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Abstract The phylogenetic composition and phys-

iological profiles of bacterial communities in fresh-

water springs were evaluated during the blooming and

non-blooming stages of the invasive plant species,

Hydrilla verticillata. Community-level physiological

profiles (CLPPs) and pyrosequencing of 16S rRNA

gene amplicons were used to study potential Hydrilla

mediated shifts in the physiological potential and

phylogenetic composition of the bacterial community

in infested systems. The results of CLPP revealed that

the microbes in the Hydrilla invaded sites utilized less

substrates during blooming periods than during non-

blooming periods of the plant. Spearman’s rank

correlation analysis showed some relationships

between the relative abundances of bacterial taxa

and the Biolog substrate utilization pattern. The

relative abundance of the identified taxa showed some

striking differences based on the blooming status of

Hydrilla and to a lesser extent on site variation. The

relative abundance of Actinobacteria, Bacteriodetes,

and Verrucomicrobia was generally higher during

Hydrilla blooms, while Deltaproteobacteria was

generally higher during non-blooming stages of Hyd-

rilla. The detected genera also varied based on the

blooming stages of the plant. Based on the findings, it

appears that Hydrilla alters the phylogenetic compo-

sition and structure of the bacterial community during

the blooming stage.
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Introduction

Hydrilla verticillata, commonly called Hydrilla, is

one of the most invasive and studied aquatic vascular

plant species and is widely distributed in various

countries (Langeland, 1996). Since its accidental

introduction into Florida approximately 25 years

ago, Hydrilla has caused major problems in water

bodies in the state due to the intensity and vastness of

its growth (Blackburn et al., 1969). In 1997, the plant

was discovered in Wakulla Springs (Wakulla, FL,

USA), classified as a natural treasure, and one of the

longest and deepest known submerged freshwater

springs and cave systems in the world (Cao et al.,

1999). Historically, the Wakulla Spring, which is the

centerpiece of a 6,000 acre preserve, has been known

for its pristine water which has attracted divers and
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other visitors from many countries. However, for more

than a decade, water quality in the spring has been on a

decline due to increased nitrate levels, algal blooms,

and the invasive aquatic plant species. Hydrilla has

caused blockages in the waterways of the springs

resulting in curtailment of boating tours and other

recreational activities causing economic losses.

Hydrilla invasion also has been reported to have

consequential ecological impacts, such as disruption

of the dominant native species (Blackburn et al., 1969;

Langeland, 1996) and the potential to alter the

microbial community structure of invaded areas

(Posey, 1988; Coles et al., 1999; Han et al., 2007).

These changes can potentially alter ecosystem pro-

cesses such as productivity, decomposition, nutrient

cycling, and hydrology (D’Antonio & Vitousek, 1992;

Vitousek et al., 1997; Hahn, 2003).

Although many studies (Kourtev et al., 2003; Costa

et al., 2005; Garbeva et al., 2005) have focused on the

impact of plant species on soil microbial communities,

few have evaluated the microbial community of the

water column in aquatic systems invaded by plant

species such as Hydrilla. In one study (He et al., 2012),

the researchers evaluated epiphytic microbial com-

munity on Hydrilla and eelgrass using the clone

library procedure which provides limited data com-

pared to current and widely used high throughput

sequencing methods. Their study also did not evaluate

bacteria communities in the water column. Thus, our

objective in this study was to assess the bacterial

community structure and function using the culture

independent 454 pyrosequencing method in two

Hydrilla invaded springs, the Wakulla Springs and

the adjoining Sally Ward Springs, during the blooming

and non-blooming stages of Hydrilla.

Materials and methods

Study sites

The sampling sites for this investigation were Wakulla

and Sally Ward Springs, both infested with Hydrilla,

and two underground aquifers which are the major

sources of spring water into Wakulla Springs, Fig. 1.

Three sub-sites were selected within the Wakulla Spring/

River area: W1 (N30�14.1010, W084�18.1600), W2

(N30�14.1550, W084�17.7470), and W3 (N30�14.1620,
W084�17.7770). Due to the smaller size of Sally Ward

Spring, two sub-sites were selected: SW1 (N30�14.4810,
W084�18.6430) and SW2 (N30�14.5020, W084�18.6610).
The samples from the underwater aquifers were obtained

from two channels (B and C) which join at a central point

and feed water directly into the Wakulla Spring head.

Sample collection and processing

To analyze the water column bacterial communities,

water samples were collected during the blooming

(April 2012) and non-blooming (December 2011)

stages of Hydrilla. Approximately, 2 l of water sample

was collected in duplicate at each sampling site using a

Vertical Point Water Sampler (Aquatic Research

Instrument, Hope, ID) and transferred into sterilized

bottles. Water parameters such as conductivity, salin-

ity, and temperature were measured (YSI 30�46-YSI,

St. Petersburg, FL) along with pH (AR15-Fisher

Scientific, Pittsburg, PA) prior to sample collection

(Table 1). In addition, water samples for nutrient

analysis were collected and transported on ice to the

City of Tallahassee Water Quality Laboratory (Talla-

hassee, FL, USA) for analyses using various US

Environmental Protection Agency methods. Chloro-

phyll-a by EPA spectrophotometric method

SMI0200H (AWWA, 1998), total nitrogen by EPA

ammonia, unionized method 350.1, total phosphorus

as P by EPA calorimetric, automated block digester

AAII method 365.4 and dissolved organic carbon by

EPA high temperature combustion method SM5310B

(EPA, 1986).

In the laboratory, each of the duplicate samples was

combined yielding a 4 l composite sample from each

site. Three hundred milliliters from each site was set

aside for determining bacterial cell abundance and

community-level physiological profile (CLPP). In

addition, 3 l of each water sample were filtered

through 0.2-lm Nuclepore track-etched membrane

filters (Whatman laboratory, NJ, catalog # 111106) to

capture bacteria. The filters were stored at -20�C for

subsequent DNA extraction and analysis.

Bacterial abundance

Bacterial cell abundance was determined by DAPI

(40,6-diamino-2-phenylindole) (Molecular Probes,

Inc., Eugene, OR) staining (Pernthaler et al., 1998).

Briefly, formalin-fixed water subsamples of 3–5 ml in

triplicate were stained in the dark for 30 min with
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DAPI (final concentration 10 lg/ml). The samples

were then filtered through pre-wetted black polycar-

bonate membrane filters (diameter, 25 mm, pore size,

0.22 mm, GE Osmonics Inc., Minnetonka, MN).

Bacterial counts were done at 1,0009 magnification

using a Zeiss Axioskop epifluorescence microscope

(Carl Zeiss Inc., Thornwood, NY). One-way ANOVA

was used to test for significant differences between

cell counts at each site during the non-blooming and

blooming cycles.

CLPPs analysis

CLPPs were assessed by the Biolog EcoPlateTM system

(BIOLOG Inc., Hayward, CA) as previously reported

(Insam, 1997). 120 ll of each water sample was

inoculated into each well of the Biolog EcoPlateTM

and incubated at 25�C for 192 h. Substrate utilization

(absorbance at 590 nm) was measured at zero time-

point and every 24 h (Yao et al., 2000) thereafter for

168 h using a BIOTEK UQuant Microplate Spectro-

photometer (BIO-TEK Instruments Inc., Winooski,

USA). The measurements of individual substrates were

corrected for background absorbance by subtracting the

absorbance of the control (no carbon source) samples.

Well optical density values that were negative or\0.06

were manually set to zero (Classen et al., 2006). The 31

carbon substrates contained in each ecoplate were

designated into six respective guilds; carbohydrates,

carboxylic acids, amino acids, amides/amines, poly-

mers, and esters. The utilization pattern of each guild by

the bacterial communities was determined by averaging

the OD of the substrates within the respective guilds

after 192 h. The CLPP AWCD Biolog data were

analyzed using principal component analysis (PCA) to

identify sample groupings based on a simplification of

the dataset into its most variable axes. PCA was done

using the PAST program (Hammer et al., 2001) and the

results visualized by constructing ordination plots of the

first two axes, which represent the greatest proportion of

variation.

DNA extraction and pyrosequencing

Community DNA was extracted from cells captured

from water samples onto 0.2-lm Nuclepore track-

Fig. 1 Shown are sampling locations in Wakulla and Sally Ward Springs

Hydrobiologia (2015) 742:221–232 223

123



etched membrane filters using the MoBio Power-

Water� DNA Isolation Kit (MoBio, Carlsbad, CA)

following manufacturer’s instructions. DNA yield and

purity were measured using a ND-1000 spectropho-

tometer (NanoDrop Technologies, Wilmington, DE).

In order to check quality of the extracted DNA,

universal eubacterial primers 27F and 1492R (Rohwer

et al., 2001) were used to amplify 16S rRNA gene

fragments. The polymerase chain reaction (PCR)

mixture was prepared using Taq mastermix (Denville

Scientific, Metuchen, NJ) with 2 ll template DNA,

PCR grade sterile water, and 5 pmol/ll of each primer

in a total reaction of 25 ll. Sterile water was used as

negative controls in each batch of PCR reactions. The

PCR reactions were performed in a Biorad thermocy-

cler (Hercules, CA) under the following conditions:

initial denaturation at 94�C for 5 min, followed by 30

cycles of 94�C for 1 min, annealing at 55�C for 1 min,

72�C for 1 min, and a final extension at 72�C for

10 min. Product size and purity were confirmed by

electrophoresis in 1% agarose gels using ethidium

bromide. Once DNA quality was confirmed to meet

the standards of the pyrosequencing facility, the DNA

samples were shipped to MR DNA (www.mrdnalab.

com) in Shallow Water, TX for pyrosequencing

analysis following protocols originally described by

Dowd et al. (2008). Briefly, the 16S universal

Eubacterial primers 27Fmod (50-AGRGTTTGATC

MTGGCTCAG-30) and 519Rmodbio (50-GTNTTA

CNGCGGCKGCTG-30) were used to amplify the V1–

V3 region of the 16S rRNA gene using 30 cycles of

PCR. Amplification was done using HotStarTaq Plus

Master Mix Kit (Qiagen, Valencia, CA) under the

following conditions: 94�C for 3 min, followed by 28

cycles of 94�C for 30 s; 53�C for 40 s and 72�C for

1 min after which a final elongation step at 72�C for

5 min was performed. Following PCR, all amplicon

products from different samples were mixed in equal

concentrations and purified using Agencourt Ampure

beads (Agencourt Bioscience Corporation, MA,

USA). Samples were sequenced utilizing Roche 454

FLX titanium instruments and reagents following

manufacturer’s guidelines.

Analysis of pyrosequencing-derived data

Pyrosequencing data was analyzed using the Mothur

pipeline by Schloss et al. (2011). Briefly, adapters,

barcodes, primers, and sequences \200 bp and

containing ambiguous ‘N’ were removed from the

raw sequences. Cleaned sequences were aligned using

the Silva reference database via the Mothur alignment

command. Aligned sequences were denoised using the

‘‘pre.cluster’’ command to merge sequence counts

that were within 2 bp of a more abundant sequence

(Huse et al., 2010; Roeselers et al., 2011). Chimeric

sequences were removed using UCHIME algorithm

(http://drive5.com/uchime) (Edgar et al., 2011).

Table 1 Water variable measurements of Wakulla and Sally Ward Springs were carried out during blooming and non-blooming

periods and from two well conduits

W1 W2 W3 SW1 SW2 B C

December 2011 (non-blooming)

Temperature (�C) 20.8 19.8 19.8 20.5 20.2 19.6 20.3

pH 7.83 7.78 7.83 7.85 7.73 7.78 7.83

Total nitrogen (mg l-1) 0.64 0.71 0.68 0.94 0.96 0.91 0.68

Total phosphate (mg l-1) 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Chlorophyll-a (lg l-1) 1.0 1.0 1.3 2.0 1.0 1.0 1.0

DOC (mg l-1) 0.46 0.35 0.35 0.79 0.70 0.35 0.35

April 2012 (blooming)

Temperature (�C) 20.9 21.3 21.3 21.0 20.8 21.6 21.3

pH 8.22 8.33 8.30 8.07 7.97 7.98 7.99

Total nitrogen (mg l-1) 0.75 0.50 0.56 0.69 0.74 0.75 0.73

Total phosphate (mg l-1) 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Chlorophyll-a (lg l-1) 1.5 5.9 7.4 2.9 1.0 2.7 1.5

DOC (mg l-1) 0.35 0.35 0.35 0.35 0.35 0.35 0.35
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In addition, sequences that were suspected to be

mitochondria–chloroplast–Archaea–Eukarya–unknown

were removed from further analysis. DNA distance

matrices were calculated and used to define the num-

ber of operational taxonomic units (OTUs) at

sequence divergences of 3% (Wu et al., 2010). All

OTUs were classified using the 16S rRNA training set

nine database from RDP (Wang et al., 2007).

Diversity richness was calculated using rarefaction

curves, ACE (Chao & Lee, 1992) and Chao 1 (Chao,

1984) non-parametric richness estimators, while com-

munity diversity was determined using Invsimpson

and Shannon diversity indices. Dendrogram using the

thetaYC tree was generated to determine similarities

among treatments and the unweighted unifrac test of

significance was used to determine whether the

clustering within the tree was statistically significant.

To identify relationships between the identified bac-

terial taxa and the Biolog substrate utilization pattern,

Spearman’s rank correlations were determined using

SPSS 19.0 software (SPSS Inc.).

Nucleotide sequence accession number

The 16S rRNA gene sequences derived from pyrose-

quencing have been deposited in the NCBI Sequence

Read Archive under accession number SAMN0199

3801.

Results

Bacteria abundances

Bacterial abundances based on DAPI counts are

shown in Figs. S1 and S2. Although the bacterial cell

counts from Wakulla Springs were not significantly

different between the blooming and non-blooming

(one-way ANOVA, P [ 0.05) periods, the counts

were typically higher during non-blooming. This was

in contrast to the Sally Ward Springs where cell counts

during the non-blooming stages were significantly

higher (P \ 0.05) than the blooming stages (Fig. S1).

At all of the springs, there were significant differences

(P \ 0.001) in cell counts among the sub-sites on each

of the sample collection dates (Fig. S2). Cell counts

from the Wakulla Spring sites were typically higher

than those from the Sally Ward sites, with the

exception of site 1 which had similar counts to those

of the Wakulla sites during the non-blooming stages.

The underground aquifers had significantly lower

bacterial cell counts than either Wakulla or Sally Ward

Springs in all cases.

CLPPs analysis

The results of CLPP revealed that the microbes in the

Hydrilla invaded sites utilized less substrates during

blooming periods than during non-blooming periods of

the plant (Fig. S3). Substrate utilization by the bacteria

in the Wakulla and Sally Ward Springs was much

higher than that in the aquifers. To determine the

substrates most preferred by the microbial community

in the invaded systems, the sum of all the substrate

utilization values for each of the respective guilds from

all samples was used to calculate a mean value for each

of the substrate guilds. The results showed esters,

followed by carbohydrates, as the most utilized

substrates by the microbial community during the

blooming stages and polymers, followed by carbohy-

drates, were most utilized during the non-blooming

stage. The other substrates were utilized at similar rates

during blooming and non-blooming periods (Fig. 2).

The PCA (Fig. 3a) and cluster analysis (Fig. 3b)

were performed on the combined substrate utilization

values from all sub-sites at both sampling dates. The

bacterial community physiological profiles from the

invaded springs did not show any specific clustering

pattern based on the presence or absence of the plant or

among the different sub-sites. The analyses did show

that the bacterial community in samples collected

from the non-invaded aquifer sites clustered together

and separately from those from the invaded springs.

Principal components 1 and 2 explained 99.7% of the

total variance in the data of CLPP, with 98.8% being

explained by PC1 (Fig. 3a). This indicates that the

differences along PC1 were more influential than

along PC2. Shannon diversity indices were calculated

on average the AWCD after 192 h (Table S1) and

ranged from 2.50 to 2.76 while evenness ranged from

0.72 to 0.93. Neither the Shannon index nor the

evenness differed greatly among the sub-sites.

Diversity and composition of bacteria

communities in freshwater springs invaded

with Hydrilla

Although rarefaction curves did not reach saturation at

a 3% genetic distance indicating that the full extent of
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taxonomic diversity was not surveyed, the Good’s

coverage estimate ranged from 67 to 96% (Table 2,

Figs. S4 and S5) showing that the majority of the

bacterial community was covered. The Shannon

diversity indices did not vary greatly between the

blooming and non-blooming stages of Hydrilla being

6.03 and 6.29, respectively. The average Shannon

index for the non-invaded aquifers was 5.80 in April

samples and 5.73 in December samples. The Chao 1

richness estimate for the samples collected from the

invaded systems was generally higher in December

than in April and averaged 8,154 and 7,518, respec-

tively. Contrastingly, for the samples collected from

the non-invaded aquifers, the Chao 1 richness estimate

was generally higher in April (4,452) compared to

December (3,349). The ACE richness estimator

showed similar findings to the Chao 1 estimator

(Table 2, Fig. S4).

The pyrosequencing-based analysis of the V1–V3

region of the 16S rRNA genes resulted in 256,352

sequences. Following filtering, denoising, chimera

removal and clustering, a total of 209,420 high

quality sequences with read lengths C200 bp (aver-

age read length was 298 bp) across all 14 water

samples were used to classify the bacterial commu-

nity structure in Wakulla and Sally Ward Springs and

the aquifers.

The 209,420 sequences classified below domain

level were affiliated to 24 bacterial phyla including

five Proteobacterial classes (Fig. 4, Fig. S6). The

Proteobacteria represented approximately 49.8% of

the total sequences with Betaproteobacteria (19.5%),

Alphaproteobacteria (7.6%), and Gammaproteobac-

teria (6.1%) representing the most abundant. The most

abundant bacterial taxa identified in the invaded

systems at the blooming stage of Hydrilla were

Betaproteobacteria (12.1%), Actinobacteria (11.8%),

unclassified Proteobacteria (14.8%), and Alphaprote-

obacteria (4.6%). In contrast, the most abundant taxa

during non-blooming were Betaproteobacteria

(7.4%), Alphaproteobacteria (3.1%), and Gammapro-

teobacteria (2.7%). The most abundant taxa at the

non-invaded sites were Actinobacteria (2.7%), Beta-

proteobacteria (2.6%), Gammaproteobacteria (1.3%),

and Alphaproteobacteria (1.2%).

At the genus level, 37,296 OTUs from all water

bodies were classified from the more than 209,000

sequences based at a 3% genetic distance. To assess

the most abundant OTUs, only those with abundances

[100 sequences across all samples were classified

(Table S3). Of these, the most dominant ([2% of the

genera classified) were Opitutus (8.4% from the phylum

Verrucomicrobia), Limnohabitans (7.1% from the class

Betaproteobacteria), Luteibacter (7.0% from the class

Gammaproteobacteria), Acinetobacter (6.5% from the

class Gammaproteobacteria), Flavobacterium (6.1%

from the class Flavobacteria), and Rheinheimera (4.4%

from the class Gammaproteobacteria).

Fig. 2 Community-level

physiological profile

(CLPP) of microbial

communities in the water

column of springs during

blooming and non-blooming

stages of Hydrilla. The

CLPP is based on microbial

community utilization

patterns of carbon substrates

in the Biolog EcoPlateTM

system. a Non-blooming,

b blooming, W Wakulla

Spring, SW Sally Ward

Spring, B and

C underground conduits
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In order to identify relationships between the

relative abundances of bacterial taxa and the Biolog

substrate utilization pattern, Spearman’s rank correla-

tion analysis was done. Among all the substrates;

amino acids (r2 = 0.619, P = 0.05), polymers

(r2 = 0.582, P = 0.05), and esters (r2 = 0.780,

P = 0.01) were positively correlated to Betaproteo-

bacteria, while carbohydrates (r2 = 0.596, P = 0.05)

were only correlated to Bacteriodetes. Polymers

(r2 = 0.569, P = 0.05) were positively correlated to

Deltaproteobacteria (Table S2).

Similarity among microbial communities

In order to describe the phyologenetic similarities

among the microbial communities in samples based on

sampling dates and sites, a dendrogram was generated

using the thetaYC calculators in the Mothur platform

(Fig. 5). The unweighted unifrac commands were

used to determine whether the clustering within the

tree was statistically significant or not. There was

significant differences in clustering of the communi-

ties based on the blooming stages of Hydrilla

(unweighted unifrac significance = 0.03) and also

the sites (non-invaded versus invaded) (unweighted

unifrac significance = 0.009). Bacteria in water sam-

ples collected during the non-blooming stages clus-

tered more closely together while those from the

blooming stages were more closely related. In addi-

tion, bacteria in the water samples from the Hydrilla

invaded sites were more closely related to each other

than to the samples from the non-invaded aquifers.

Discussion

Invasive plant species have become a serious problem

in various ecosystems. Once established they can alter

or displace the native communities including the

structure of microbial communities and their role in

nutrient cycling (Angeloni et al., 2006). Results of

previous studies (Kourtev et al., 2003; Windham &

Ehrenfeld, 2003) have shown that invading plants can

alter microbially driven nitrogen cycling processes in

terrestrial ecosystems (Kourtev et al., 2003) and

freshwater wetlands (Windham & Ehrenfeld, 2003).

Such plants have also been shown to possibly alter the

microbial community structure in terrestrial soils

(Duda et al., 2003; Angeloni et al., 2006) and brackish

marsh sediments (Ravit et al., 2003; Angeloni et al.,

2006).

In this study, the microbial community activities

and structure in Hydrilla invaded and non-invaded

springs were investigated, using both community

physiological (CLPPs) and 16S rRNA gene profiles.

For the invaded sites, this approach permitted detec-

tion of shifts in the activities and structure of water

column microbial communities between the blooming

and non-blooming cycles of Hydrilla.

Among the differences observed between the

invaded and non-invaded sites were in bacterial

Fig. 3 Principal component analysis of community-level phys-

iological profiles of microbial communities. N non-blooming

stages of Hydrilla, B blooming stages of Hydrilla, B and

C underground aquifers (non-infested), SW Sally Ward

(infested), W Wakulla Spring (infested). Shown are: a PCA

analyses and b dendrogram (Euclidean distance) analysis of

microbial responses to Biolog substrates
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Table 2 Summary of total sequences, total operational taxo-

nomic units (OTUs), richness estimation, diversity indices, and

coverage in the 14 samples collected from freshwater springs

infested with Hydrilla during blooming (B) and non-blooming

(N) cycles and from aquifers

Groupa Number of reads Goods coverage (%) Number of OTUs Diversity index Richness estimators

Initial seqs. Cleaned seqs. Invsimpsonb H0b Chao1c Acec

B.N 8,127 6,911 85.88 1,619 66 5.75 3,408 4,739

B.B 8,561 7,686 83.26 2,001 35 5.81 4,645 7,592

C.N 8,830 7,437 87.63 1,599 87 5.86 3,290 4,759

C.B 8,222 7,220 83.10 1,913 26 5.64 4,259 6,567

SW1.N 9,026 7,481 68.45 3,365 331 7.27 8,491 15,074

SW1.B 10,349 6,837 74.62 2,532 137 6.68 6,609 11,054

SW2.N 9,359 7,775 66.97 3,618 378 7.39 9,733 17,040

SW2.B 23,730 21,079 92.29 2,597 52 5.42 6,202 10,528

W1.N 8,199 5,231 87.99 943 17 4.58 2,557 4,314

W1.B 105,712 90,062 96.05 5,499 28 5.19 15,237 27,429

W2.N 19,292 15,848 77.29 5,110 47 6.77 14,103 25,608

W2.B 11,944 9,297 86.26 2,237 109 6.33 4,445 6,405

W3.N 13,057 8,885 83.60 2,098 24 5.45 5,886 11,071

W3.B 11,944 7,671 82.47 2,165 185 6.52 5,100 7,749

All variables were analyzed using the Mothur platform at a 3% genetic distance
a B&C underground aquifers (non-infested sites), SW Sally Ward Spring (infested), W Wakulla Spring (infested)
b Chao 1 and ACE are non-parametric richness estimators
c Invsimpson and Shannon are diversity indices

Fig. 4 Relative abundance of dominant bacterial phyla and

proteobacterial classes in water samples from freshwater springs

infested with Hydrilla. OTUs were classified using the 16S

rRNA training set nine database from RDP at a 3% genetic

distance. N non-blooming stages of Hydrilla, B blooming stages

of Hydrilla, B and C underground aquifers (non-infested), SW

Sally Ward (infested), W Wakulla Spring (infested)
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abundances. The invaded sites, Wakulla and Sally

Ward Springs, were found to have significantly higher

abundances of bacteria (P \ 0.05) (even when the

plant was dormant) than the non-invaded underground

aquifers sites (Fig. S2). These differences could be due

to the different nature of the systems, although the

measurements of water parameters for the springs and

aquifers were similar (Table 1). However, the under-

ground aquifers are in a protected environment devoid

of light and lacking exposure to the many elements in

nature.

Sole-carbon-source utilization tests have been pre-

viously used to monitor differences in metabolic

profiles in microbial communities in soil and other

natural environments (Garland & Mills, 1991; Camp-

bell et al., 1997; Gomez et al., 2004). Using the Biolog

EcoPlateTM system, we observed that the bacterial

community substrate utilization was generally higher

in the Hydrilla invaded sites, than in the non-invaded

aquifers. These differences are likely related to

variations in bacterial numbers and community struc-

ture in the different water bodies which may be

influenced, at least in part, by the presence or absence

of Hydrilla. In the Hydrilla invaded sites, substrate

utilization by the bacteria was higher during the non-

blooming stage of the plant compared to the blooming

stages. The bacterial cell counts were also higher

during the non-blooming stages of the plant in the

invaded sites. Several explanations may account for

this. For example, during the blooming period, the

Hydrilla may be adding some nutrient exudates that

the bacteria have a preference for over the Biolog

substrates. It has been reported that Hydrilla contains

compounds such as loliolide, thymidine, octa-

decanedioic acid (Xiao et al., 2007), and caffeic acid

ester (Hipskind et al., 1992). Whether the bacteria can

utilize these carbon compounds as energy sources is

not fully understood; however, this could be an

important area for future investigation to evaluate

whether these compounds can be utilized by bacteria

or have a detrimental effect on them. When the

Hydrilla and their products are reduced during non-

blooming periods, the bacteria may preferentially turn

again to metabolism of the Biolog substrates. Another

possible scenario is that the bacteria community in the

spring that are able to more effectively utilize the

Biolog substrates may be reduced by the Hydrilla, thus

the lower substrate utilization pattern.

Pyrosequencing analysis of the V1–V3 regions of

the 16S rRNA genes from water samples collected

from all sites yielded 209,420 clean sequences and

37,296 OTUs. The invaded sites had 15,134 and

15,030 OTUs during non-blooming and blooming

stages of Hydrilla, respectively. The non-invaded sites

had 3,218 and 3,914 OTUs during the same periods of

sampling. The 37,296 OTUs were classified into 24

known bacterial taxa including some rare taxa (Fig. 4,

Figs. S6 and S7). All taxa are known freshwater

bacteria (Zwart et al., 2002; Newton et al., 2011).

Although the dominant phyla and Proteobacteria

classes were found at all the sub-sites in the invaded

springs at both blooming and non-blooming stages of

Fig. 5 ThetaYC neighbor

joining tree based on a 3%

genetic distance from

samples collected from

freshwater springs during

blooming (B, red) and non-

blooming (N, blue) stages of

Hydrilla. The thetaYC tree

was constructed using the

Mothur platform. C and

B (yellow) underground

aquifers (non-infested),

W Wakulla Spring

(infested), SW Sally Ward

Spring (infested)
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the plant, there were some variations in their relative

proportions (Fig. S7).

One difference was the greater abundance of the

phylum Actinobacteria during the blooming stages of

Hydrilla compared to the non-blooming stages. How-

ever, this pattern was also seen in the non-invaded

sites and, therefore, may be linked to other factors such

as seasonal influences. Further study that includes

greater sampling frequency may better clarify this

issue. Actinobacteria are traditionally associated with

terrestrial ecosystems (Rheims et al., 1999), but are

also found in freshwater (Nielsen et al., 2006) and

marine environments (Du et al., 2006). They are

primarily saprophytic and reported to contribute

significantly to the recycling of complex biopolymers

such as lignocellulose, hemicellulose, pectin, and

chitin in sediments (Goodfellow & Williams, 1983;

Stackebrandt et al., 1997; Du et al., 2006). However,

their ecological functions in limnetic environments are

not fully understood (Allgaier & Grossart, 2006).

The relative abundance of the phyla Bacteriodetes

and Verrucomicrobia was higher during the blooming

stage of Hydrilla in comparison to the non-blooming

period. For the non-invaded systems, their abundance

was similar in proportion on both sample collection

dates. These collective results show a positive rela-

tionship between these bacterial phyla and Hydrilla

blooms. Both Bacteriodetes and Verrucomicrobia are

common and important phyla in freshwater ecosys-

tems (Zwart et al., 2002; Newton et al., 2011).

There were also some minor variations in the

bacterial phyla between the different sampling sites.

For example, a greater abundance of Betaproteobac-

teria and Gammaproteobacteria was detected in

Wakulla Spring irrespective of the presence or

absence of a Hydrilla bloom than in Sally Ward

Spring and the aquifers (Fig. S7).

At the genus level, there were some similarities and

differences among the detected genera based on site to

site variations and blooming versus non-blooming

stages of the plant. The genus Opitutus of the phylum

Verrucomicrobia and the family Opitutaceae was the

most abundant among all the sites combined and

represented 8.4% of the total identified genera. Their

abundance did not appear to be altered by the absence

or presence of Hydrilla since they were distributed

relatively equally among both the invaded and non-

invaded sites. The ecological functions of this genus

are not fully understood, however, according to

Newton et al. (2011), some members of this phylum

seem to be associated with high-nutrient environments

or algal blooms.

The greatest differences in bacterial community

structure between Hydrilla blooming and non-bloom-

ing stages in the invaded springs were observed at the

genus level (Table S3). The genera Propionibacte-

rium, Sediminibacterium, Flavobacterium, Brevundi-

monas, Polynucleobacter, Limnohabitans,

Acinetobacter, and Methylophagia were present in

higher abundance during the Hydrilla blooming period

than non-blooming. Other genera (Hydrogenophaga

and Massilia) were more abundant during the non-

blooming stages of Hydrilla. Differences were also

observed in the relative abundances of bacterial genera

between the invaded vs. non-invaded systems. While

the genus Opitutus was found among all the sites, they

were the most dominant group among the aquifers,

while Luteibacter was most abundant in the invaded

systems (Table S3).

The phylogenetic results appear to support the

hypothesis that Hydrilla invasion does impact the

bacterial community structure of invaded systems.

The impact of plants on environmental microbial

communities has been reported by other investigators

as well. Wieland et al. (2001) reported that the type of

plant species (clover, bean, or alfalfa) selects for the

microbial communities on their roots. Plant species are

known to produce specific exudates (Söderberg et al.,

2002), different leaching metabolites and proportions

of chemicals (Fiehn et al., 2000) which can impact the

bacterial community structure. These findings support

previous results in our laboratory in which the

epiphytic bacterial community structure of Hydrilla

was found to be distinct from that on the native plant

species eelgrass (Gordon-Bradley et al., 2013).

The collective results from this study show that

Hydrilla invasion in an aquatic system can alter the

bacterial community structure and metabolic activities

in the water column possibly causing shifts in nutrient

cycling and other bacterial environmental services.

The pyrosequencing of the 16S rRNA gene provided a

comprehensive overview of the bacterial community

structure of the systems invaded with Hydrilla and the

Biolog system showed differences in profiles of the

metabolic activities of bacteria communities during

Hydrilla blooms vs. when Hydrilla was dormant.

Pyrosequencing results revealed that the predominant

bacteria during blooming were Actinobacteria,

230 Hydrobiologia (2015) 742:221–232

123



Bacteriodetes, and Verrucomicrobia, whereas Delta-

proteobacteria was predominant during the non-

blooming stages of the plant. Further studies on the

long term impact of Hydrilla on aquatic bacterial

communities in multiple systems are warranted to

further understand the environmental and ecological

disturbances associated with this invasive plant.
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