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Abstract

CrylAb proteins derived from Bacillus thuringiensis (Bt) rice can be released into paddy
water through straw leaching. Straw from non-Bt rice (Tianyou Huazhan), homozygous Bt
rice (T775), and heterozygous Bt rice (T775 F; hybrid) was used to expose Daphnia magna
over two consecutive generations, each for 21 days, at nominal straw-loading concentrations
of 1,2,4,and 8 g L. Survival, growth, reproduction, catalase (CAT), peroxidase (POD),
superoxide dismutase (SOD), and malondialdehyde (MDA) were evaluated. Growth and
reproductive responses were described using originally reported means, standard errors,
and Duncan groupings, while traceable biochemical measurements underwent generation-
specific two-way analysis of variance and prespecified control comparisons. Changes in
individual and biochemical endpoints varied by rice type, loading concentration, and
generation, without a consistent monotonic concentration-response relationship. Fisher’s
exact tests showed no significant differences in 21-day survival between either Bt treatment
and the corresponding non-Bt treatment at the same concentration. Changes in enzyme
activities and MDA alone do not establish oxidative injury, and descriptive differences
between generations cannot establish cumulative toxicity.
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1. Introduction

Rice is an important food crop, and insect-pest management is closely linked to sus-
tainable rice production. Transgenic rice expressing insecticidal proteins derived from
Bacillus thuringiensis (Bt) offers an additional approach to controlling certain lepidopteran
pests [1,2]. However, residues remaining after Bt-crop cultivation and their released con-
stituents may enter adjacent aquatic environments, highlighting the need to assess exposure
and responses in non-target aquatic organisms [3,4].

Paddy fields are both agricultural production systems and shallow-water ecosystems.
When Bt rice straw remains in the field or is returned to the soil, leaching and decomposition
may release its constituents into the water; low concentrations of Cry proteins have been
detected in paddy water [5,6]. Unlike purified Cry-protein exposure, straw leachates
may also contain dissolved organic matter, nutrients, and other plant-derived constituents.
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Consequently, observed biological responses may be related to Cry protein, the straw matrix,
or both. Differences between Bt and non-Bt treatments alone cannot identify the causative
constituent [7,8].

Daphnia magna is a model planktonic crustacean commonly used in aquatic ecotoxicol-
ogy. Its survival, growth, reproduction, and antioxidant-related physiological endpoints
can be used to characterize organism-level responses under laboratory exposure. Previous
laboratory studies and field surveys have examined the effects of Bt-crop residues and
purified proteins on aquatic organisms, although the test materials, exposure routes, and
endpoints vary [3,9-11]. For example, certain transgenic-maize materials did not cause ad-
verse growth or reproductive responses in laboratory D. magna assays [12], while surveys of
paddy-field zooplankton did not consistently identify significant differences in community
metrics [13,14]. These findings underscore the need to evaluate each exposure system and
crop material separately; evidence from other crops cannot be directly extrapolated to Bt
rice straw leachates [15].

Rice straw leaching and decomposition may alter the composition of dissolved sub-
stances in surrounding water [8]. Bt crops and their non-transgenic comparison materials
may differ in genetic background, nutrient composition, or secondary metabolites. Such
potential confounding factors should therefore be considered when interpreting the eco-
toxicological responses to Bt materials [7]. Studies of microbial communities associated
with Bt-rice cultivation provide additional environmental context [16], but findings from
other crops or exposure systems cannot replace direct tests of the rice straw leachates
examined here.

Although previous research has informed the assessment of Bt crops in non-target
aquatic organisms, several questions remain for CrylAb-expressing rice: whether homozy-
gous Bt, heterozygous Bt, and non-Bt straw leachates produce different growth, reproduc-
tive, and antioxidant-related responses at the same nominal straw loading; whether these
responses vary consistently with loading concentration; and how observations compare
across two successive generations. Studies of purified Cry proteins, other crop materials,
or different contaminants provide comparative context but cannot substitute for direct
evaluation of the present leachate system [17-20]. Because generation-related interactions
were not evaluated in a joint model, cumulative transgenerational toxicity was not assumed.

Accordingly, straw leachates from non-Bt Tianyou Huazhan rice, homozygous Bt T775
rice expressing CrylAb, and heterozygous Bt T775 F, rice were prepared at nominal straw
mass concentrationsof 1,2,4,and 8 g L1 Daphnia magna was exposed for 21 days in two
successive generations. Survival, growth, reproduction, CAT, POD, and SOD activities, and
MDA content were examined to describe organism-level responses to different rice-straw
types and leachate loadings, providing a basis for future work separating Cry-protein effects
from matrix effects and for field validation.

2. Results
2.1. Effects of Bt Rice Straw Leachates on First-Generation Daphnia magna
2.1.1. Cry1Ab Concentrations in First-Generation D. magna

After 21 days of exposure, CrylAb was quantified in first-generation D. magna samples
by enzyme-linked immunosorbent assay (ELISA) (Table 1). The highest measured concen-
trations within both the homozygous- and heterozygous-Bt groups occurred at 8 g L~1. At
the same nominal straw concentration, values were generally higher in the homozygous-Bt
group than in the heterozygous-Bt group.
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Table 1. CrylAb content in first-generation Daphnia magna exposed to Bt rice straw leachates (ug
L1). Note: Values are means + SE; different lowercase letters indicate Duncan groupings among
concentrations within the same rice type (p < 0.05).

Treatment 1gL™! 2gL! 4gL! 8gL!
Homozygous Bt 242+023c¢ 435+024c 9.29+0.13b 1535+ 051 a
Heterozygous Bt 0.93 £ 0.43 bc 1.08 £ 0.11 bc 12+£032b 175+ 044 a

2.1.2. Effects on Growth and Reproductive Parameters

Growth parameters of first-generation D. magna are presented in Table 2. Compared
with non-Bt rice straw leachate at the same concentration, homozygous Bt rice straw leachate
resulted in greater body length at 2 g L~ but lower body length at 4 and 8 g L~!; body width
was greater at 1 g L1, whereas spine length was shorter at 8 g L=!. Compared with non-Bt
rice straw leachate, heterozygous Bt rice straw leachate resulted in lower body length at 4
and 8 g L~! and greater body width at 4 g L~!. No significant differences were observed in
the remaining concentration-matched comparisons. Detailed statistical results are presented
in Table S5. No significant differences in 21-day survival were detected between either Bt
treatment and the corresponding non-Bt treatment (Table S4).

Table 2. Effects of Bt rice straw leachates on growth parameters of first-generation Daphnia magna.
Note: Values represent means + standard error of the mean (SEM). Different lowercase letters within
the same column indicate significant differences among treatments under the same nominal straw-
loading concentration (Duncan’s multiple-range test, p < 0.05). n denotes the number of surviving
animals on day 21 out of 40 initially exposed individuals per treatment. Between-treatment p values
are presented in Table S5, and survival statistics in Table S4.

Treatment Conc. (gL-1) Body Length  Body Width  Spine Length  Body Weight Surv(i)val Rate
(mm) (mm) (mm) (mg) (%, 1)
Non-Bt — 252+ 0.03a 1.63 £0.02a 0.41+£0.01b 2.49 +0.06 a 100 (40)
Homozygous Bt 1 2.65+0.04a 1.76 £ 0.03 a 0.36 + 0.08 b 2.73 £ 0.08 a 100 (40)
Heterozygous Bt 1 248+ 0.04ab 1.69+006ab 045+0.03b 254+ 0.08 a 100 (40)
Non-Bt 2 2.61+0.02a 176 £0.03a 052+0.02ab 2.35+0.09a 100 (40)
Homozygous Bt 2 2.73+£0.03a 1.82+0.04a 0.57 £ 0.04 a 236+ 021a 95 (38)
Heterozygous Bt 2 2.62+0.07 a 1.72 £ 0.01a 058+ 0.05a 267%+0.12ab 97.5 (39)
Non-Bt 4 272+ 0.05a 1.66 £ 0.04 a 0.63 £ 0.03 a 245+ 0.05a 95 (38)
Homozygous Bt 4 241+0.02ab 176 £0.02a 055+0.03a 216%0.12ab 92.5 (37)
Heterozygous Bt 4 251 +0.03a 1.83 £ 0.03 a 0.61+0.07a 243+0.11ab 92.5 (37)
Non-Bt 8 256+ 0.02a 1.64 £0.01a 0.57 £0.03 a 1.94 £ 0.08 b 90 (36)
Homozygous Bt 8 228+0.04b 1.69+£0.04ab 044 1+001b 1.84 £0.07Db 87.5 (35)
Heterozygous Bt 8 2424+003ab 1.74+0.04a 053%+009ab 220%0.02c 90 (36)

Reproductive parameters of first-generation D. magna are presented in Table 3. Com-
pared with non-Bt rice straw leachate at the same concentration, homozygous Bt rice straw
leachate resulted in a shorter time to first reproduction at 1 and 2 g L~1; first brood size
was greater at 1 and 2 g L=! but lower at 4 and 8 g L~!; the number of molts was lower at
1and 4 g L~!; and total offspring production was greater at 1, 2, and 4 g L=!. Compared
with non-Bt rice straw leachate, heterozygous Bt rice straw leachate resulted in a shorter
time to first reproduction at 1, 2, and 8 g L~}; first brood size was greater at 1 g L~! but
lower at 4 g L~!; the number of molts was lower at 2 and 4 g L~! but greater at 8 g L~!; and
total offspring production was greater at all four concentrations (1, 2,4, and 8 g L~!). No
significant differences were observed in the remaining comparisons. Detailed statistical
results are presented in Table S6.
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Table 3. Effects of Bt rice straw leachates on reproductive parameters of first-generation Daphnia
magna. Note: Values represent means * standard error of the mean (SEM). Different lowercase letters
within the same column indicate significant differences among treatments under the same nominal
straw-loading concentration (Duncan’s multiple-range test, p < 0.05). Between-treatment p values are
presented in Table S6.

Time to First

Treatment Conc. (g'L1) Reproduction (d) First Brood Size Number of Molts Total Offspring
Non-Bt — 932+012a 6.35+020b 833+ 0.12a 28.31+£0.58b
Homozygous Bt 1 8.32+0.21 ab 834+025a 7.43 £ 0.20 ab 36.25 + 0.57 ab
Heterozygous Bt 1 8.14 £ 0.32ab 8.21+0.05a 8.58 £ 0.11a 38.67 £ 0.55 ab
Non-Bt 2 8.92 + 0.11 ab 734+025a 843+ 021a 3720£0.75a
Homozygous Bt 2 7.81+025b 821+0.18a 815+ 0.12a 4918 £0.39a
Heterozygous Bt 2 7.68 £0.11c 758 £024a 7.33 £0.25ab 4336+ 1.02a
Non-Bt 4 8.52+ 0.12 ab 8411+019a 942+ 025a 2522 +£1.05b
Homozygous Bt 4 8.36 £ 0.13 ab 737+012a 828 +0.23a 33.51 + 0.52 ab
Heterozygous Bt 4 8.06 + 0.15 ab 6.89 £+ 0.35 ab 837+024a 33.28 +0.27b
Non-Bt 8 10.12+0.14 a 7.65+0.15a 7.68+£0.29a 2495 +124b
Homozygous Bt 8 9.51+023b 7.03 + 0.03 ab 813+ 0.21a 25.34 £ 0.65b
Heterozygous Bt 8 8.21 + 0.26 ab 733 +026a 874+ 0.15a 29.37 £ 0.86 b

2.1.3. Effects on Catalase (CAT) Activity

Catalase (CAT) activity in first-generation D. magna differed across straw leachate
treatments (Figure 1). Compared with the concentration-matched non-Bt leachate, ho-
mozygous Bt leachate was originally reported to have no significant effect on CAT activity.
Heterozygous Bt leachate was reported to significantly increase CAT activity by 18.91% and
7.63% at 1 and 8 g L~!, respectively, whereas no significant differences were reported at 2 or
4 g L. (Tables S1 and S3a).
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Figure 1. Effects of Bt rice straw leachates on catalase activity in first-generation Daphnia magna
(means * standard errors, n = 4; different lowercase letters at the same concentration indicate different
multiple-comparison groupings, p < 0.05). Statistical results are presented in Tables S1 and S3a.

2.1.4. Effects on Peroxidase (POD) Activity

Rice straw leachate treatments produced different responses in first-generation Peroxi-
dase (POD) activity (Figure 2). Compared with concentration-matched non-Bt leachate,
homozygous Bt leachate was reported to increase POD activity by 5.4% at 4 g L~! and
decrease it by 25.11% and 52.47% at 2 and 8 g L=}, respectively; no significant difference
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was reported at 1 g L~1. Heterozygous Bt leachate was reported to decrease POD activity at
1,2,4,and 8 g L~! by 11.21%, 7.87%, 18.26%, and 46.0%, respectively (Tables S1 and S3b).
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Figure 2. Effects of Bt rice straw leachates on peroxidase activity in first-generation Daphnia magna
(means * standard errors, n = 4; different lowercase letters at the same concentration indicate different
multiple-comparison groupings, p < 0.05). Statistical results are presented in Tables S1 and S3b.

2.1.5. Effects on Superoxide Dismutase (SOD) Activity

The effects of rice straw leachates on first-generation Superoxide Dismutase (SOD)
activity differed among treatments (Figure 3). Compared with concentration-matched
non-Bt leachate, homozygous Bt leachate was originally reported to significantly increase
SOD activity by 14.8% at 1 g L~!, with no significant differences at the other concentrations.
Heterozygous Bt leachate was reported to significantly increase SOD activity by 20.69% and
7.4% at 1 and 8 g L', respectively, whereas no significant differences were reported at 2 or
4 g L7! (Tables S1 and S3c).
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Figure 3. Effects of Bt rice straw leachates on superoxide dismutase activity in first-generation
Daphnia magna (means * standard errors, n = 4; different lowercase letters at the same concentration
indicate different multiple-comparison groupings, p < 0.05). Statistical results are presented in
Tables S1 and S3c.
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2.1.6. Effects on Malondialdehyde (MDA) Content

Malondialdehyde (MDA) measurements in first-generation D. magna varied among
straw leachate treatments (Figure 4). Compared with concentration-matched non-Bt
leachate, homozygous Bt leachate was reported to significantly decrease MDA content
by 48.9% at 4 g L=, with no significant differences at other concentrations. Heterozygous
Bt leachate was reported to significantly decrease MDA content by 26.7% at 4 g L1, with
no significant differences at the other concentrations (Tables S1 and S3d).
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Figure 4. Effects of Bt rice straw leachates on malondialdehyde content in first-generation Daph-
nia magna (means + standard errors, n = 4; different lowercase letters at the same concentration

indicate different multiple-comparison groupings, p < 0.05). Statistical results are presented in
Tables S1 and S3d.

2.2. Effects of Bt Rice Straw Leachates on Second-Generation Daphnia magna
2.2.1. Cry1Ab Concentrations in Second-Generation D. magna

CrylAb was detected in second-generation D. magna after 21 days of exposure (Table 4).
The homozygous Bt treatment yielded 2.79, 3.82, 9.80, and 13.68 ug L~! at nominal straw
concentrationsof 1,2, 4,and 8 g L1 respectively; the corresponding values under heterozy-
gous Bt exposure were 0.87, 1.12, 1.28, and 1.88 ug L~!. Each genotype showed its highest
measured value at 8 g L1

Table 4. CrylAb content in second-generation Daphnia magna exposed to Bt rice straw leachates (pg
L~1). Note: Values are means + SE; different lowercase letters within the same rice type indicate
Duncan multiple-comparison groupings among concentrations (p < 0.05).

Treatment 1gL! 2gL! 4gL! 8gL!
Homozygous Bt 279+012c¢ 3.82+0.14c 9.8+ 0.19b 13.68 + 0.75a
Heterozygous Bt 0.87+0.32c¢ 112+ 0.25b 128 £0.15b 188 +£0.17 a

2.2.2. Effects on Growth and Reproductive Parameters

Growth parameters of second-generation D. magna are presented in Table 5. Compared
with non-Bt rice straw leachate at the same concentration, homozygous Bt rice straw leachate
resulted in greater body length at 2 g L~! but lower body length at 4 g L=!. Compared with
non-Bt rice straw leachate, heterozygous Bt rice straw leachate resulted in lower body length
at4 g L~! and lower body width at 2 g L~'. No significant differences were observed in the
remaining concentration-matched comparisons. Detailed statistical results are presented

https://doi.org/10.3390/ijms27219962


https://doi.org/10.3390/ijms27219962

Int. J. Mol. Sci. 2026, 27, 9962

7of 18

in Table S7. Neither Bt treatment differed significantly from the corresponding non-Bt
treatment in 21-day survival (Table 54).

Table 5. Effects of Bt rice straw leachates on growth parameters of second-generation Daphnia magna.
Note: Values represent means * standard error of the mean (SEM). Different lowercase letters within
the same column indicate significant differences among treatments under the same nominal straw-
loading concentration (Duncan’s multiple-range test, p < 0.05). n denotes the number of surviving
animals on day 21 out of 40 initially exposed individuals per treatment. Between-treatment p values

are presented in Table S7, and survival statistics in Table S4.

Treatment Conc. (gL 1) Body Length Body Width Spine Length Body Weight Surv;val Rate
(mm) (mm) (mm) (mg) (%, n)
Non-Bt — 253 +0.03a 1.63+0.02a 0.35+ 0.01 ab 239+ 0.06a 100 (40)
Homozygous Bt 1 2.65+0.04a 171 £ 0.03 a 043+ 0.08a 253 +£0.08a 97.5 (39)
Heterozygous Bt 1 248 +0.04a 1.69 £ 0.06 a 0.39 £0.03b 242 +0.08 a 100 (40)
Non-Bt 2 271+0.02a 1.86 £ 0.03 a 0.47 £ 0.02 a 235+ 0.09a 100 (40)
Homozygous Bt 2 283+ 0.03a 1.82+0.04a 0.55+0.04a 244 +021a 95 (38)
Heterozygous Bt 2 272+ 0.07 a 1.72 £ 0.01 a 0.52 +£0.05a 257+012a 97.5 (39)
Non-Bt 4 282+ 0.05a 1.71+0.04a 0.53 £ 0.03 a 245+ 0.05a 97.5 (39)
Homozygous Bt 4 251+0.02a 1.75+0.02a 0.51 £ 0.03a 2.16 £0.12 ab 92.5 (37)
Heterozygous Bt 4 2.61+0.03a 1.73+£0.03a 0.58 £ 0.07 a 241%+011a 95 (38)
Non-Bt 8 246 +0.02a 1.67 £ 0.01a 0.42 + 0.03 a 221 +£0.08 a 92.5 (37)
Homozygous Bt 8 243 +0.04a 1.69 + 0.04 ab 0.45+0.01a 1.94 £ 0.07b 90 (36)
Heterozygous Bt 8 252+ 0.03a 1.64 + 0.04 ab 0.51£0.09a 231%+0.02a 90 (36)
Reproductive parameters of second-generation D. magna are presented in Table 6.
Compared with non-Bt rice straw leachate at the same concentration, homozygous Bt rice
straw leachate resulted in a shorter time to first reproduction at 1 g L~! but a longer time
at 4 g L1; first brood size was greater at 1 g L~! but lower at 4 g L~!; the number of molts
was greater at 2 g L1; and total offspring production was greater at 1, 2, 4, and 8 g L™1.
Compared with non-Bt rice straw leachate, heterozygous Bt rice straw leachate resulted in a
shorter time to first reproduction at 1 and 8 g L~!; first brood size was greater at 1 g L74;
the number of molts was greater at 8 g L~!; and total offspring production was greater at 1,
2,4, and 8 g L~1. No significant differences were observed in the remaining comparisons.
Detailed statistical results are presented in Table S8.
Table 6. Effects of Bt rice straw leachates on reproductive parameters of second-generation Daphnia
magna. Note: Values represent means + standard error of the mean (SEM). Different lowercase letters
within the same column indicate significant differences among treatments under the same nominal
straw-loading concentration (Duncan’s multiple-range test, p < 0.05). Between-treatment p values are
presented in Table S8.
Treatment Conc. (g-L1) Time to First First Brood Size =~ Number of Molts  Total Offspring
Reproduction (d)

Non-Bt — 928+ 0.11a 6.56 £0.21Db 735+ 0.21ab 29.51+ 048D
Homozygous Bt 1 8.29 + 0.24 ab 825+ 024a 778020 a 33.65 + 0.32 ab
Heterozygous Bt 1 8.54 £0.14 ab 837+ 012a 8.02+0.14a 32.27 £ 0.42 ab

Non-Bt 2 7.86 £0.13b 756 +£0.13 a 764 +0.12a 36.29 £ 0.75a
Homozygous Bt 2 7.54+0.22b 8.06 £ 0.14 a 841 +0.13a 46.78 + 042 a
Heterozygous Bt 2 747 £0.12Db 769+ 0.15a 7.69 = 0.09 ab 40.53 £ 0.66 a

Non-Bt 4 7.62£0.18Db 849 +0.27 a 827+024a 28.12+ 0.65b
Homozygous Bt 4 8.31 £ 0.11 ab 746 £ 0.11 ab 831+030a 34.31 + 0.24 ab
Heterozygous Bt 4 796 £0.26 b 7.36 £ 0.35 ab 817 £0.11a 31.29 £ 0.26 ab

Non-Bt 8 9.78 £ 023 a 780+ 0.31a 746 £0.15a 22.35+0.87b
Homozygous Bt 8 9.04 £ 021a 6.98 £ 0.24 ab 7.49 + 0.28 ab 26.14 £ 043 Db
Heterozygous Bt 8 8.51 £0.26 ab 7.05 £ 0.26 ab 8551+ 0.13a 2549+ 0.53 b
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2.2.3. Effects on Catalase (CAT) Activity

The effects of rice straw leachates on Catalase (CAT) activity in second-generation
D. magna varied among treatments (Figure 5). Compared with concentration-matched
non-Bt leachate, homozygous Bt leachate was reported to significantly increase CAT activity
by 7.4% and 27.1% at 2 and 4 g L™, respectively, with no significant differences at 1 or
8 g L~1. Heterozygous Bt leachate was reported to significantly increase CAT activity by
8.3% and 18.6% at 2 and 8 g L7}, respectively, and decrease it by 18.6% at 4 g L~1; no
significant difference was reported at 1 g L=! (Tables S1 and S3e).

50
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: - c
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Figure 5. Effects of Bt rice straw leachates on catalase activity in second-generation Daphnia magna
(means * standard errors, n = 4; different lowercase letters at the same concentration indicate different
multiple-comparison groupings, p < 0.05). Statistical results are presented in Tables S1 and S3e.

2.2.4. Effects on Peroxidase (POD) Activity

The effects of rice straw leachates on Peroxidase (POD) activity in second-generation
D. magna varied among concentrations (Figure 6). Compared with concentration-matched
non-Bt leachate, homozygous Bt leachate was reported to significantly increase POD activity
by 26.2% and 27.5% at 2 and 4 g L™, respectively, with no significant differences at 1 or
8 g L~1. Heterozygous Bt leachate was reported to significantly increase POD activity by

32.1% and 24.4% at 2 and 8 g L™}, respectively, with no significant differences at 1 or 4 g L~}
(Tables S1 and S3f).
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Figure 6. Effects of Bt rice straw leachates on peroxidase activity in second-generation Daphnia magna
(means * standard errors, n = 4; different lowercase letters at the same concentration indicate different
multiple-comparison groupings, p < 0.05). Statistical results are presented in Tables S1 and S3f.

htt’ps://doi.org/1043390/ijms27219962


https://doi.org/10.3390/ijms27219962

Int. ]J. Mol. Sci. 2026, 27, 9962

90f18

2.2.5. Effects on Superoxide Dismutase (SOD) Activity

Superoxide Dismutase (SOD) activity in second-generation D. magna varied among
rice straw leachate treatments (Figure 7). Compared with concentration-matched non-
Bt leachate, homozygous Bt leachate was reported to significantly decrease SOD activity
by 21.6% and 14.7% at 1 and 4 g L™}, respectively, with no significant differences at 2 or
8 g L~1. Heterozygous Bt leachate was reported to significantly increase SOD activity by
9.1%, 41.2%, and 33.9% at2,4,and 8 g L, respectively, with no significant difference at
1 g L~! (Tables S1 and S3g).
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Figure 7. Effects of Bt rice straw leachates on superoxide dismutase activity in second-generation
Daphnia magna (means * standard errors, n = 4; different lowercase letters at the same concentration

indicate different multiple-comparison groupings, p < 0.05). Statistical results are presented in
Tables S1 and S3g.

2.2.6. Effects on Malondialdehyde (MDA) Content

Malondialdehyde (MDA )measurements in second-generation D. magna varied among
treatments (Figure 8). Compared with concentration-matched non-Bt leachate, homozy-
gous Bt leachate was reported to significantly increase MDA content by 55.3% and 51.7%
at 2 and 4 g L7!, respectively, with no significant differences at the other concentrations.
Heterozygous Bt leachate was reported to significantly increase MDA content by 138.2% at
2 g L1, with no significant differences at the other concentrations (Tables S1 and S3h).
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Figure 8. Effects of Bt rice straw leachates on malondialdehyde content in second-generation Daph-
nia magna (means * standard errors, n = 4; different lowercase letters at the same concentration

indicate different multiple-comparison groupings, p < 0.05). Statistical results are presented in
Tables S1 and S3h.

https://doi.org/10.3390/ijms27219962


https://doi.org/10.3390/ijms27219962

Int. J. Mol. Sci. 2026, 27, 9962

10 of 18

3. Discussion

After Bt rice straw is returned to paddy fields, straw-derived constituents and associated
Cry proteins may enter paddy water; responses of non-target aquatic organisms therefore
warrant assessment. Daphnia magna is sensitive to changes in aquatic conditions and has
been used in related ecotoxicological research [10]. In this study, non-Bt straw leachate at
the same nominal loading served as the comparator for homozygous and heterozygous
Bt treatments across two generations. Some genotype-, concentration-, and endpoint-
specific differences were observed, but their directions were not consistent. Across both
generations, day 21 survival proportions did not differ significantly between Bt treatments
and their concentration-matched non-Bt controls. The tested loadings of 1,2,4,and 8 g
L~! represent nominal straw mass concentrations rather than measured aqueous Cry1Ab
concentrations; in the absence of continuous water-exposure and field evidence, these
results cannot establish ecological risk under typical paddy-field conditions.

CrylAb was detected in D. magna samples at day 21, with generally higher val-
ues in homozygous than in corresponding heterozygous Bt treatments. However, a sin-
gle endpoint measurement cannot represent aqueous CrylAb exposure throughout the
21-day period or establish continued bioaccumulation or rapid degradation in water.
Griffiths et al. (2017) investigated transport or degradation of crop-derived Cry proteins,
and studies by Chen et al. (2018, 2021) provide related aquatic non-target exposure con-
text [21-25]. Differences in crop type, Cry protein, exposure medium, and sampling time
must be considered when comparing studies. Concentration fluctuations may have occurred
between medium renewals, but degradation kinetics from other studies cannot be assumed
to have occurred here without corresponding monitoring data. In one archived three-day
renewal observation, aqueous Cryl Ab measurements for homozygous Bt leachates at nom-
inal straw concentrations of 1,2,4,and 8 g L1 were 11.53, 20.35, 29.20, and 40.35 ug L1on
day 1 and 3.41, 5.62, 10.61, and 13.52 g L' on day 3, respectively. At the same loadings,
the corresponding heterozygous Bt values were 2.53, 4.35, 5.20, and 7.35 ug L~! on day 1
and 1.04, 1.62, 1.99, and 2.52 pg L' on day 3. These records suggest a decline in measured
concentrations over this particular observation interval, not over every renewal cycle, and
should not be directly compared with tissue-extract measurements obtained at day 21. The
source and sampling batch of these archived water measurements require confirmation
against the original laboratory records.

Under homozygous Bt rice straw leachate exposure, certain reproductive endpoints
changed in the first generation at lower nominal concentrations, whereas selected growth
parameters were lower at 8 g L™!; reduced Superoxide dismutase (SOD) activity and
increased Malondialdehyde (MDA) measurements were observed at some concentra-
tions in the second generation. These findings indicate endpoint-specific responses, but
changes in enzyme activities or MDA alone do not demonstrate adaptive antioxidant
stress, accumulated oxidative injury, or statistically established transgenerational toxic-
ity. Although measured CrylAb concentrations differed between homozygous and het-
erozygous straw treatments, differences in straw-matrix constituents cannot be excluded,
and genotype-dependent biochemical responses therefore cannot be attributed directly to
CrylAb. The study by Wu et al. (2021) concerns a different crop-associated environmental
context and cannot establish this causal mechanism [16]. Multigenerational studies by
Nguyen et al. (2025) and Shim et al. (2025) support the rationale for longer-duration
designs, but their stressors and statistical designs differ and do not demonstrate cumulative
toxicity in the present experiment [19,20].

Under heterozygous Bt leachate exposure, certain reproductive and antioxidant-related
endpoints changed in the first generation, and changes in MDA and antioxidant enzyme
activities were observed at individual concentrations in the second generation. These re-
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sponses neither establish stable antioxidant adaptation nor rule out long-term risk. Cry1Ab
measurements tended to be lower in heterozygous than homozygous treatments, but
other leachate constituents may also differ. A defensible interpretation is that whole-straw
leachates from different rice genotypes elicited different endpoint responses; composition-
matched controls and experiments supplementing purified Cryl1Ab would be needed to
isolate the protein’s contribution.

At the organismal level, the timing of first reproduction or offspring production
changed at some lower straw loadings, whereas selected body dimensions or weights
were reduced at higher loadings. Such concentration- and endpoint-specific responses were
not consistently monotonic. Because a dedicated non-monotonic concentration-response
model was not fitted, they should not be designated as low-dose hormesis. Studies of H23
transgenic rice, Bt maize, and Cry1C-expressing rice provide a comparative basis for exam-
ining non-target responses to different genetically modified crop materials [12,23,26,27].
However, differences in the plant material, Cry-protein type, exposure route, and measured
endpoints mean that these studies do not jointly establish the safety of Cry proteins at
every real-world exposure. The comparison by Chen et al. (2018) is particularly relevant
because it evaluated leachates from Cry1C-expressing T1C-19 rice and its corresponding
non-transgenic near-isoline MH63 over 21 days in D. magna [23]. Relative to leachate-free
culture-medium controls, both straw leachates decreased certain survival, growth, or re-
productive measures, whereas consistent significant differences between Bt and non-Bt
straw types were generally not observed at matched leachate proportions. In the present
Cry1Ab study, some reproductive and biochemical responses differed between rice types,
but neither their direction nor their concentration dependence was uniform. These studies
differ in Cry protein, straw source, leachate preparation, and control design; the findings
therefore should not be equated or used to negate the importance of straw-matrix effects.
The present study also detected differences in total phosphorus and total potassium among
straw types (Table 7), which, in conjunction with evidence on genetic-background and
matrix effects [7], prevents attributing all observed responses uniquely to Cryl1Ab.

Table 7. Physicochemical properties of stock leachates from different rice types. Note: Values are
presented as means + standard errors (SE); different lowercase letters within the same parameter
indicate significant differences among treatments (p < 0.05).

Parameter Non-Bt Homozygous Bt Heterozygous Bt

Bt protein (ng-mL~") — 140521 £ 7721 a 1159.42 + 38.97 b
Total N (mg-L1) 1123 £0.35a 10.63 £0.19a 10.54 £ 0.38 a
Total P (mg-L™1) 146 +£0.02b 224 +0.03a 1.25+0.04c
Total K (mg-L™1) 22.86 £ 0.23 ¢ 26.36 £ 0.32a 2446 £ 043D

The physiological and biochemical endpoints—Catalase (CAT), Peroxidase (POD), and
Superoxide dismutase (SOD) activities and Malondialdehyde (MDA )content—changed
in different directions across concentrations and generations. For example, under first-
generation homozygous Bt exposure, POD activity was reported to decrease by 25.11% and
52.47% at2 and 8 g L™}, respectively, but to increase slightly by 5.4% at 4 g L~!. In the second
generation, homozygous Bt treatments showed higher POD activity at 2 and 4 g L=, while
SOD was lower at some concentrations and MDA higher at others. These observations do
not follow a single pattern in which greater loading always implies greater injury, and are
more appropriately described as non-monotonic, endpoint-dependent patterns. Studies by
Lvetal. (2022), Chenetal. (2018), and Eladel et al. (2019) involved other aquatic organisms
or related biochemical responses and can inform comparisons among endpoints; they cannot
collectively demonstrate that Bt straw suppresses POD in all settings [23,28,29]. Similarly,
the algal study by Wang et al. (2014) and the study by Chen (2017) differ in organism,
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endpoint, or level of biological organization and cannot establish the absence of food-web
effects in this experiment [11,30]. CAT, POD, SOD, and MDA are indirect redox-related
markers; without independent reactive-oxygen or lipid-injury evidence and appropriate
assay validation, these measurements cannot establish a mechanism of oxidative injury. The
reported directional differences in POD provide descriptive examples only; a dedicated non-
monotonic dose-response assessment was not performed. The significance of individual
comparisons should also be reconciled with the original figures (Figures 2 and 6) and the
available statistical outputs.

Earlier feeding studies by Behn et al. (2008, 2010) reported reduced fitness in D.
magna exposed to Bt maize diets, whereas Bohn et al. (2016) tested purified Cry pro-
teins; these should not be described as identical 42-day maize-feeding experiments [31-33].
Cuhra et al. (2015) compared soybean diets from different production systems rather than
CrylAb-specific exposures [34], and Holderbaum et al. (2015) studied dietary exposure
to genetically modified maize materials rather than rice straw leachates [35]. Differences
from the present findings may relate to food quality, crop background, Cry-protein type,
duration, or exposure route, but none of these explanations was experimentally isolated in
this study. Guidance by EFSA (2010) and non-target risk-assessment criteria discussed by
Romeis et al. (2013) emphasize suitable comparators, exposure characterization, and ev-
idence quality [36,37]; they do not justify dismissing earlier studies reporting adverse
responses as methodologically defective. More specifically, Bohn et al. (2008) More specifi-
cally, higher mortality, a lower proportion of females reaching maturity, and reduced total
egg production were recorded in D. magna fed Cry1Ab-transgenic maize meal compared
with organisms receiving the matching non-transgenic control material [32]. Subsequent
life-table and population-parameter assessments reinforced these observations [33]. Sep-
arate full life-cycle exposures to purified CrylAb, Cry2Aa, and their mixture detected
negative effects on survival, growth and reproduction at several higher protein concentra-
tions [34].These findings merit consideration; however, dietary intake and mg L~!-scale
purified-protein exposure are not directly equivalent to the straw-leachate system studied
here. The absence of a significant day 21 survival difference in the present experiment does
not contradict results obtained under different exposure conditions.

This controlled laboratory study describes growth, reproductive, and biochemical
responses of two generations of D. magna to different rice straw leachates, but its inter-
pretation is limited by several factors. First, aqueous CrylAb concentrations and key
water-quality parameters—such as pH, dissolved oxygen, ammonia nitrogen, and electrical
conductivity—were not continuously recorded throughout exposure, limiting separation of
protein exposure from water-chemistry effects. Second, no joint generation x rice genotype
x concentration interaction analysis was performed; cumulative toxicity or adaptive re-
sponses across generations therefore cannot be established. This experiment did not extend
to population- or community-level endpoints [3]. Future work should use more field-
relevant loadings and exposure scenarios, include non-Bt comparator matrices of matched
composition and purified Cryl Ab-supplementation treatments, and monitor Cry1Ab and
water quality throughout exposure. Transgenerational effects should be tested with verified
independent sampling units. Quantitative PCR or transcriptomic methods could then help
formulate and test hypotheses about oxidative stress and nutritional metabolism [38], but
molecular findings would need to be interpreted alongside physiological endpoints.

4. Materials and Methods
4.1. Experimental Materials

Daphnia magna: The test animals were obtained from a monoclonal laboratory popu-
lation maintained over several generations in fully aerated tap water. Culture conditions
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were 25 °C, approximately 3000 Ix, and a 14 h light: 10 h dark photoperiod; water was
renewed three times per week. The animals were fed Scenedesmus obliquus. Actively swim-
ming neonates aged 6-24 h were selected for experimental exposure to minimize initial
differences in developmental stage. The selection of young neonates and the 21-day repro-
ductive observation period followed the general design principles of the OECD Daphnia
reproduction test guideline [39-41].

Scenedesmus obliquus: The algal strain was obtained from the Freshwater Algae Culture
Collection of the Institute of Hydrobiology, Chinese Academy of Sciences (Beijing, China).
One week before exposure, 100 mL of BG-11 medium was dispensed aseptically into a
sterile 1000 mL Erlenmeyer flask, inoculated with S. obliquus, mixed, and incubated in
a light-controlled growth chamber at 24 + 1 °C and 4000 Ix with a 12 h light:12 h dark
photoperiod. The flask was swirled three to five times per day and supplemented with
100 mL of fresh BG-11 medium every 24 h. Algal cells in exponential growth were used as
Daphnia feed.

Rice straw: The homozygous Bt rice line T775 expressing CrylAb, the heterozygous Bt
rice (T775 F; hybrid) and the non-Bt variety ‘Tianyou Huazhan” were all supplied by the
Rice Research Institute of the Guangdong Academy of Agricultural Sciences (Guangzhou,
China). Rice straw (stem and leaf tissue) was harvested at the grain maturity stage. Fresh
straw was placed in a cool, well-ventilated indoor environment and air-dried at room
temperature until constant weight was achieved. After air-drying, the straw was chopped
using a plant grinder, sieved, and fragments shorter than 3 cm were retained. The chopped
straw was thoroughly mixed to minimise sampling heterogeneity. The material was sealed
in plastic bags, stored at —20 °C away from light, and set aside for use in the preparation
of the extract [42]. An extract from non-GM ‘Tianyou Huazhan'’ rice straw was used as a
concentration-matched control treatment.

4.1.1. Preparation of Rice Straw Leachates

For each rice genotype, 8.0 g of chopped rice straw was added to a 1 L Erlenmeyer flask
containing 1000 mL of BG-11 medium. The flask was sealed and incubated on a shaker
at 100 rpm and 25 °C for 24 h. The suspension was centrifuged at 4000 rpm for 10 min
at room temperature, and the supernatant was collected as the stock leachate. Based on
the initial straw mass divided by the extraction volume, the nominal concentration of the
stock leachate was 8 g L™!. The stock leachate was diluted with the experimental exposure
medium to prepare working leachates at nominal straw-loading concentrations of 1, 2, and
4 g L71; the undiluted stock leachate was used directly for the 8 g L~! treatment. In this
study, leachate concentrations were expressed as straw mass concentrations (g L=!). The
physicochemical properties of the stock leachates from the different rice types are presented
in Table 7.

4.1.2. Experimental Design

The design comprised three straw types (non-Bt, homozygous Bt, and heterozygous Bt)
and four nominal loading concentrations (1,2,4,and 8 g L~1). For each of the 12 treatment
combinations, 40 separate 50 mL plastic exposure cups were prepared, each containing
20 mL of leachate and one 6-24 h-old D. magna neonate. The individual animal and its cup
were the initial units for survival, growth, and reproduction monitoring. Exposure lasted
21 days per generation at 25 °C, 3000 1x, and a 14 h light:10 h dark photoperiod. Exposure
media were replaced completely every three days, and animals were fed S. obliquus daily.
Concentrations represented a controlled eightfold range of nominal laboratory straw loading
rather than measured field-realistic aqueous Cry1Ab levels.
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In the first generation, individual survival, molting, age at first reproduction, first-
brood offspring, and total offspring over 21 days were recorded daily. Surviving animals
were measured for body length, body width, spine length, and weight at day 21, and sam-
ples intended for Cryl1Ab and biochemical assays were stored at —80 °C. Because one D.
magna provided insufficient biomass, four non-overlapping pooled samples were assembled
from surviving individuals per treatment. Each pool was independently homogenized,
centrifuged, and assayed. The independent pooled homogenate was treated as the biolog-
ical replicate for Catalase (CAT), Peroxidase (POD), Superoxide dismutase (SOD), and
Malondialdehyde (MDA) (1 = 4 per treatment); neither animals within pools nor repeat
readings from one homogenate were counted again as independent replicates. During
the recorded three-day renewal cycle, 500 uL exposure medium was sampled daily and
preserved for aqueous CrylAb measurement.

Second-generation neonates aged 6—24 h were obtained from the second or third brood
of first-generation mothers in the matching treatment. The recorded design specifies one
neonate per distinct maternal donor, with a target of 40 independently sourced second-
generation individuals per treatment. The second generation used the same nominal
concentrations, cup exposures, culture conditions, feeding, medium renewal, and day
21 measurements. Maternal identifiers and the exact timing of selection relative to first-
generation mortality should be checked against the individual rearing log to verify that all
40 donors were distinct for every treatment. Each generation was analysed separately.

4.1.3. Determination of Cryl1Ab Protein Concentrations

Using the Agdia Bt-CrylAb assay kit (Agdia, Inc., Elkhart, IN, USA), the CrylAb
protein content in rice straw extracts and Daphnia magna samples was determined via an
enzyme-linked immunosorbent assay (ELISA). The testing procedure followed previously
reported studies on Bt protein exposure in Daphnia magna [22,23,43]. Extract samples: The
experimental solution was replaced every 3 days; during this period, 500 L of the exposure
medium was collected daily and stored for analysis. Samples were mixed thoroughly
prior to testing and diluted with phosphate-buffered saline containing Tween (PBST) as
needed. Biological samples: Collect Daphnia magna from each generation after 21 days of
exposure and store at —80 °C. Add PBST extraction buffer to the frozen samples and extract
by intermittent shaking for 30 min; centrifuge at 4 °C and 12,000 rpm for 10 min, then collect
the supernatant and dilute as needed. Prepare six Cryl1Ab standard solutions in a gradient.
Incubate the standards and test samples (100 puL per well) for 2 h, then wash five times
with PBST; add 100 puL of enzyme conjugate to each well, continue incubation for 2 h, and
wash with PBST 5 more times; and add 100 uL of TMB substrate, incubate in the dark for
20 min, and measure the absorbance at a wavelength of 650 nm. Calculate the CrylAb
concentration based on the standard curve and correct it for the sample dilution factor.

4.1.4. Measurement of Growth and Reproductive Parameters

Survival, molting, age at first reproduction, first-brood offspring number, and total
offspring produced during the 21-day period were recorded individually. At day 21, sur-
viving animals were weighed and their body length, body width, and spine length were
measured under a stereomicroscope.

4.1.5. Determination of Antioxidant Enzyme Activities and Malondialdehyde (MDA)
Daphnia magna samples were weighed and homogenized mechanically in an ice-water
bath with physiological saline at a sample mass-to-volume ratio of 1:9 (g:mL), yielding a
10% homogenate. After centrifugation at 3000 rpm for 10 min, the supernatant was used to
measure Catalase (CAT), Peroxidase (POD), and Superoxide dismutase (SOD) activities,
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with reference to Gao et al. (2018) and [44]. SOD activity was assessed by inhibition of
nitroblue tetrazolium (NBT) photoreduction, CAT activity by hydrogen peroxide decom-
position, and POD activity by guaiacol oxidation in the presence of hydrogen peroxide.
CAT, POD, and SOD were evaluated as antioxidant-related enzyme activities; Malondialde-
hyde (MDA), a lipid-peroxidation biomarker, was quantified using the thiobarbituric-acid
(TBA) colorimetric method with commercially available assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Absorbance values were recorded at 450 nm,
532 nm, and 600 nm to correct for sugar interference and sample turbidity. Calculations
followed the manufacturer-provided formula based on the molar extinction coefficient of
155 L-mmol~1-cm™! for the MDA-TBA adduct; no external MDA standard calibration curve
was constructed. All MDA results were normalized to the total soluble protein content of
each homogenate and expressed as nmol-mgprot=.

4.2. Statistical Analysis

Data were compiled using Microsoft Office, and figures were prepared using GraphPad
Prism11.0. Statistical analyses were conducted using SPSS 17.0 and supplementary calcula-
tions. Results are presented as means + standard errors (SE), and the two generations were
analyzed separately. Additional analyses of growth and reproductive endpoints were based
on the reported summary statistics. Two-way analysis of variance was used to evaluate rice
type, nominal leachate concentration, and their interaction; Bt treatments were compared
with concentration-matched non-Bt controls using two-sided Welch t-tests, with Holm
adjustment for multiple comparisons [45,46]. The original Duncan multiple range test
groupings were retained in the main-text tables [47,48]. Catalase (CAT), Peroxidase (POD),
Superoxide dismutase (SOD), and Malondialdehyde (MDA) were analyzed using separate
two-way analyses of variance for each generation, with four independently prepared pooled
homogenates per treatment. Model assumptions were assessed using the Shapiro-Wilk and
Brown-Forsythe tests [49,50], and sensitivity analyses were conducted. Day 21 survival
was compared using two-sided Fisher exact tests [51]. Statistical significance was defined
as p < 0.05. Detailed results are provided in Supplementary Tables S1-59.

5. Conclusions

Straw leachates from non-Bt Tianyou Huazhan, homozygous Bt T775, and heterozygous
Bt T775 F, rice were tested in D. magna at nominal straw concentrations of 1, 2,4, and 8 g L1
for 21 days in each of two generations. Survival, growth, reproduction, and Catalase (CAT),
Peroxidase (POD), Superoxide dismutase (SOD), and Malondialdehyde (MDA) responses
were evaluated. Mean responses differed in direction for certain endpoints across rice types
and loadings, without a uniform concentration-dependent pattern. Concentration-matched
comparisons of day 21 survivor counts detected no significant differences between Bt and
non-Bt groups. The antioxidant and MDA findings alone do not establish oxidative injury,
and descriptive differences between generations do not demonstrate cumulative transgener-
ational toxicity. Further field or semi-field validation and long-term population-level studies
are needed under environmentally relevant exposure conditions, with longitudinal CrylAb
and water-quality measurements and compositionally comparable control materials.
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