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Abstract Bacillus thuringiensis subsp. israelensis (Bti) is a
soil-borne bacterium affiliated to the Bacillus cereus group
(Bcg) and has been used in biocontrol products against
nematoceran larvae for several decades. However, knowledge
is limited on whether long-term Bti application can affect the
structure of indigenous communities of Beg and the overall
abundance of Bti. Using species- and group-specific quantita-
tive PCR assays, we measured the Bcg- and Bti-abundances in
riparian wetlands in the River Daldlven floodplains of central
Sweden. On five occasions during one vegetative season, soil
samples were collected in alder swamps and wet meadows
which had been treated with Bti for mosquito larvae control
during the preceding 11 years, as well as in untreated control
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sites and well-drained forests in the same area. The average
abundance of Bcg in alder swamps was around three times
higher than in wet meadows. Across all sites and habitats, the
Bti treatments had no effect on the Bcg-abundance, whereas
the Bti-abundance was significantly higher in the treated than
in the control sites. However, for individual sampling sites,
abundances of Bti and Bcg were not correlated with the num-
ber of Bti applications, indicating that added Bti possibly in-
fluenced the total population of Bti in the short term but had
only a limited effect in the longer term. The findings of this
study increase the understanding of the ecology of Bti appli-
cations for mosquito control, which can facilitate environmen-
tal risk assessment in connection with approval of microbio-
logical control agents.

Keywords Bacteria - Biological control - Mosquito larvae -
gPCR - Long-term effect - Sweden

Introduction

The soil-borne bacterium Bacillus thuringiensis (Bt) is a globally
distributed insect pathogen. It belongs to the Bacillus cereus
group (Bcg) which also includes B. cereus, B. anthracis, and
the genetically more distant Bacillus mycoides, Bacillus
pseudomycoides, and Bacillus weihenstephanensis [1]. Bt is
most closely related to B. cereus [2], which is known as a human
pathogen, causing diarrheal and emetic diseases [3]. Based on
their high similarity, it is likely that Bt and B. cereus have a
common ancestor [4]. Both species occur ubiquitously in the
environment, and Hendriksen [2] argued that the ecology of Bt
should be considered in association with that of B. cereus.

Bt is the most widely used biological control agent and one
of the most successful microbiological pest control systems
[5]- More specifically, B. thuringiensis subsp. israelensis (Bti)
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has been widely used for biological control of mosquito and
black fly larvae. During sporulation, Bti produces parasporal
inclusions containing protoxins. The lethal effect is manifest-
ed only after larval ingestion of the protoxins, which when
solubilized in the high pH of the gut are cleaved to four toxins
that react with specific gut cells of nematoceran larvae [6, 7].

Long-term application of Bti for mosquito control has been
performed in several habitat types, including ecologically sen-
sitive areas [8—12]. In Sweden, large-scale applications of Bti
in natural environments have been conducted since 2001 in
irregularly flooded wet meadows and alder swamps of the
River Dalélven floodplains. Several of the treated sites are
located in Natura 2000 areas which include one National
Park and a number of Nature Reserves [13]. Concerns have
been raised regarding the potential influence of Bti on non-
target organisms in the River Dalélven region and, besides the
environmental risk assessments related to product authoriza-
tion, specific permits are required when using pest control
agents in protected natural environments and when distributed
from aircraft. Additionally, little is known regarding the abun-
dance of indigenous Bti and Beg collectively in riverine wet-
lands, as well as regarding environmental persistence and po-
tential dispersal of added Bti spores in the longer term [8, 14].

Most studies of the overall abundance of Bti in the envi-
ronment have relied on cultivation-dependent techniques [14],
while recently, cultivation-independent quantification tools
have been introduced [8]. Cultivation approaches are compar-
atively insensitive, laborious, and hampered by the morpho-
logical and phenotypic similarities between B. cereus and Bt.
Additionally, Bti-abundances in field samples such as leaf
litter can be estimated by quantifying the Cry toxins, which
are mainly responsible for the insecticidal effects of Bti, by
enzyme-linked immunosorbent assays (ELISAs; [15]).
Cultivation-independent techniques based on quantitative
real-time PCR (qPCR) help to overcome the similarities with-
in the Beg and allow for relatively fast and cost-efficient anal-
yses of environmental samples.

We recently developed a cultivation-independent gPCR
tool targeting chromosomal DNA that allows for detection
and quantification of Bcg and Bti in soil samples [16]. In this
study, we investigated whether long-term Bti applications af-
fected overall Bti- and Bcg-abundances in riverine wet
meadows and alder swamps, using these tools.

Material and Methods

Study Areas

We investigated the effect of Bti application on overall Bti-
and Bcg-abundances in soils of wet meadows, alder

swamps, and well-drained coniferous forests located in the
River Dalélven floodplains around Lake Férnebofjarden in
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Central Sweden. The wet meadows were dominated by
sedges and also had scattered Salix-bushes and trees [13].
The herb layer of the alder swamps was characterized by
sedges, grasses and other herbs, while the tree layer was
dominated by Alnus glutinosa and Betulaceae spp. [13].
The well-drained coniferous forest sites had an herb layer
of mosses, scattered low shrubs (Ericaceae spp.), and the
tree layer consists mainly of Picea abies and some Pinus
sylvestris, and were located well above areas influenced by
flooding events.

Bti Treatment for Mosquito Control

VectoBac-G® (Valent Biosciences, Libertyville, FL) contain-
ing B. thuringiensis subsp. israelensis AM65-52 (200 interna-
tional toxic units [ITU] mg ™" and 1.3 x 10'? colony-forming
units (CFU) kg ') has been applied to selected areas with an
average dosage of 13—15 kg per ha [17] by aerial application
since 2001 (Table 1). Some sites with recurring high larvae
production after flooding events were treated twice in some
years while several sites were not treated each year. The latest
VectoBac-G® application before the first sampling for this
study took place in May and/or July 2012.

Sampling Sites

Sampling was conducted in 2013 at six sites in wet
meadows, six in alder swamps, and three in well-drained
forest (Table 1). Three of the wet meadow sites had been
treated with VectoBac-G ®, while three remained untreat-
ed. Of the alder swamp sites, four had received VectoBac-
G® and two were untreated. The three well-drained forest
sites had never been treated. Air temperatures were mea-
sured once daily with seven loggers placed 1 m above-
ground from May to September 2013. The distance be-
tween the loggers and the corresponding sampling sites
was between 0 and 7 km. There were no VectoBac-G®
treatments at any site during the sampling season 2013,
due to low densities of larvae. At each site, three subsites
were defined along a 30-m long transect. GPS coordinates
were recorded for each subsite (Table 1).

Soil Sampling

Soil was collected once every month, in May (17-20), June
(18-19), July (17-18), August (16-17), and October (22-25)
2013. Five soil cores of 2.5 cm diameter and 10 cm depth were
taken evenly distributed within 1 m? at each subsite. Plant
debris was removed and the five soil cores were pooled, yield-
ing one soil sample from each subsite. Soil samples were
transported in cooling boxes to the laboratory and stored at
4 °C until further processing. Subsequently, samples were
passed through a 4-mm sieve and subjected to dry weight
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Table 1  Characteristics of the 15 study sites in alder swamps (AS), wet meadows (WM), and well-drained forest (WDF)
Subsite Location Lat Log Habitat Number VectoBac® Temperature (°C)

treatments

May June July August

1.1 Valmbécken east 60.296814 16.841541 AS 11 14.5 16.3 17.9 15.5
1.2 Valmbicken east 60.296724 16.842786 AS 11
1.3 Valmbicken east 60.296645 16.842440 AS 11
2.1 Valmbicken west 60.296673 16.841193 AS 11
22 Valmbiacken west 60.296413 16.841131 AS 11 14.5 16.3 17.9 15.5
23 Valmbicken west 60.296017 16.841299 AS 11
3.1 Koverstamyran north 60.294390 16.832297 AS 0
32 Koverstamyran north 60.294403 16.831863 AS 0 14.5 16.3 17.9 15.5
33 Koverstamyran north 60.294297 16.831661 AS 0
4.1 Koverstamyran south 60.291774 16.830497 AS 6
42 Koverstamyran south 60.291781 16.830859 AS 6 14.5 16.3 17.9 15.5
4.3 Koverstamyran south 60.291584 16.830672 AS 6
6.1 Fagle 60.245278 16.726449 AS 1
6.2 Fagle 60.245036 16.726407 AS 4 15.9 164 18.2 14.4
6.3 Fagle 60.245118 16.726156 AS 4
7.1 Oby fibodar 60.217828 16.745940 AS 0
7.2 Oby fibodar 60.217517 16.746707 AS 0 15.5 17.1 18.8 16.0
73 Oby fibodar 60.217633 16.746819 AS 0
5.1 Fagle 60.243812 16.732042 WM 5
5.2 Fagle 60.243868 16.731628 WM 5 15.9 16.4 18.2 14.4
53 Fagle 60.243728 16.732455 WM 0
8.1 Oby fibodar 60.220125 16.752357 WM 0
8.2 Oby fibodar 60.220230 16.752721 WM 0 15.5 17.1 18.8 16.0
8.3 Oby fibodar 60.220282 16.752903 WM 0
9.1 Milholmen 60.248941 16.784031 WM 7
9.2 Milholmen 60.249371 16.782906 WM 7 16.8 18.0 20.2 18.4
9.3 Milholmen 60.249198 16.783335 WM 7
10.1 Hornberg 60.292282 16.747299 WM 11
10.2 Hornberg 60.292514 16.747486 WM 12 16.4 17.4 19.1 17.4
10.3 Hornberg 60.292674 16.747654 WM 12
11.1 Ormpussen 60.127503 16.778106 WM 0
11.2 Ormpussen 60.127507 16.777620 WM 0 16.5 18.6 20.8 18.0
11.3 Ormpussen 60.127593 16.776849 WM 0
12.1 Skekarsbomyran 60.210600 16.847211 WM 0
12.2 Skekarsbomyran 60.210364 16.847510 WM 0 15.8 18.1 20.6 17.2
12.3 Skekarsbomyran 60.210344 16.847852 WM 0
13.1 Ormpussen 60.131662 16.818445 WDF 0
13.2 Ormpussen 60.131744 16.818304 WDF 0 16.5 18.6 20.8 18.0
133 Ormpussen 60.131780 16.818359 WDF 0
14.1 Skekarsbomyran 60.193069 16.896448 WDF 0
14.2 Skekarsbomyran 60.193095 16.896557 WDF 0 15.8 18.1 20.6 17.2
143 Skekarsbomyran 60.192777 16.896961 WDF 0
15.1 Fors 60.301148 16.716661 WDF 0
15.2 Fors 60.301157 16.716698 WDF 0 16.4 17.4 19.1 17.4
15.3 Fors 60.301174 16.716825 WDF 0

Ateach site, soil samples were collected at three subsites within a 30-m transect. Average monthly air temperatures were calculated for each site based on

daily temperature measured with loggers from May to September 2013

determination, soil DNA extraction, or spore spiking. In
October 2015, soil samples were collected at each site and

sent to AgriLab (Uppsala, Sweden) for analyzing chemical
soil parameters (Online Resource 1).
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Soil DNA Extraction

Soil DNA was extracted from 250 mg (wet weight) subsam-
ples using the PowerLyzer PowerSoil DNA-Isolation Kit (Mo
Bio Laboratories, Carlsbad, CA) according to the manufac-
turer’s instructions. A FastPrep-24 instrument (MP
Biomedicals, Santa Ana, CA) was used for bead-beating of
the soil samples (6000 rpm for 45 s). Quality of soil DNA was
examined by electrophoresis in 1% (w/v) agarose with
ethidium bromide staining. DNA concentration was deter-
mined with Pico-Green (Invitrogen, Carlsbad, CA) using a
Qubit fluorometer (Invitrogen).

Quantitative Real-Time PCR

QPCR was performed with Bcg- and Bti-specific primer pairs
Begl (Begl for AACAGGCTCCATACAATGGTAT;
Begl rev TGGTAGCGTTTCTTCGTCTTAT) and Btil
(Btil_for CAAACATTTCATTCCAATAACA; Btil rev
ATACTGTGTGGGATGCTTATTA). Both primer pairs target
chromosomal DNA and yield PCR fragments with sizes of
approximately 250 (Bcg) and 190 (Bti) bp, respectively [16].
Reaction volumes of 20 ul contained 10 ng soil DNA, 1x IQ
SYBR green supermix (Bio-Rad, Hercules, CA), 0.1 mg ml !
bovine serum albumin (BSA; GE Healthcare, Piscataway,
NJ), and 0.5 uM of each primer (Life Technologies,
Carlsbad, CA). QPCR was performed as analytical triplicates,
for each of the three soil samples at each site, in a CFX 96 real-
time system (Bio-Rad). Cycling conditions were 5 min of
initial activation at 95 °C, followed by 35 cycles of 30 s of
denaturation at 95 °C and 1 min of annealing at 65 and 59 °C
for Beg- and Bti-specific amplifications, respectively, and fi-
nally 30 s of extension at 72 °C. Following amplification, a
melting curve analysis was performed to confirm expected
product sizes, ranging from 55 to 95 °C with 0.5 °C incre-
ments for 5 s.

Plasmids containing a fragment amplified with the Begl or
Btil primers from DNA of B. thuringiensis subsp. israelensis
AMG65-52 [16] were used as standards for quantification.
Plasmid DNA was linearized using Not1-HF (New England
Biolab, Ipswich, MA) and quantified with qPCR conditions as
described above. Tenfold serial dilution series were prepared
containing 2 x 10°-0.2 targets ul'. Quantification standard
reactions contained 5 pl plasmid dilution and were performed
in triplicate. The threshold line and the sample-specific thresh-
old cycle numbers (Ct) were determined using the default
parameters of the qPCR instrument software (Bio-Rad CFX
Manager, version 3.1). Efficiency values (£) and correlation
coefficients (R*) were calculated for each standard quantifica-
tion curve of Cr against the logarithm of the number of input
copies of the target. The densities of Becg and Bti were deter-
mined as copy numbers per gram soil dry weight (g_1 dw) for
each analytical replicate.

@ Springer

Recovery of Bacterial DNA

Recovery of bacterial DNA from soil was estimated by spik-
ing samples with known numbers of Bt spores. Spores of
strain AM65-52 (used in the VectoBac-G® product) were ob-
tained by inoculating liquid T3 medium [18] followed by
incubation at 28 °C for 5 days [19]. The cultures were checked
for spores and crystals by phase-contrast microscopy. The
number of CFU was determined by spreading 50 ul of 10°
dilutions on T3 agar (five replicates), after elimination of veg-
etative cells in the spore suspension by heating to 75 °C for
15 min followed by DNase treatment [20].

Sieved soil from each habitat type (VectoBac-G®-treated
and untreated wet meadows and alder swamps, VectoBac-
G®-untreated well-drained forest) was spiked with different
numbers of spores (3.7 x 10°-3.7 x 10® CFU g soil) by
addition directly to 250 mg soil.

Data Analysis

Average copy numbers per gram dw were calculated from
analytical triplicates if at least two of them were above the
threshold of detection. Otherwise, abundance was considered
to be below the detection limit and data was entered as zero.
For statistical analyses, mean values were calculated for
each of the three subsites of all the 15 sites. Relationships
between bacterial abundances and environmental factors were
tested using a generalized mixed model, “glmmADMB,” in the
R package “glmmADMB” [21]. Data from the sites in well-
drained forest were excluded when analyzing the treatment
effect on Bti-abundances, since none of the well-drained forest
sites had been treated with VectoBac-G®. Various models were
tested and evaluated based on the AIC value, where lower
values indicate stronger model fit. The random factor “Site”
was used to account for repeated measurements at the same site
over time. Habitat type, VectoBac-G® application (treated or
untreated), and sampling time point were included as fixed
factors. Because of an unbalanced design for treated and un-
treated alder swamps, no “Treatment” X “Habitat type”
interaction could be tested for this habitat. The strongest model
fit for Bcg was found for the model y~Habitat type and
for Bti for y~(Habitat type + Treatment) x Sampling occasion.
A negative binomial error structure was applied, because of the
characteristics of count data and the detected overdispersion.
For both the Bcg and Bti data sets the “log” link function was
chosen. To avoid potential errors introduced by this function,
Bti data were parallel transformed. The Markov Chain Monte
Carlo (MCMC) model was run with 1000 iterations to examine
the influence of chosen variables on Bcg- and Bti-abundances.
Using the function “cor.test” in the package “stats” in the
software R [22], Pearson correlations were calculated between
soil parameters and average Bcg- or Bti-abundances over all
sampling time points and between Bcg- or Bti-abundances
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and average air temperatures at each site for May, June, July,
and August.

DNA extraction efficiency from soil samples spiked with
spores was tested by analysis of variance (ANOVA) and
Tukey’s post hoc tests using the function “aov” and
“TukeyHSD” in the package “MASS” [23] in the software R.

Figures were generated using the functions “boxplot” and
“coefplot” in the packages “car” [24] and “coefplot” [25] in
the software R, respectively.

Results

On each sampling occasion, a total of 45 soil samples (five
occasions giving 225 samples in total, on average consisting
of 65.1 [£10.2] g soil dw) were collected and screened for
Bcg- and Bti-abundances. The average DNA concentration
of the soil samples was estimated to 68.1 (£13.9) ug g ' dw.
The 10 ng soil DNA added to each qPCR reaction
corresponded on average to 254.0 (£68.5) ug dw of soil.
The detection limit over all soil samples was calculated as
4.2 (£1.0) x 10* targets g dw, when ten copies per reaction
was set as the lower limit for detection (based on the quanti-
fication standard curves). The abundance of Bcg was above
the detection limit in 68%, and of Bti in 24%, of the samples
(Online Resource 2). In the samples that were positive for Bcg
and Bti (analyzing treated and untreated sites together), aver-
age abundances were 7.7 (£9.6) and 3.4 (£3.5) X 10° copies g{1
dw, respectively.

The only soil parameter which was significantly correlated
with Beg- and Bti-abundances was plant-available potassium
content (R = 0.63 and R = 0.55, P < 0.05 for Beg and Bti,
respectively, Online Resource 1).

The Bceg- and Bti-abundances were the highest in July,
which was the only sampling occasion where both were de-
tected at all sites (Figs. 1 and 2, Online Resource 2). The
average Bti-abundance across all sites in July was 3.0
(£3.1) x 10° copies g ' dw. At all other occasions, the average
abundance was below 7.5 x 10* copies g ' dw, however with
standard deviation ranging from 2.8 to 7.4 x 10* (Online
Resource 2; Fig. 2).

Habitat type was the only factor, which was significantly
related to Beg-abundance (Fig. 1; Online Resource 3). In the
alder swamps, Bcg was detected in all subsites at all sampling
occasions, but in wet meadow and dry forest, only in 76.7 and
53.3% of the subsite/sampling occasion combinations, respec-
tively (Online Resource 2). The average numbers of Beg in
alder swamps and wet meadows were 9.7 (£11.3) and 3.3
(£5.1) x 10° g~' dw, respectively, which was signifi-
cantly higher than in the well-drained forest with 4.7
(#8.2) x 10% g™ dw.

There was no overall influence of VectoBac-G® applica-
tion on Bcg-abundance (AIC = 1964.4, coefficient = 0.7493,

SE =0.7319, P = 0.306). However, for alder swamps in May,
the average number of Beg in VectoBac-G® treated sites was
2.0(=1.2) % 10° gf1 dw, three times higher than in the untreat-
ed sites with 6.4 (£2.0) x 10° gf1 dw. Such a difference was
not observed for wet meadows with 2.7 (+5.4) and 3.4
(£4.7) % 10° g~ dw at untreated and treated sites, respectively.

For the abundance of Bti, there was no overall habitat effect
as for Beg (data not shown). On the other hand, for Bti, some
of the interaction terms of habitat type and sampling time
point were significant (Online Resource 4). Thus, significant
interactions were found between May, June, and August as
well as between July and samples from June and August, the
latter with very low Bti-abundances (Fig. 2). In the well-
drained forest, Bti-abundance was generally low and above
the detection limit only in July (Online Resource 2).

The numbers of Bti targets in soil were significantly influ-
enced by the VectoBac-G® treatment as well as the interaction
between treatment and sampling date. The VectoBac-G®
product contains 1.3 x 10 spores g '; thus, theoretically,
1.8 x 10 spores per cm? reached the ground on each treatment
occasion. Without any spore loss and using the average dry
weight of 7.2 g for one soil sample, 1.2 x 10° spores g ' dw
was added to the 0—10 cm depth layer with each treatment.
The average Beg- and Bti-abundances at untreated wetland
sites excluding July were 4.3 (£5.2) x 10° and 0.2
(+1.2) x 10* copies g ' dw, respectively. Thus, one application
of VectoBac-G® on average corresponds to 0.3 and 62 times
the abundance of indigenous Bcg and Bti, respectively. In
May, in five treated sites out of seven, all samples were pos-
itive for Bti with a minimum of 10°> g~' dw (Online Resource
2). In contrast, in the untreated sites, Bti was only detected in
July and in October at one site in the alder swamp with 3.1
(+5.3) x 10* targets gfl dw (Online Resource 2). For pairwise
comparisons, the model containing the interaction between
treatments and sampling time as single random factor was
run. Bti numbers in VectoBac-G®-treated sites in May (15.9
[+4.0] x 10° copies g ' dw) and from treated (2.3
[£2.4] x 10° copies) and untreated (3.7 [£3.6] x 10° copies)
sites in July were significantly higher than all sampling time
points and treatment interactions with no Bti detectable
(Online Resource 4). There was no significant difference be-
tween the VectoBac-G®-treatment interaction terms between
May and July.

DNA extraction and quantification efficiency were estimat-
ed by adding up to 3.7 x 10° spores g ' to soils from the
different habitat types (Table 2). The efficiency varied be-
tween 0 and 29% for individual samples and was of similar
range both when using pure spore suspensions and after addi-
tion of soil. The lowest addition of 3.7 x 10* spores g ' soil
theoretically resulted in numbers below the detection limit of
Bti in soil, assuming the soil samples did not contain Bti. So, it
was not unexpected that several of the samples spiked with the
lowest number of spores were negative for Bti (Table 2).
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Fig. 1 Density of the Bacillus cereus group (Bcg) in soil samples
collected from three habitat types of the River Daldlven floodplains,
Sweden. PCR-based detection and quantification using the primers
Bcegl_for and Begl_rev [16]. Dots indicate sites with Beg-abundances

Independently of the number of spores added, habitat type had
an influence on the DNA recovery; however, the differences
were moderate and were significant only for untreated alder
swamp and wet meadows soils (Online Resource 5).

Discussion
Abundance of Beg and Bti

Using recently developed molecular detection and quantifica-
tion methods [16], we detected Bcg and Bti in all habitat types,
however with strong spatial and temporal variations (Figs. 1
and 2). Data were highly zero inflated and standard deviations
for samples collected at the same site were therefore high.
With an average of 9.3 x 10* copies g ' dw, Bti-abundances
in treated areas found in this study were of similar magnitude
to previous reports. Thus, Bti-abundance of treated sediments
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outside of the confidence interval defined by 1.5 times the interquartile
range. Habitats marked with different capital letters differ significantly in
Bceg-abundances

of woodland ponds and open areas of salt water in France was
around 10* CFU g ! soil [14] and in soils of a natural wetland
after 22 years of Bti treatment in Switzerland 10° to
10° spores g ' soil [8]. However, our study also presents data
on Bti-abundances in untreated areas, which were on average
7.3 x 10* copies g ' dw in the wetlands and well-drained
forests we sampled.

One study [26] reported abundance of indigenous Bti- and
B. thuringiensis/cereus-like bacteria (using cultivation-
dependent methods and samples collected in October, and before
any Bti was applied in this area) of up to 2 and 5 x 10° CFU g
wet soil, respectively, in the Nordmyran wet meadow located at
the southern shore of lake Férnebofjarden where the present
study was conducted. Although their numbers were reported
per gram wet soil, they are of comparable magnitude with the
numbers of the present study of up t0 9.2 x 10*and 1.7 x 10° g
dw for Bti and Beg, respectively, in untreated sites in October. In
the present study, based on quantification with PCR, the average

July  August October
|

Alder swamp

Fig. 2 Density of Bacillus thuringiensis subsp. israelensis (Bti) in soil
samples collected from three habitat types of the River Daldlven
floodplains, Sweden. PCR-based detection and quantification using the
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primers Btil_for and Btil_rev [16]. Dots indicate sites with Bti-
abundances outside of the confidence interval defined by 1.5 times the
interquartile range
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Table 2 Recovery of spiked
Bacillus DNA from soils of the
River Dalélven floodplains,

Sweden, and from pure spore
suspensions

Soil type Water content Number of CFU added Number® Recovery + SD
in soil per gram of soil
Untreated alder swamp 0.66 + 0.00 37,440 2/3 0.19+0.16
374,400 373 0.15+0.07
3,744,000 373 0.15 +0.05
Bti treated alder swamp 0.52+0.00 37,440 0/3 0+0
374,400 373 0.15+0.04
3,744,000 373 0.12 +£0.01
Untreated wet meadow 0.71 £0.01 37,440 0/3 0+0
374,400 373 0.08 +0.04
3,744,000 373 0.06 +0.02
Bti treated wet meadow 0.51+0.01 37,440 0/3 0+0
374,400 373 0.09 +0.03
3,744,000 373 0.13 +0.06
Untreated well-drained forest 0.22 +0.00 37,440 0/3 0+0
374,400 3/3 0.13 +0.02
3,744,000 3/3 0.18 £ 0.04
Pure spore suspensions 468° 2/3 0.10 £ 0.09
4680° 3/3 0.12+0.14
46,800° 373 0.12£0.07

Real-time PCR amplification with DNA extracts from spiked samples, using the Bti primers Btil_for and Btil
rev. The recovery is given in relative proportion + standard deviation (SD)

#Number of replicate extracts showing detectable amplification out of the total number of replicate extracts

> Number of spores added to the DNA extraction directly without any soil

contribution of Bti to Bcg was 19.3% (£56.8), which is of a
similar magnitude as found by Eskils et al. [26], even though
their data relied on different methods. Consequently, two inde-
pendent studies have shown that Bti is naturally occurring in the
Dalélven floodplains around Lake Féarnebofjarden in Central
Sweden, in the same area where VectoBac-G® is applied on a
regular base.

A possible explanation for the especially high Bti-
abundance in our samples from July is an unusually high
proportion of vegetative cells. It is possible that the majority
of Bti cells in July were vegetative, since pasteurization of a
subselection of soil samples resulted in strong reduction of
Bti-abundance (unpublished observation). High proportion
of vegetative cells of Bt in environmental samples has been
demonstrated in earlier studies, e.g., 40 and 50% of
B. thuringiensis subsp. kurstaki in the rhizosphere of dandeli-
on and quackgrass, respectively [27]. Additionally, it was es-
timated that 50% of B. thuringiensis subsp. kurstaki detected
in the gut of earthworms were vegetative cells [27].
Aboveground, vegetative cells were also shown to be present
in lepidopteran larvae at phylloplane [28]. Similarly high pro-
portions of Bt vegetative cells were found aboveground on
clover [29]. However, the absence of relationships between
Bti-abundance and soil and other parameters in our study
(such as low numbers of floodwater mosquito larvae) gave
no clear clues why vegetative growth of Bcg should have been

especially high before the sampling in July. The only relation-
ship between Bti-abundance and environmental factors was
with plant available potassium content in soil, but we have
not been able to find a conclusive explanation for that corre-
lation. However, Wakisaka et al. [30] showed that strains of Bt
produced endotoxins in liquid media containing >3 mM K*
compared to K*-deficient media under fermenting conditions.
This relationship needs to be confirmed for Bti populations
exposed to high amounts of potassium in the environment,
along with information regarding the accessibility for Bti of
plant available potassium. Overall, higher Bcg-abundances
were found in the alder swamps than in the other habitat types
(Fig. 2). This might be a consequence of the fact that open
grassland is more exposed to temperature changes between
day and night as well as to dryness during summer [31]. In
contrast, the closed canopy in alder forests gives more stable
temperatures and constant humidity during summer.

Effects of VectoBac-G® Treatments on Abundance of Beg
and Bti

Overall, the effects of long-term application of VectoBac-
G® on Beg-populations were moderate. In May 2013, Bti-
abundances in subsites treated with VectoBac-G® were be-
tween 0 and 0.9 times the total number of spores applied
since the beginning of VectoBac-G® application in this
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area. In October, only two subsites were positive for Bti with
0.1 and 0.4 times the number of applied spores (Online
Resource 2). However, the variation in abundance of indige-
nous Bti in untreated areas was rather high and can be expect-
ed to exceed the 62 times theoretical increase induced by one
VectoBac-G® treatment. The fact that Bti was detected only in
30% or less of treated subsites in May, June, August, and
October in our study indicates that the added spores did not
accumulate. This outcome is in line with the findings of
Duchet et al. [14], who found no evidence for spore accumu-
lation from one year to another. Nevertheless, specific cases
have been reported where spores germinate, bacteria prolifer-
ate, and new spores and crystals are formed but this new spore
production did not lead to spore accumulation over years [14,
15]. Given the high spatial and temporal variation in Bti-abun-
dance, it cannot be ruled out that continued VectoBac-G®
application in this area might result in more pronounced in-
creases in abundance. In line with this, Guidi et al. [8] found a
positive relationship between the number of treatments and
Bti-abundances after 22 years of mosquito control. Some of
our treated sites were not treated in 2012 (the year before
sampling) but only in previous years, and no Bti was detected
in those sites. In addition, the abundance of Bti in treated
subsites in May exceeded the total number of spores added
by VectoBac-G® application since 2001. However, 5 months
later in October, Bti was not detected in the same subsites.
This indicates that the majority of added spores are
inactivated, decomposed or dispersed within one year after
application, in accordance with previous studies [8, 15, 32].

Detection Sensitivity

In most of our samples, Bti-abundance was below the detec-
tion level. According to the dilution standard curves for the
qPCR, the detection threshold was between 6 and 60 gene
targets per PCR. However, there were significant influences
of soil characteristics on Bti quantification and recovery.
When soil samples from sites with varying soil properties
are included, as done in the present study, it is difficult to
account for inhibition of PCR, since it depends on soil type.
Still, the amount of soil DNA extracts used for PCR could
possibly be further optimized and inhibition reduced as de-
scribed previously [16, 33, 34].

The DNA extraction efficiency of the present study was
comparable with the efficiencies obtained by Guidi et al. [20].
However, the variation among soil samples and replicates was
high (Table 2). Guidi et al. [20] tested only one high spore
concentration (10° spores g ' soil) whereas three different spore
concentrations between 3.7 x 10% and 3.7 x 10° spores g~ soil
were tested in the present study. It is expected that extraction
efficiencies will be lower when adding lower numbers of spores
to the soil, particularly when approaching the quantification
limit, and such a trend could also be seen in the present study.

@ Springer

Conclusions

Overall, long-term applications of VectoBac-G® had negligi-
ble effects on total Bcg-abundance and moderate effects on
Bti-abundance. With a theoretical average increase of the
abundance of Beg of less than 30% by one VectoBac-G®-
application, it is not surprising that we registered no overall
treatment effect on the Beg population size. These results im-
ply that it is unlikely that 10 years of Bti use in the River
Dalélven floodplains has changed the Bti- and Bcg-
abundances to a degree that could have permanent effects on
target or non-target dipteran larvae or other organisms. Thus,
our study increases the understanding of potential long-term
effects of biological control of mosquito larvae in the environ-
ment by applying Bti-based products.
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