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Bacillus thuringiensis
Agriculture

Lotic
Pseudo-persistent

Cry1AD protein in streams sampled across an agricultural landscape, combined with laboratory studies showing
rapid leaching and degradation, suggests that Cry1Ab may be pseudo-persistent at the watershed scale due to the
multiple input pathways from the surrounding terrestrial environment.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Transgenic crops are developed to express desirable traits, such as
pest resistance, disease resistance, and herbicide tolerance. Maize (Zea
mays L.) that expresses Cry proteins derived from strains of the bacteri-
um Bacillus thuringiensis (Bt) is insecticidal to susceptible pests, and one
of the most commonly planted varieties of Bt maize expresses the
Cry1ADb protein. Cry1Ab is present in maize tissues throughout the
growing season (Nguyen and Jehle, 2007; USEPA, 2008) and in maize
detritus after harvest (Baumgarte and Tebbe, 2005; Hopkins and
Gregorich, 2005; Zwahlen et al., 2003a). Cry1Ab protein can enter
soils through roots (Saxena et al., 1999; Saxena and Stotzky, 2001a),
pollen inputs (Dutton et al., 2003; Obrist et al., 2006; Romeis et al.,
2008; Whiting et al., 2014), and via leaching from detritus (Baumgarte
and Tebbe, 2005; Hopkins and Gregorich, 2005; Zwahlen et al., 2003a).

Terrestrial and aquatic ecosystems are closely linked, and agricultur-
al materials (i.e., crop detritus) can enter adjacent water bodies, provid-
ing a pathway for movement of Cry proteins from terrestrial to aquatic
environments. Maize detritus enters headwater streams draining agri-
cultural fields via wind and surface runoff (Jensen et al., 2010;
Rosi-Marshall et al., 2007). Inputs and standing stocks of maize pollen
and detritus (e.g., leaves, husks, and cobs) can reach 1.0 gm=2y~!
and 7.9 g ash-free dry mass [AFDM] m~2 y~ !, respectively, and the
fate of this material includes retention and subsequent decomposition
via physical breakdown, microbial degradation, invertebrate consump-
tion (Chambers et al., 2010; Griffiths et al., 2009; Jensen et al., 2010;
Swan et al., 2009), or downstream transport (Griffiths et al., 2012;
Rosi-Marshall et al., 2007).

In midwestern US streams, submerged Bt maize leaves decay over a
few months, and the associated Cry1Ab protein concentration declines
exponentially over time, with 20% of the initial protein remaining in
maize leaves after ~70 d (Griffiths et al., 2009). This exponential decline
of Cry1Ab suggests that the protein leaches from submerged detritus
into the water column (Griffiths et al., 2009). Cry1Ab protein has been
measured in stream water (Douville et al., 2005, 2007; Tank et al.,
2010) as well as in sediments (Douville et al., 2005, 2007). Sediment-
bound proteins are susceptible to downstream transport if agricultural
soils wash into aquatic systems (e.g., Carstens et al., 2012; Madliger et
al., 2011; Strain and Lydy, 2015), and dissolved Cry1Ab has been mea-
sured in surface runoff (Strain and Lydy, 2015; Whiting et al., 2014). De-
spite known terrestrial-aquatic linkages, the fate of dissolved Cry1Ab in
aquatic ecosystems has only recently been considered (e.g., Douville et
al., 2005, 2007; Strain and Lydy, 2015; Whiting et al., 2014).

In this study, we used a combination of field sampling and laboratory
experiments to examine the occurrence, leaching, and degradation of
Cry1ADb protein in streams. First, we investigated whether dissolved
Cry1Ab concentration in streams and tile drains (subsurface drainage
pipes that underlay agricultural fields) varied spatially (across an agri-
culturally dominated region) and temporally (among 6 time periods
encompassing the crop growing season, crop harvest, and snowmelt/
spring flooding) in 11 low-order streams in northwestern Indiana,
USA. Tile drainage water was sampled for Cry1Ab, as subsurface tile
drains are ubiquitous across the midwestern US landscape (Schilling
and Libra, 2003; Skaggs et al., 1992), and may be a subsurface input
pathway of Cry1ADb into streams. Second, recirculating, artificial streams
were used to quantify the rate at which Cry1Ab protein leaches from
maize leaves into the water column. Although several studies have ex-
amined the leaching dynamics of Cry1Ab under controlled conditions

(e.g., Strain et al., 2014; Strain and Lydy, 2015), recirculating artificial
streams more realistically represent conditions in flowing waters. Final-
ly, 3 laboratory microcosm experiments were conducted to determine
the influence of microorganisms, light, and water collected from 3 dif-
ferent agricultural headwater streams on Cry1Ab degradation in the
water column. We hypothesized that the presence of microorganisms
in stream water would increase degradation rates of Cry1Ab, and that
light would stimulate degradation of Cry1Ab through assimilatory up-
take of the protein by autotrophs. We predicted that Cry1Ab degrada-
tion rates would not differ in water collected from 3 agricultural
streams due to the similar physical and chemical characteristics of
these streams. We also hypothesized that Cry1Ab degradation rates
would be similar among the 3 streams assuming that protein degrada-
tion is a common process carried out by microorganisms (Valldor et
al, 2015).

2. Methods
2.1. Detection of Cry1Ab protein in streams and tile drains in the field

We sampled 11 headwater streams located in northwestern Indiana,
USA, an intensively cultivated region with ~97% of land planted in a
maize-soybean rotation (NASS, 2012). The study streams are typical of
low-gradient, midwestern agricultural streams in that they have sand/
silt-dominated beds with mainly run/pool sequences, and high nitrate
concentrations as a result of fertilizer runoff from fields (Table 1).
These streams are managed for effective water drainage and convey-
ance through frequent dredging and the use of subsurface tiles drains
(Blann et al., 2009; Zucker and Brown, 1998). The riparian zones adja-
cent to these streams consist primarily of grass buffer strips, which
vary in width (typically 10-20 m); however, we observed crops planted
up to the stream edge along some sections of the study reaches. Further,
the lack of riparian trees allows for high light penetration to streambeds,
resulting in large diel swings in stream water temperature (Griffiths et
al,, 2013).

On 6 sampling dates that encompassed 3 seasonally important time
periods, we collected water from 11 streams (stream names: 1A-F, 2B-F,
after Griffiths et al., 2013 and Rosi-Marshall et al., 2007) and associated
flowing tile drains as well as any maize detritus present in the active
stream channel. These sampling dates were targeted to include poten-
tially different modes of Cry1Ab entry to streams. Sampling in July and
August encompassed the growing season when Cry1Ab protein is re-
leased from maize roots into soils (Saxena et al., 1999; Saxena and
Stotzky, 2001a, 2001b; Whiting et al., 2014) and may enter streams
via overland flow (Carstens et al., 2012) or through subsurface tile
drains. Sampling in September and November encompassed the periods
before and after crop harvest, respectively; the latter is when maize de-
tritus can wash or blow into streams and leach Cry1Ab protein into the
water column (e.g., Griffiths et al., 2009; Rosi-Marshall et al., 2007;
Viktorov, 2011). Finally, sampling in March and May the following
year encompassed the period of snowmelt and spring flooding, as pre-
cipitation events can transport large pulses of maize detritus into
streams (Tank et al., 2010; N.A. Griffiths, personal observation). Four
of the study streams were adjacent to at least one Bt maize field for a
distance of >200 m, and 7 of the study streams were adjacent to non-
Bt maize or soybean fields (Table 1); however, we were unable to deter-
mine which crops were planted in the watershed upstream of our sam-
pling sites.
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Table 1
Measured ranges in physical and chemical characteristics of 11 agricultural streams in northwestern Indiana, USA, in July, August, September, and November 2008, and March and May
2009.
Stream Crops planted adjacent  Tile drains (#/200 m Stream gradient ~ Stream Temperature Specific conductivity NO3-N NHZ -N SRP
to stream stream reach) (m/m) discharge (L/s) (°C) (uS/cm) (mg/L) (ug/L) (ng/L)
1A Soy/Soy 0 0.0011 <1-36 6.6-27.7 553-658 0.6-10.6 7.5-59.9  4.5-8.7
1B Non-Bt maize/Soy 3 0.0011 <1-36 4.1-18.7 665-1314 0.1-10.3 8.1-299.0 4.8-92.5
1C Bt maize/Soy 0 0.0020 79-1581 9.3-249 582-678 1.5-8.9 52-446  2.0-5.7
1D Bt maize/Bt maize 3 0.0010 14-381 5.1-20.5 554-645 0.3-8.6 <1-30.1  2.5-6.1
1E Soy/Soy 2 0.0008 <1-478 3.8-21.8 574-717 0.4-9.3 1.6-421 1.8-84
1F Bt maize/Bt maize 4 0.0019 <1-303 11.1-25.9 522-597 1.3-9.6 74-27.0 2.5-6.0
2B Bt maize/Non-Bt maize 1 0.0010 2-484 10.3-24.3 522-697 0.3-9.8 <1-213  23-64
2C Soy/Soy 0 0.0022 <1-312 10.9-27.4 439-638 <0.01-10.6 7.5-41.5 24-7.2
2D Non-Bt maize/Non-Bt 0 0.0006 37-1870 12.4-274 569-756 0.1-10.1 13.2-26.1 3.2-76
maize
2E Non-Bt maize/Soy 3 0.0029 <1-99 10.3-22.2 584-779 5.2-10.9 5.8-38.1 2.6-10.2
2F Non-Bt maize/Non-Bt 0 0.0020 3-406 7.0-23.2 561-681 0.1-10.3 94-249 3.5-103
maize

Note: stream discharge (i.e., stream flow), water temperature, specific conductivity, and water samples for nitrate (NO3 -N), ammonium (NHZ -N), and soluble reactive phosphorus (SRP)
analyses were collected during each sampling period. Stream gradient (i.e., stream slope) was measured once in each stream. Tile drains indicate the number of drain outlets that were

observed along each 200-m study reach.

In each stream, water samples were collected from 3 locations that
spanned a distance of ~200 m. Each water sample was filtered through
a 0.7 um glass-fiber filter (GF/F, Whatman, Florham Park, New Jersey,
USA) into an acid-washed, 25 mL polyethylene bottle. Filtered water
samples were also collected from all flowing tile drains (n = 2-15 de-
pending on the sampling date). If present, a composite sample of
maize leaf and husk detritus was collected from the active stream chan-
nel. All water and maize detritus samples were stored on ice, and upon
return to the laboratory, were immediately frozen at —30 °C until
Cry1Ab protein analysis (described in Section 2.5). At each stream and
on each sampling date, water velocity was measured using a velocity
meter (Marsh-McBirney Flow-Mate, Frederick, Maryland, USA) and dis-
charge was calculated using the velocity-area protocol (Gore, 2006).
Replicate water samples were also collected for analysis of stream
water nutrient concentrations. Water samples were filtered as de-
scribed above, and frozen at — 30 °C until analysis. Nitrate-N concentra-
tions were measured using the cadmium reduction method (APHA,
2005), ammonium-N concentrations were measured using the phe-
nol-hypochlorite method (Solorzano, 1969), and soluble reactive phos-
phorus (SRP) concentrations were measured using the molybdate-
antimony method (Murphy and Riley, 1962) on a Lachat QC8500 Flow
Injection Autoanalyzer (Lachat Instruments, Loveland, Colorado, USA).

2.2. Experimental leaching of Cry1Ab protein from maize leaves into stream
water

We examined the long-term leaching dynamics of Cry1Ab protein
from submerged maize leaves using recirculating artificial streams.
The experiment took place over a 70-d period in order to quantify
Cry1Ab leaching throughout the entire decomposition process
(Griffiths et al., 2009). We placed 100 g of dried, senesced Bt maize
leaves into 6 replicate recirculating streams each containing 40 L of
groundwater (no sediments), and sampled maize leaves and stream
water on days 3, 7, 13, 25, 37, and 70 for analysis of Cry1Ab protein.
On each date, ~0.5 g of maize leaves was removed, and water samples
were filtered through 0.7 pm Whatman GF/F filters into acid-washed,
60 mL polyethylene bottles. Both maize leaves and stream water sam-
ples were frozen at — 30 °C until Cry1ADb analysis. Prior to water column
sampling, the stream volume was brought up to 40 L to account for any
evaporation that otherwise would have inflated the Cry1Ab protein
concentration in stream water relative to previous sampling dates.

2.3. Degradation of Cry1Ab protein in stream water

Laboratory microcosm experiments were used to examine the
degradation of dissolved Cry1Ab protein in stream water. Three

experiments were conducted to examine: 1) the role of aquatic mi-
croorganisms in Cry1Ab degradation, 2) the role of light in potential-
ly stimulating autotrophic uptake of Cry1Ab protein, and 3) whether
Cry1Ab degradation differed in stream water (with associated
water-column microbial communities) collected from 3 agricultural
headwater streams. The source of Cry1Ab protein for all degradation
experiments was from air-dried, senesced Bt maize leaves that were
collected from one maize field just prior to crop harvest. The Cry1Ab
source was created by placing 14 g of dried Bt maize leaves into
800 mL of de-ionized (DI) water for 3 h. The solution was then fil-
tered through a 0.7 pm filter to remove detrital particles, and the fil-
trate was used as the CrylAb source for the degradation
experiments. For the first two experiments, stream water was col-
lected from Juday Creek, a headwater stream located 6 km from the
University of Notre Dame that flows through a mosaic of land-use
types (agricultural, forested, and suburban). For the third experi-
ment, stream water was collected from 3 typical agricultural streams
(stream 2B, 2C, and 2D) in Indiana to examine whether spatial vari-
ability in stream water affects Cry1Ab degradation rates. The initial
concentrations of Cry1Ab protein used in the degradation experi-
ments ranged from 1280 to 2195 ng Cry1Ab/L, and degradation re-
sults were reported as a percentage of Cry1Ab remaining in the
water column based on these initial concentrations. The initial con-
centrations of Cry1Ab used in the degradation experiments were
much higher than the maximum concentration of Cry1Ab protein
measured in stream water in the field, and background concentra-
tions of Cry1Ab protein in stream water used in the degradation ex-
periments were assumed to be negligible.

To examine the role of stream-water microorganisms in Cry1Ab
degradation, 5 mL of Cry1Ab solution was added to Erlenmeyer flasks
filled with 40 mL of deionized water (DI), stream water filtered
through a 0.2 um filter (no microorganisms), stream water filtered
through a 0.7 um filter (microorganisms), or unfiltered stream
water (microorganisms and organic particles). To promote water
circulation within each flask and maintain constant environmental
conditions, flasks were placed on a rotating shaker table located
inside an environmental chamber (air temperature: 21.5 °C,
light:dark cycle: 14 h:10 h). Water samples were collected every
24 h for a total of 72 h with n = 5 replicates per filtration treatment
and collection period. Samples were poured into acid-washed, 25 mL
polyethylene bottles and immediately frozen at —30 °C until Cry1Ab
analysis.

To examine whether light influenced CrylAb uptake by
autotrophs, 5 mL of Cry1Ab solution was added to Erlenmeyer flasks
filled with 40 mL of DI water or unfiltered stream water, and half of
the samples were placed under a shade cloth (dark) and half under
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growth lamps (light). As in the previous experiment, flasks were
placed on a rotating shaker table under the same environmental con-
ditions described above, and water samples were collected every
24 h for a total of 72 h with n = 5 replicates per treatment and collec-
tion period.

Because the two previous degradation experiments used water from
Juday Creek, which is influenced by a variety of land-use types, the third
experiment was designed to examine whether Cry1Ab degradation var-
ied in water collected from different agricultural streams. Unfiltered
stream water was collected from streams 2B, 2C, and 2D (Table 1). In
the laboratory, 40 mL of stream water was placed into Erlenmeyer
flasks, using DI water as a control, and 5 mL of Cry1Ab solution was
added to each flask. Flasks were placed on a rotating shaker table
under the same environmental conditions described above, and water
samples were collected every 24 h for a total of 72 h, with n = 5 repli-
cates per treatment and collection period.

2.4. Analysis of Cry1Ab protein in maize detritus

The concentration of Cry1Ab protein in maize leaf and husk detritus
was determined using a commercial double-antibody sandwich En-
zyme-Linked ImmunoSorbent Assay (ELISA; Strategic Diagnostics Inc.,
Newark, Delaware, USA) as described in Griffiths et al. (2009) and
Zwahlen et al. (2003a). Maize detritus was dried at 60 °C for 48 h and
then ground into fine particles using an electric grinder. To extract
Cry1ADb protein, 1 g of ground maize detritus was placed into 50 mL of
1X Phosphate Buffered Saline Tween-20 (PBST). Next, the maize detrital
sample was homogenized in PBST using a hand-held tissue homogeniz-
er (BioSpec Products, Inc., Bartlesville, Oklahoma, USA). The sample was
then centrifuged at 10,000 rpm for 10 min, and the supernatant was
used for the ELISA analysis. The concentration of Cry1Ab in maize detri-
tus was determined based on a 10-point calibration curve, ranging from
0.5 ng/mL to 100 ng/mL, which was created from the serial dilution of
purified Cry1Ab protein (Abraxis, Warminster, Pennsylvania, USA) dis-
solved in 1X PBST. Five PBST blanks were included to identify any poten-
tial contamination among samples and to account for matrix effects
associated with PBST. Samples, standards, and buffer blanks were
aliquoted in triplicate into a 96-well ELISA plate and absorbance was
read at 450 nm and 650 nm on a SpectraMax M2 microplate reader
(Molecular Devices Corporation, Sunnyvale, California, USA). The absor-
bance at 450 nm was subtracted from the absorbance at 650 nm to cor-
rect for turbidity, and then the mean buffer absorbance was subtracted
to account for PBST matrix effects. The concentration of Cry1Ab protein
was expressed as pg Cry1Ab/g dry maize leaf (or detritus). The mini-
mum detection limit (MDL) of our method (MDL = 0.56 ng/mL, equiv-
alent to 0.03 pg/g dry maize leaf) was determined by multiplying the
standard deviation of a low standard (0.72 ng/mL, n = 7 replicates)
by 3.14 (APHA, 2005).

2.5. Analysis of Cry1Ab protein in stream water

For stream water samples with much lower Cry1Ab concentrations
than Bt maize detritus, Amicon® Ultra-15 mL centrifugal filter units
(30 K Nominal Molecular Weight Limit, Millipore, Billerica, Massachu-
setts, USA) were used to concentrate dissolved Cry1Ab protein for sub-
sequent analysis. The centrifugal extraction method and ELISA assay for
stream water samples were field validated with high recovery of Cry
protein by Strain et al. (2014) using PBST. Centrifugal filter units were
filled with 14.5 mL of stream water and 0.5 mL of 1X PBST. Samples
were spun using a swinging-bucket centrifuge at 2500 rpm for
30 min, and the retentate (concentrated Cry1Ab) was weighed in a
microcentrifuge tube to determine retentate recovery. The concentra-
tion of Cry1Ab in stream water samples was determined from an 8-
point calibration curve, which was created from the serial dilution of
purified Cry1Ab protein dissolved in DI water. The calibration curve
ranged from 3 ng/L to 400 ng/L and was run in triplicate on the ELISA

plate. Standards were prepared in DI water (after Strain et al., 2014)
and 5 DI water blanks were included to identify any potential contami-
nation between samples. All standards and blanks went through the
Cry1Ab extraction procedure along with the stream water samples
(i.e., centrifugal filter units, addition of 0.5 mL of 1X PBST). One hundred
UL of retentate from samples, standards, and blanks was pipetted into a
96-well ELISA plate. The absorbance of each well was read at 450 nm
and 650 nm and corrected for turbidity as described above. The concen-
tration of Cry1Ab protein was expressed as ng Cry1Ab/L stream water.
The MDL for this method was calculated using the concentrations of
our 2 lowest standards of 3 ng/L and 6 ng/L. For each standard, the con-
centration of 7 samples was measured and the standard deviation of
those measurements was multiplied by 3.14 (APHA, 2005). The average
of the 2 MDLs was used to determine our overall MDL of 3 ng/L.

2.6. Statistical analyses

To examine spatial patterns of Cry1Ab protein in the field, Pearson's
chi-square tests were used to determine whether there were differ-
ences in the detection of Cry1Ab protein in stream or tile drain water be-
tween Bt-maize fields and non-Bt maize or soybean fields, and to assess
whether streams in which the sampling sites were adjacent to maize
fields were equally as likely to have maize detritus in the active channel
as streams in which the sampling sites were adjacent to soybean fields.
Simple linear regression was used to determine whether mean stream
discharge influenced the frequency of Cry1Ab detection among streams,
and correlation analysis was used to examine whether there was an as-
sociation between the frequency of Cry1Ab detection in streams and the
frequency of Cry1Ab detection in the associated tile drains. Kruskal-
Wallis tests were used to assess differences in Cry1Ab concentrations
in stream water, tile drain water, and maize detritus among sampling
dates, to determine if stream or tile drain Cry1Ab concentrations dif-
fered between Bt-maize and non-Bt maize or soybean fields, and to
test whether concentrations of dissolved Cry1Ab differed between
stream and tile drain water.

For the laboratory recirculating stream results, simple linear regres-
sion was used to determine whether Cry1Ab protein concentration
(natural-log transformed) in maize leaves and stream water decreased
over time. For the degradation experiment results, analysis of covari-
ance (ANCOVA) was used to examine whether degradation of Cry1Ab
protein (natural-log transformed) was influenced by filtration, light,
and stream water source over time. When there was a significant inter-
action between time and the main factors, a Tukey's Honestly Signifi-
cant Difference (HSD) post-hoc test was used to determine which
groups were different from each other. When necessary, data were
transformed using natural-log, square-root, or arcsine-square root to
meet parametric assumptions. Significance was defined as P < 0.05
and all statistical analyses were performed using SYSTAT v.12
(SYSTAT, 2007).

3. Results
3.1. Detection of Cry1Ab protein in streams and tile drains in the field

In the field, each of the 11 streams sampled in this study tested
positive for Cry1Ab protein on at least one of the six sampling dates
(Table 2). Cry1Ab protein was detected in 73% of streams in September
(start of harvest) and May (end of snowmelt/spring floods). In July
(start of the growing season) and March (start of snowmelt/spring
floods), Cry1Ab was detected in 27% of streams. Finally, in August near
the end of the growing season and in November after crop harvest,
Cry1Ab was detected in 18% of streams. Differences in stream size
may have accounted for the variation in the frequency of Cry1Ab-posi-
tive water; however, mean stream discharge was not related to the fre-
quency of Cry1Ab detection among streams (simple linear regression,
? = 029, P = 0.09). Furthermore, there was no difference in the



N.A. Griffiths et al. / Science of the Total Environment 592 (2017) 97-105 101

Table 2

Detection of Cry1Ab protein in stream water, tile drain water, and maize detritus collected in July, August, September, and November 2008, and March and May 2009.

Season Sampling ~ Stream water samples positive  Tile drain water samples positive ~ Streams with maize detritus Streams with Cry1Ab-positive maize
date for Cry1Ab (%) for Cry1Ab (%) present (%) detritus present (%)
Crop growing 7/7/2008  27% 17% 0% 0%
season 8/13/2008 18% 50% 0% 0%
Crop harvest 9/29/2008 73% 40% 0% 0%
11/3/2008 18% 0% 82% 73%
Spring 3/5/2009  27% 40% 73% 36%
floods/snowmelt 5/2/2009  73% 47% 18% 0%

Note: within each stream, 3 water samples were collected along a 200-m reach; when one or more water samples tested positive for Cry1Ab (above the detection limit of 3 ng/L), the

stream was considered to be positive for Cry1Ab.

detection of Cry1Ab protein in streams in which the sampling site was
adjacent to Bt maize fields (e.g., 46% of the samples were Cry1Ab-posi-
tive) compared to streams where we sampled adjacent to non-Bt
maize or soybean fields (e.g., 45% of the samples were Cry1Ab-positive)
(Pearson's chi-square test, y> = 0.002, df = 1, P = 0.96).

Six of the 11 study streams had at least one tile draining into each
~200 m study reach (Table 1). Tiles draining into 5 of those streams
were positive for Cry1Ab protein on at least one sampling date. Howev-
er, none of the 10 tile drain samples collected from the 3 tile drains in
stream 1D were positive for Cry1Ab, even though the sampling site
was located adjacent to fields planted in Bt maize. Dissolved Cry1Ab
was also detected in water flowing from at least one tile drain on all
sampling dates, except in November after crop harvest (Table 2).
Cry1Ab was detected in 17% of flowing tile drains in July, 40% in Septem-
ber and March, 47% in May, and 50% in August. There was no relation-
ship between the frequency of Cry1Ab detection in streams and the
frequency of Cry1Ab detection in the associated tile drains (Pearson's
correlation, R = 0.64, P = 0.17). Furthermore, there was no difference
in the occurrence of Cry1Ab protein in tiles that drained Bt maize fields
(35% of the samples were Cry1Ab-positive) compared to tiles that
drained non-Bt maize or soybean fields (32% of the samples were
Cry1Ab-positive) (Pearson's chi-square test, y> = 0.04, df = 1,P =
0.84).

Overall, the concentration of Cry1Ab protein in both stream and
tile drain water was generally low, and ranged from our detection
limit of 3 ng/L up to 60 ng/L, and there was no difference in Cry1Ab
concentration between stream water and tile drain water (Kruskal-
Wallis, P = 0.16). Of the samples that were above the detection
limit, Cry1Ab concentrations were variable over time (Fig. 1). There
were no differences in Cry1Ab concentrations in stream or tile
drain water among seasons (streams: Kruskal-Wallis, P = 0.21; tile
drains: Kruskal-Wallis, P = 0.41) or between Bt maize fields and
other fields (streams: Kruskal-Wallis, P = 0.87; tile drains:
Kruskal-Wallis, P = 0.09) (Fig. 1).

Maize detritus was found in the active channels of 82% of streams
sampled in November at the end of harvest, in 73% of streams sampled
in March at the start of snowmelt/spring floods, in 18% of streams sam-
pled in May at the end of snowmelt/spring floods. We did not find maize
detritus in streams sampled during all other time points (e.g., start and
end of the growing season, start of crop harvest) (Table 2). Streams in
which the sampling site was adjacent to maize fields were equally as
likely to have maize detritus in the active channel as streams in which
the sampling site was adjacent to fields planted in soybeans (Novem-
ber: Pearson's chi-square test, y> = 0.64, df = 1, P = 0.43; March:
Pearson's chi-square test, ¥° = 1.55, df = 1, P = 0.21). The percentage
of streams containing Cry1Ab-positive maize detritus (above the detec-
tion limit of 0.03 pg/g dry maize detritus) varied over time: 73% of
streams in November, 36% of streams in March, and none of the streams
in May contained Cry1Ab-positive maize detritus (Table 2). Further-
more, half of the Cry1Ab-positive maize detrital samples collected in
November and March were found in streams with sampling sites adja-
cent to Bt maize fields, and the other half were collected from streams
with sampling sites adjacent to non-Bt maize or soybean fields. The

mean concentration of Cry1Ab protein in maize detritus was higher in
November (1.85 + 0.35 pig/g dry maize detritus) directly after crop har-
vest than in March ~4 months after harvest (0.34 4 0.19 pg/g dry maize
detritus) (Kruskal-Wallis, P = 0.02).

3.2. Experimental leaching of Cry1Ab protein from maize leaves into stream
water

In the artificial stream experiment, the concentration of Cry1Ab
in submerged, Bt maize leaves decreased over time (Fig. 2a; simple
linear regression on natural-log transformed data, r* = 0.88,
P < 0.0001) from 4.76 4+ 0.05 pg/g dry maize leaf on day 0 to
0.04 + 0.02 pg/g dry maize leaf on day 70, resulting in the loss of
99% of Cry1Ab from Bt maize leaves over this time period. Cry1Ab
protein was detectable in the water column after Bt maize leaves
were submerged, and the concentration of Cry1Ab in stream water
also decreased over time (Fig. 2b; simple linear regression on natu-
ral-log transformed data, r* = 0.44, P = 0.0001). Water-column
Cry1Ab concentrations were highest on day 3 (201.6 + 13.1 ng/L),
slightly above the detection limit on day 25 (4.5 + 4.5 ng/L), and
below the detection limit of 3 ng/L on days 13, 37, and 70. Using a
mass balance approach, the total amount of Cry1Ab protein lost
from Bt maize leaves after leaching for 3 days was 312.4 4 25.8 pg/-
stream, while the amount of protein measured in the water column
was much lower (8.1 + 0.5 pg/stream), suggesting that Cry1Ab
degraded over the experiment.
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Fig. 1. Mean concentration (4 SE) of Cry1Ab protein (ng/L) in stream (black bars) and tile
drain (white bars) water samples that were above the detection limit of 3 ng/L. Water
samples were collected for Cry1Ab protein analysis on 6 dates (July and August 2008
[summer growing season], October and November 2008 [crop harvest], and March and
May 2009 [snowmelt/spring flood period]) from 11 streams and associated flowing tile
drains (n = 12 in July, n = 2 in August, n = 5 in October, n = 4 in November, n = 10
in March, and n = 15 in May).
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Fig. 2. Mean Cry1Ab concentration (4 SE) in (a) submerged Bt maize leaves (pg/g dry
weight) and (b) stream water (ng/L) measured in artificial, recirculating streams over a
period of 70 d (n = 6 per data point). Note that the mean Cry1Ab concentrations in
stream water on days 13, 37, and 70 were below the detection limit of 3 ng/L (‘BD’), and
mean Cry1Ab concentrations in stream water were above the detection limit on days 3,
7, and 25.

3.3. Degradation of Cry1Ab protein in stream water

Degradation of Cry1Ab differed among experimental filtration treat-
ments over the 72 h microcosm experiment (Fig. 3a, ANCOVA,
P < 0.0001), as Cry1Ab degraded more quickly in the presence of
water-column microorganisms compared to the treatments without
microorganisms (all Tukey's HSD P < 0.0001). After 72 h, >99% of
Cry1Ab had degraded in microcosms containing microorganisms, and
Cry1Ab concentrations in these treatments were near the detection
limit of 3 ng/L. In microcosms without microorganisms (i.e., 0.2 um fil-
tered stream water and DI water), 56.0 4 2.4% and 29.4 4 6.5% of the
Cry1Ab protein had degraded after 72 h, respectively.

Light did not influence autotrophic uptake of Cry1Ab as there was no
significant difference in the percentage of Cry1Ab remaining between
light and dark treatments over time (Fig. 3b; ANCOVA, P = 0.46). Simi-
lar to the experiment described above, Cry1Ab degradation differed
among filtration treatments over time (ANCOVA, P < 0.0001), with
faster degradation in microcosms containing water-column microor-
ganisms. After 72 h, regardless of light treatment, 99.8 + 0.2% of
Cry1Ab protein had degraded in microcosms containing microorgan-
isms compared to 31.2 + 5.9% degradation in microcosms without
microorganisms.

There was also no influence of stream water source on Cry1Ab deg-
radation as Cry1Ab degraded similarly in unfiltered water collected
from streams 2B, 2C, and 2D (Fig. 3c; Tukey's HSD, all P > 0.05). As in
the previous two experiments, degradation was faster in stream water
with microorganisms than in DI water (ANCOVA, P = 0.007; Tukey's
HSD, all P < 0.05).
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Fig. 3. Mean percentage (4 SE) of Cry1Ab protein remaining in water in the degradation
experiments (n = 5 per data point). (a) The microbial contribution to Cry1Ab
degradation was examined by adding dissolved Cry1Ab to DI water (sterile), stream
water that was filtered through a 0.2-pm filter (no microorganisms), a 0.7-um filter
(microorganisms), or was unfiltered (microorganisms and organic particles). (b) The
influence of light on Cry1Ab degradation was examined by adding dissolved Cry1Ab to
DI water or unfiltered stream water, with half of the treatments covered in a shade cloth
(‘dark’) and half placed under growth lamps (‘light’). (c) The effect of different
agricultural stream water sources on Cry1Ab degradation was examined by adding
dissolved Cry1Ab to DI water or stream water collected from 3 agricultural streams
(streams 2B, 2C, or 2D, see Table 1).

4. Discussion
4.1. Detection of Cry1Ab protein in streams and tile drains in the field

In this study, we found that agricultural streams receive inputs of
Cry1Ab protein from Bt maize throughout the year. The prevalence of
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Cry1Ab protein in water samples collected from agricultural streams
across space and time suggests that dissolved Cry1Ab protein may be
widespread in headwater streams and ditches in the corn belt of the
midwestern US, and that there are likely multiple mechanisms by
which Cry1Ab can enter adjacent waterways. A survey of the spatial dis-
tribution of dissolved Cry1Ab protein in water-column samples collect-
ed from midwestern US streams conducted 6 months after crop harvest
found that 50 of the 215 stream water samples (23%) were positive for
Cry1Ab, with no obvious spatial aggregation across the maize-soybean
dominated landscape (Tank et al., 2010). Similarly, our study did not
find any spatial pattern in Cry1Ab protein across 11 streams sampled
in this study, and the probability of detecting Cry1Ab protein was simi-
lar between streams adjacent to Bt maize fields and non-Bt maize or
soybean fields. These detection patterns for dissolved Cry1Ab protein
were consistent with a recent study that measured Cry1Ab protein in
runoff from both Bt and non-Bt maize fields (Strain and Lydy, 2015). Be-
cause the majority of Indiana's maize crop was Bt maize at the time of
sampling (NASS, 2008), it was likely that all stream sites had Bt maize
planted somewhere in the watershed upstream of the sampling sites,
and these fields could have influenced the detection of Cry1Ab in stream
sampling sites not located directly adjacent to a Bt maize field.

One potential mechanism by which Cry1Ab can enter streams is
through the input of Bt maize detritus (Douville et al., 2005;
Rosi-Marshall et al., 2007) and subsequent detrital leaching of soluble
Cry1Ab proteins (Griffiths et al., 2009). Given the rapid leaching of
Cry1Ab protein after detritus is submerged (Griffiths et al., 2009;
Strain and Lydy, 2015), the input of Bt maize detritus is a potentially sig-
nificant source of dissolved proteins to agricultural streams. In our field
survey, Bt maize detritus was found in 73% of streams sampled at the
end of crop harvest in November, and in 36% of streams sampled at
the beginning of the following year during snowmelt/spring floods.
These findings are consistent with a spatially intensive survey carried
out 6 months after crop harvest, that found 13% of 217 streams sites
contained Bt maize detritus with no clear spatial pattern across the
landscape (Tank et al,, 2010). Overall, these findings, combined with re-
sults from this study showing the detection of dissolved Cry1Ab across
seasons, suggest that Bt maize detritus may be a source of Cry1Ab pro-
tein to streams and drainage ditches for several months after maize
crops are harvested.

A second mechanism by which Cry1Ab can enter streams is the
input of Cry1ADb protein via surface runoff and subsurface flow paths,
thus sourcing sediment-bound proteins or leached proteins into adja-
cent streams. Multiple studies have shown that dissolved Cry1Ab can
enter streams via surface runoff (Strain and Lydy, 2015; Whiting et al.,
2014), and sediment-bound proteins can be subjected to overland ero-
sion into aquatic systems (Whiting et al., 2014). Our goal was to inves-
tigate a potential flow path for leached Cry1Ab protein through
subsurface tile drains that are typically buried 0.6-1.2 m below the
soil surface (Blann et al.,, 2009). Of the 48 samples collected from inter-
mittently flowing tile drains over the 6 sampling dates, 32% were posi-
tive for Cry1Ab protein, but there was no difference in the occurrence
of Cry1ADb protein in tile drains that were sampled from outlets adjacent
to Bt maize fields compared to tile outlets located next to non-Bt maize
or soybean fields. The distance and area drained by each tile was not
known, and tile drains can underlay fields for hundreds of meters in
an interconnected network. Thus, it is possible that tile drains we attrib-
uted to non-Bt maize or soybean fields may have drained Bt maize fields
that were not directly adjacent to the streams. Overall, the detection of
Cry1Ab protein in tile drains across seasons suggests that tiles may be a
direct mechanism by which Cry1Ab can be transported from agricultur-
al fields into streams, but due to the complexity of tile drain networks, it
is not possible to attribute tile drainage to a particular field.

Natural populations of B. thuringiensis in soils and sediments could
be a potential source of dissolved Cry1Ab protein in tile and stream
water; however, in the field, the protein from B. thuringiensis popula-
tions would likely be in the insoluble, crystalline form (protoxin) rather

than the soluble, activated form (endotoxin) that is expressed in Bt
maize (Douville et al., 2005). Furthermore, the ELISA assay is optimized
to extract the endotoxin via a neutral-pH buffer (1X PBST has a pH of
7.4; Strain et al., 2014), whereas the protoxin is extracted at a higher
pH of 10-11 (Douville et al., 2005), suggesting that the ELISA assay
used in this study is primarily detecting the activated Cry1Ab protein
rather than the insoluble form expressed by natural populations of B.
thuringiensis. While our study did not quantify B. thuringiensis popula-
tions in soils and sediments, a previous study found no correlation be-
tween bacterial cell counts of B. thuringiensis in the field and Cry1Ab
concentrations in soils and sediments, and concluded that measured
Cry1AD protein was derived from Bt maize (Douville et al., 2005).

4.2. Degradation of Cry1Ab protein in stream water

Previous research in terrestrial environments has shown that un-
bound Bt proteins are rapidly degraded by microorganisms (Accinelli
et al.,, 2008; Crecchio and Stotzky, 1998, 2001; Koskella and Stotzky,
1997; Palm et al., 1996; Valldor et al., 2015; Wang et al., 2007) and we
predicted a similar fate for Cry1Ab in aquatic ecosystems. In a direct
comparison of Cry1Ab degradation in sediments and surface waters,
Douville et al. (2005) found that breakdown was faster in non-sterile
surface water, perhaps because Bt proteins bound to soils and sedi-
ments are less susceptible to degradation (Crecchio and Stotzky, 1998,
2001; Stotzky, 2004; Strain and Lydy, 2015; Valldor et al., 2015). In
our study, microbial degradation of unbound Cry1Ab protein in stream
water was rapid, and >95% of added Cry1Ab degraded within 72 h. A
similar result was found in our Cry1Ab leaching experiment, where a
mass balance revealed that after 3 d, 97% of Cry1Ab leached from detri-
tus was not detectable in the water column. In addition, light did not ap-
pear to influence degradation of Cry1Ab by stimulating autotrophic
assimilatory uptake of the protein (Mulholland and Lee, 2009), suggest-
ing that the open canopy and high autotrophic production in agricultur-
al streams in the midwestern US (Griffiths et al., 2013) may not enhance
degradation of Cry1Ab. There were no differences in Cry1Ab degrada-
tion among water collected from 3 different agricultural streams. The
3 streams had similar physical and chemical characteristics (Table 1),
but we did not characterize the microbial communities in water collect-
ed from these streams. Thus, we cannot determine which factors result-
ed in the similar Cry1Ab degradation rates among streams. In terrestrial
systems, no previous studies have examined how different microbial as-
semblages may influence degradation; however, previous research has
shown that soil microbial community structure does not differ in fields
planted with Bt vs. non-Bt maize (Baumgarte and Tebbe, 2005; Griffiths
et al., 2005).

In our field survey, Cryl1Ab protein was commonly detected in
streams and tile drains. Given that our laboratory studies show that
Cry1AD protein that leaches from submerged Bt maize leaves is rapidly
degraded by water-column microorganisms, it is likely that there are
multiple pathways by which Cry1Ab can enter stream water including
direct leaching from submerged Bt maize detritus, and lateral inputs
via subsurface tile drains, overland flow, or erosion of soils with bound
Cry1AD protein. Nevertheless, we acknowledge that the laboratory con-
ditions under which the degradation experiments occurred may not re-
flect variation in field conditions. For example, temperature can
influence degradation rates of Cry1Ab protein (Zwahlen et al., 2003b),
and our microcosm experiments were carried out in an environmental
chamber at 21.5 °C. Thus, degradation rates in the field may be slower,
especially during the colder fall and winter seasons when microbial ac-
tivity has slowed. Similarly, Cry1Ab concentration in maize leaves de-
clined more quickly in the leaching experiment compared to our
previous field experiments (Griffiths et al., 2009), which may be due
to warmer temperatures in the laboratory (range = 16 to 33 °C) com-
pared to the field (range = —1 to 15 °C), or the faster water velocities
in the experimental recirculating streams. Furthermore, our degrada-
tion experiments were carried out under oxic conditions; however,
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anoxic microsites are common in agricultural streams sediments, and
Cry1Ab may degrade more slowly in the field when oxygen is depleted
(Wang et al., 2007). The presence of sediments can also influence the
persistence of Cry1ADb in water. Experiments conducted in aquatic mi-
crocosms found that Cry1Ab leached from maize leaves and concentra-
tions increased in sediments over 60 d, suggesting that adsorption to
sediments increased the persistence of Cry1Ab (Strain and Lydy, 2015).

5. Conclusions

Bt maize is common in the US, with 79% of the 2016 maize acreage
planted as Bt maize (NASS, 2016). In the midwestern US, the wide-
spread planting of Bt maize, combined with the growing use of conser-
vation tillage practices that leave crop detritus (i.e., stover) on fields
post-harvest, provides multiple pathways for maize detritus and associ-
ated Cry1ADb proteins to enter adjacent waterways. These input path-
ways include wind, overland flow, erosion, groundwater, and
subsurface tile drainage. However, in comparison to terrestrial ecosys-
tems, the effects and ultimate fate of Bt proteins in aquatic systems
are less well known, primarily because it has only recently been recog-
nized that this material enters adjacent water bodies (Chambers et al.,
2010; Douville et al., 2005; Griffiths et al., 2009; Jensen et al., 2010;
Rosi-Marshall et al., 2007; Strain and Lydy, 2015; Swan et al., 2009;
Tank et al., 2010, Whiting et al., 2014). In this study, Cry1Ab protein
was detected in streams and tile drains in the field throughout the
year, despite confirmation of rapid protein degradation rates. These re-
sults suggest that there may be a reservoir of Cry1Ab in the terrestrial
environment (e.g., soils, surface and buried detritus) and several input
pathways of Cry1Ab protein to agricultural streams. These source path-
ways may vary seasonally as crops are growing (Strain and Lydy, 2015)
and harvested (Tank et al., 2010). While Cry1Ab protein degraded
quickly in stream water, the ubiquitous detection and multiple input
pathways suggest that Cry1Ab could be considered “pseudo-persistent”,
meaning that the consistent annual production and continuous input of
Cry1Ab replaces the rapidly degraded protein (Daughton, 2003). How-
ever, the spatial and temporal occurrence of Cry1Ab in stream and tile
drain water at the stream scale was sporadic and not predictable;
hence, we define Cry1Ab as exhibiting pseudo-persistent characteristics
only at the watershed scale. The pseudo-persistent nature of Cry1Ab is
supported by findings from soils showing that Cry1Ab can sorb to
soils, but after Cry1Ab desorbs and is present in soil water, it can be rap-
idly degraded (Valldor et al., 2015). Due to the prevalent use of trans-
genic crops, a better understanding of the fates of transgenic detritus
in aquatic ecosystems is needed.
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