  carnivorous  plants  Utricularia  hydrocarpa  Vahl
and  Genlisea  filiformis  A. St.-Hil.  were  identified  by analysing  16S  rRNA  gene  libraries.  We  observed  larger
bacterial diversity  inside  the  traps  of U.  hydrocarpa  than  in  G.  filiformis.  The  Clostridium  genus  (Firmicutes)
was  the  dominant  group  in G. filiformis,  while  Aeromonas  (�-Proteobacteria) and  Acidobacterium  (Acidobac-
teria)  were  the  dominant  genera  in  U.  hydrocarpa.  In  general,  the  microbial  community  observed  in these
eywords:
icrobial ecology

rey digestion
icrobial community
abitat specificity
entibulariaceae

carnivorous  plants  was  composed  of Firmicutes  (46.8%),  Proteobacteria  (33.9%),  Acidobacteria  (9.3%),  Acti-
nobacteria  (4.4%),  Bacteroidetes  (0.8%),  Chloroflexi  (0.4%),  Gemmatimonadetes  (0.4%),  Cyanobacteria  (0.4%),
Chlamydiae  (0.4%)  and  Tenericutes  (0.4%).  Only  1.2%  of  the  observed  operational  taxonomic  units  (OTU0.03)
were  shared  by  U.  hydrocarpa  and  G.  filiformis.  The  present  study  describes  the  dominant  bacterial  species
associated  with  the  traps  of  the carnivorous  plant  G.  filiformis  and  U. hydrocarpa  and  briefly  discusses  the
possible  role  of  bacteria  in  plant  prey  utilisation.
. Introduction

The phyllosphere, defined as the area influenced by plants
Ruinen, 1961; Hardoim et al., 2008), contains different niches for
ighly diverse microbial populations. Therefore, the characterisa-
ion of this bacterial diversity is key to understanding not only the
cology and evolution of plant species but also their interactions
ith a diversity of other organisms (Lindow and Brandl, 2003; Knief

t al., 2010). Among an estimated 300,000 species of angiosperms,
arnivorous plants are represented by 650 species (Król et al., 2012)
hat display a notable convergence in their traps (usually modi-
ed leaves) and physiology. Carnivorous plants have the ability to
apture, kill, digest, and use the molecular products of their prey

Juniper et al., 1989). This prey could be an important source of
dditional N, P, S, K and Mg,  in some cases representing 50–80%

∗ Corresponding author at: Laboratory of Molecular Biology and Microbial Ecol-
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of the total nitrogen mass of the plant (Adamec, 1997; Ellison and
Gotelli, 2001).

Diverse microbial communities, mainly containing bacteria,
algae, protozoa and rotifers, live inside the Utricularia and Gen-
lisea traps (Skutch, 1928; Jobson and Morris, 2001; Richards, 2001;
Sirová et al., 2003; Adamec, 2007; Płachno and Wołowski, 2008;
Sirová et al., 2009), and could play a role in plant fitness in associa-
tion with prey digestion and environmental adaptation. Sirová et al.
(2003) suggested that Utricularia creates an environment stimulat-
ing microbial metabolism, which results in nutrient release through
prey digestion similar to the plant–microbe relationship found in
pitchers of Sarracenia purpurea L. Microbial food webs are vital com-
ponents of aquatic systems, as they involve nutrient recycling by
phytoplankton, bacteria and microzooplankton (Azam et al., 1983).
The environment inside the Utricularia trap, which is completely
sealed and anoxic (Adamec, 2007), contains all of the components
of a complex microbial food web, indicating that the microbial com-
munity in the trap could be responsible for a significant proportion
of enzymatic activity associated with prey digestion (Sirová et al.,

2009). According to Adamec (2007), the maintenance of anoxic
fluid inside the traps could be the mechanism for killing captured
prey. An additional prediction is that the microbial community
inside these traps would be adapted to this environment, which is

dx.doi.org/10.1016/j.aquabot.2013.12.008
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
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haracterised by limited periods of higher O2 concentration after
ring events followed by facultative anoxia (Adamec, 2007), allow-

ng organisms that are more tolerant to anoxia to live commensally
Richards, 2001; Sirová et al., 2003) and contributing to prey degra-
ation.

The role of microorganisms in the digestion process is subject to
iscussion in terms of the real importance to plant development.

n U. vulgaris L., most traps have a full life cycle that is shorter
han 30 days, with complete development of active traps occur-
ing between 10 and 19 days (Friday, 1989). Therefore, trap age is
onsidered to be vital for the ecophysiology of Utricularia (Friday,
989; Sirová et al., 2003) and could reflect the microbial commu-
ities inside the vesicle (Płachno et al., 2012). In these traps, Sirová
t al. (2009) observed that bacteria represent 58% of the total viable
icrobial biomass, suggesting that they play a key role in the food
eb inside the trap. Although many studies have identified the bac-

erial species in the pitcher of the Sarracenia species (Peterson et al.,
008; Siragusa et al., 2007; Krieger and Kourtev, 2012a, 2012b;
oopman and Carstens, 2011; Koopman et al., 2010), no studies
ave described the bacterial taxa inside the traps of the Genlisea
nd Utricularia species. Therefore, in the present study, we  describe
he dominant bacterial species present inside the traps of U. hydro-
arpa and G. filiformis and briefly discuss the possible role of these
acteria in plant prey utilisation.

. Materials and methods

.1. Plant sampling

Utricularia hydrocarpa (UH) and Genlisea filiformis (GF) traps
ere collected from at least five plants from natural populations

t three distinct sites (cities of Cuiabá, Poconé and Santo Anto-
io do Leverger, Mato Grosso State, Brazil). The vouchers were
eposited in the Herbarium JABU at the University of São Paulo
tate (Jaboticabal, SP, Brazil). The U. hydrocarpa plants were col-
ected from unpolluted and clean rivers, growing as aquatic plants

ith other macrophytes, while the G. filiformis plants were col-
ected from grassy pastures. For analysis, the traps were picked
p from each plant specimen and carefully washed in sterilised
ater. For U. hydrocarpa, brown traps up to 20 cm from the growth

ip, with prey debris inside were selected under stereoscopy micro-
cope. A composite sample from each site, consisting of at least 100
raps per plant, was then stored at −80 ◦C until DNA extraction.

.2. DNA extraction and gene libraries preparation

The traps were macerated, and total DNA was extracted using
he MoBio Power Soil DNA extraction kit (MoBio Laboratories,
arlsbad, CA, USA) according to the supplier’s recommenda-
ions. DNA extraction and integrity were checked by agarose gel
lectrophoresis (0.8%, w/v) and UV visualisation using ethidium
romide.

Bacterial 16S rRNA gene fragments from the carnivorous plants
H and GF were amplified using primers 968F and 1378R (Lane
t al., 1985) in a PCR mix  (50 �l) containing 1 �l template DNA
4 �g), 0.2 mM dNTPs, 3.75 mM MgCl2, 0.2 �M of each primer and
.5 U Taq DNA polymerase (Sinapse Biotecnologia, São Paulo, SP,
razil). After initial denaturation at 94 ◦C for 5 min, 30 cycles con-
isting of 1 min  at 94 ◦C, 1 min  at 56 ◦C and 2 min  at 72 ◦C were
erformed, followed by a final 10 min  extension at 72 ◦C. Amplicons
rom traps collected from the same plant species at the different

ites were pooled, purified using the QIAquick PCR purification kit
QIAGEN GmbH, Hilden, Germany), and the same PCR product con-
entration, for different plant species were cloned into pGEM®-T
asy vectors (pGEM®-T Vectors System II, Promega, Madison, WI,
Botany 116 (2014) 8– 12 9

USA) and used to transform Escherichia coli DH5� competent cells.
Positive colonies were picked out and used to construct two 16S
rRNA gene libraries (UH and GF) with a total 500 clones. The inserts
were PCR-amplified using the M13F/M13R primers, and inserts
ranging from 450 to 500 bp were purified and sequenced with the
1378R primer, using the BigDye Terminator V1.1 cycle sequencing
kit (Applied Biosystems, Foster City, CA, USA). The 16S rRNA gene
sequences were used as input data for phylogenetic and statistical
analysis.

2.3. Analysis of the 16S rRNA gene library

A total of 150 clones from each library (UH and GF) were
sequenced. Prior to analysis, all chromatograms were trimmed
with Phred-Phrap (http://www.phrap.com/phred/). Thirty-
two chimeric sequences were identified and removed using
Bellerophon v.3 software (http://greengenes.lbl.gov). The clone
sequences were clustered as Operational Taxonomic Units (OTU)
using DOTUR (Schloss and Handelsman, 2005) and a cut-off of
97% of identity and further examined using rarefaction analysis.
The richness and diversity indices were calculated using DOTUR,
based on the non-parametric richness (ACE and CHAO1) and
diversity (Shannon-Weaver and Simpson) indices with a cut-off
of 100% (unique), 99% (0.01), 97% (0.03), 95% (0.05) and 90%
(0.1) identity. Phylogenetic classifications were performed using
RDPQuery (http://simo.marsci.uga.edu/public db/rdp query.htm)
using the database parameters. The sequences were aligned using
ClustalW (Thompson et al., 1994), and the distance was calculated
using the Kimura 2 method (Kimura, 1980) using the DNADIST
(http://cmgm.stanford.edu/phylip/dnadist.html) and MEGA 3
program (Kumar et al., 2004). The branches were tested with
bootstrap analyses (1000 replications), and the layout of trees was
designed using the online application “Interactive Tree Of Life”
(iTOL) (http://itol.embl.de/) (Letunic and Bork, 2007).

3. Results and discussion

The focus of the present study was  the dominant bacterial
groups in the traps of the U. hydrocarpa (UH) and G. filiformis (GF)
plants, which could contribute to plant nutrient acquisition. As the
surface disinfection process could trigger the utricles and elimi-
nate the bacterial community inside the traps, we only washed the
traps with sterilised distilled water. However, analysis based on
Scanning Electron Microscopy showed that the contamination of
bacteria from trap surfaces was  insignificant. In addition, analysis
based on the DGGE technique indicated that traps collected from
different sites, for the same plant species, presented similar DGGE
profiles (data not shown).

Although, many microorganisms were detected inside the Utric-
ularia and Genlisea traps, the bacterial species were not identified.
Therefore, after assessing the sequences for quality and the pres-
ence of chimaeras, a total of 268 sequences (141 from GH and 127
from UH) were used to identify the bacterial components in the
traps. Most of the sequences clustered into Firmicutes (46.8%) and
Proteobacteria (33.9%), indicating that these are the dominant bac-
terial phyla (Fig. 1 and S1) inside the traps. Minor bacterial phyla
included Acidobacteria (9.3%), Actinobacteria (4.4%), Bacteroidetes
(0.8%), Chloroflexi (0.4%), Gemmatimonadetes (0.4%), Cyanobacteria
(0.4%), Chlamydiae (0.4%) and Tenericutes (0.4%) (Figs. 1 and S1).
Krieger and Kourtev (2012a, 2012b) and Koopman and Carsten
(2011) found similar phylum in the pitchers fluid of Sarracenia

purpurea and S. alata, in which the Proteobacteria,  Bacteroidetes,
Cyanobacteria and Firmicutes were dominants. However, Acidobac-
teria, Chlamydiae, Chloroflexi,  Gemmatimonadetes and Tenericutes
were not detected in the evaluated pitchers (Table 1).

http://www.phrap.com/phred/
http://greengenes.lbl.gov/
http://simo.marsci.uga.edu/public_db/rdp_query.htm
http://cmgm.stanford.edu/phylip/dnadist.html
http://itol.embl.de/
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Fig. 1. Phylogenetic analysis of 248 bacterial 16S rRNA genes clones obtained from G. filiformis and U. hydrocarpa. The solid grey circles next to the tree branches correspond
to  bootstrap values higher than 70%. The tree display has one representative clone per OTU. A single OTU embraces all of the clone sequences sharing at least 99% similarity.
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he  groups Tenericutes, Cyanobacteria,  Actinobacteria, Firmicutes,  Chlamydiae, Bacter
y  the different colours in the legend. There were a total of 420 aligned nucleotide 

Although some overlap of microbial populations between the
wo carnivorous plants (GF and UH) was observed, the communities
ere mostly distinct. Anaerobic Clostridium sp. and the facultative

naerobic, pectolytic Dickeya sp. (sin.: Pectobacterium sp.)  were
he dominant species in GH libraries, while the UH libraries were
ominated by Clostridium sp., the facultative anaerobic Aeromonas
p. and the acidophilic, chemoorganotrophic and also facultative
naerobic Acidobacterium (Fig. 1). The characteristics of this bac-
erial community, mostly anaerobic or facultatively anaerobic,

re in agreement with Adamec (2007), which observed that the
nvironment inside the Utricularia trap is completely sealed and
noxic with limited periods of higher O2 concentration after firing
vents. In addition, some genus, specifically Acidobacterium, thrive
s, Acidobacteria, Chloroflexi,  Gemmatimonadetes and Proteobacteria are as explained
ns in the final data set.

in low-pH environments and are capable of using complex organic
substrates such as hemicellulose, cellulose and chitin (Ward et al.,
2009), which could be obtained by digestion of algae and micro-
crustaceans, creating a microbial food web  inside the traps, as
previously suggested by Sirová et al. (2003). In Utricularia,  these
results therefore point to a microbial community well adapted to
trap conditions with diurnally fluctuating oxygen conditions, lower
pH, and copious supply of both complex and simple substrates.
Much less is known about the physico-chemical conditions within

Genlisea traps, but the lower diversity of microorganisms may be
related to different trap structure and mechanism of trap function-
ing – these traps are opened and therefore there is less potential
for a stable environment maintained by the plant.
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Table 1
Richness and diversity analysis 297 of UH and GF 16S rRNA gene libraries.

Treatment Dissimilarity No of DNA
sequences

No of OTUs Richness estimator Diversity index

Bootstrap value Chao-1 Shannon (H) Simpson (1-D)

G. filiformis

Unique

141

123 165.729394 928.15 (513.49– 1783.02) 4.70 (4.56–4.84) 0.0045 (0.0004–0.008)
0.01  54 69.017428 202.2 (110.66–441.60) 3.29 (3.08–3.51) 0.06 (0.041–0.08)
0.03 32 40.046955 102 (53.51–259.74) 2.51 (2.29–2.73) 0.133 (0.101–0.165)
0.05  29 36.074500 65.5 (40.60–155.2) 2.36 (2.14–2.58) 0.154 (0.119–0.19)
0.10  22 27.094926 48 (28.81–121.17) 2.03(1.82–2.24) 0.2 (0.241–0.241)

U.  hydrocarpa

Unique

107

94 126.99 1073 (492.54–2498) 4.43 (4.26–4.59) 0.005 (0.0001–0.1184)
0.01  65 86.18 321.66 (172.97–675.12) 3.64 (3.38–3.90) 0.049 (0.021–0.076)
0.03  52 67.98 154.5 (94.83–297.26) 3.2 (2.92–3.49) 0.089 (0.047–0.13)
0.05  48 62.58 188.6 (101.48–417.58) 3.06 (2.77–3.35) 0.105 (0.058–0.152)
0.10  37 46.65 92.2 (55.81–198.98) 2.72 (2.44–3.01) 0.134 (0.085–0.183)

Total

Unique

248

217  292.88 2080 (1226–3659) 5.270 (5.161–5.379) 0.0025 (0.0008–0.004)
0.01  191 254.19 903 (610–1399) 5.049 (4.925–5.172) 0.0057 (0.002–0.008)
0.03  83 106.96 293 (179–538) 3.464 (3.277–3.651) 0.0618 (0.047– 0.075)
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0.05  74 94.62 

0.10  54 66.72 

The minor genera found in UH were Spiroplasma, Solirubrobac-
er, Iamia, Mycobacterium, Kineosporia, Microbacterium, Mitsuokella,
naeromusa, Exiguobacterium, Flectobacillus, Arcicella, Terriglobus,
emmatimonas,  Cladilinea,  Plesiomonas, Dickeya, Citrobacter,
ronobacter, Methylocaldum,  Alkalilimnicola,  Duganella,  Curvibacter,
seudogulbenkiana, Bacteriovorax,  Sphingomonas,  Filomicrobium
nd Prosthecomicrobium, while in GF, the minor groups were
rochlorococcus, Actinoallomurus, Dendrosporobacter,  Parachlamy-
ia,  Terriglobus, Aquitalea, Phenylobacterium and Magnetospirillum
Fig. 1), indicating that the microbial communities inside these UH
nd GF traps are different. In fact, based on the OTU classification
n 97% similarity (OTU0.03), only 1.2% of these species were found
o be common to both UH and GF libraries.

Although more sequences from GF traps (141) than from UH
raps (127) were evaluated, we found 62.5% more OTU0.03 in UH
han in GF, suggesting that the UH traps harbour a more diverse bac-
erial community as compared to GF traps. In fact, CHAO1 richness
nd Shannon–Weaver and Simpson diversity indices, determined
t different dissimilarity levels (0.03, 0.05 and 0.10), revealed that
he richness and diversity were significantly higher in UH traps than
n GF traps. Additionally, the rarefaction curves suggested that the
acterial diversity at genus level was better sampled in GF than

n UH (Fig. S2). As previously described (Adamec, 2007; Płachno
t al., 2006, 2007), these carnivorous plant species live in differ-
nt environments and employ different strategies to capture prey,
hich would explain this difference in bacterial diversity. In UH,

he bacterial community present in the water surrounding the trap
s sucked in together with the prey. If the conditions in the trap are
avourable for some of the bacteria, then these species can estab-
ish a population during prey digestion. Accordingly, the diversity
f the bacterial community is driven by a stochastic event (suction)
nd in the end by the physical–chemical conditions inside the trap.
owever, in GF, the microbial community inside the trap is carried
ainly by the prey, although some motile bacteria can enter the GF

rap using their flagella or other structures. However, to confirm
his hypothesis, different Utricularia and Genlisea species should
e evaluated, and the correlation between bacterial diversity and
trategies for prey capture should be calculated.

The association between carnivorous plants and bacteria has
een consistently described for Sarracenia spp. (Peterson et al.,
008; Siragusa et al., 2007; Krieger and Kourtev, 2012a, 2012b;

oopman and Carstens, 2011; Koopman et al., 2010), but for the
tricularia and Genlisea genera the dominant bacterial species had
ot yet been identified. Therefore, in the present study, the domi-
ant groups present in the bacterial community inside the traps of
246 (149–465) 3.298 (3.111–3.485) 0.0723 (0.056–0.088)
112 (76–203) 2.942 (2.763–3.12) 0.0946 (0.076–0.112)

U. hydrocarpa and G. filiformis were described. Additionally, we  sug-
gest that this bacterial diversity could be driven not only by random
assemblages of the bacterial community surrounding the plant, but
also by the environment of the trap and the specific strategy used
by the plant to capture its prey.
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