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ABSTRACT

Considering the anticipated commercial exploitation of insect-resistant transgenic rice and that the
planting area of cultivated rice overlaps with wild rice, simulating an escape of transgenic rice from
farmlands and exploring its fitness after entering semi-natural or natural ecosystems through
uncontrolled seed dispersal or gene flow are critical to understand the resulting potential long-
term environmental risks. The expression of foreign Cry1Ab/c protein and vegetative and repro-
ductive fitness of insect-resistant transgenic rice Huahuil (HH1) and its parental-line Minghui63
(MH63) were studied under four treatments combining land use and weed competition: farmland
and uncultivated land under weed control (F-NW and U-NW, respectively), and farmland and
uncultivated land without weed control (F-W and U-W, respectively). The expression of Cry1Ab/c
was significantly lower in U-NW, F-W, and U-W than that in the control treatment, F-NW. Except for
plant height, key vegetative (tiller number and biomass) and reproductive (grain number and grain
weight per plant) growth indices of transgenic HH1 were significantly lower than those of the
parental-line MH63 in F-NW and U-NW, indicating a significant fitness cost. In F-W and U-W,
vegetative growth indices (plant height, tiller number, and biomass) were similar in HH1 and
MH63; however, key reproductive indices including seed-set rate were significantly higher in HH1
than in MH63, indicating significant fitness benefits. Although these results support large-scale
cultivation of insect-resistant transgenic rice in China, the ecological risk involved is high in farm-
land or uncultivated land without weed control (F-W and U-W).
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Background Ministry of Agriculture of China for production

Genetically modified crops have already been planted
commercially on a large scale in many countries,
bringing important economic and social benefits.
However, potential environmental and ecological
risks, in addition to biosafety concerns due to the
cultivation of genetically modified crops have
attracted increasing attention of various stakeholders
globally." Researchers in China, the largest producer
and consumer of rice, have conducted extensive
research on insect-resistant transgenic Bt (Bacillus
thuringiensis) rice aiming to reduce the application
of chemical pesticides while simultaneously minimiz-
ing the impact of insect pests on rice yield.

On October 20, 2009, Huahuil and Bt-Shanyou
63, two insect-resistant transgenic crylAb/c rice
lines were firstly granted safety certificates by the

and utilization. Those certificates were renewed in
2020, thereby promoting the commercialization of
insect-resistant transgenic rice considerably.”
Therefore, under the background of the anticipated
commercial exploitation of transgenic rice on
a large scale, the study of the fitness of transgenic
rice in different semi-natural and natural environ-
ments is vital for anticipating the potential risks of
its entry into natural ecosystems through different
ecological routes, such as uncontrolled seed disper-
sal or gene flow.

The normal expression of a foreign gene is the
biological basis for performing its function but it
might influence the fitness of parental crops. In
addition, the expression of foreign proteins is clo-
sely related to the external environment. Thus, for
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example, previous studies have demonstrated that,
although the level of expression of a foreign protein
was significantly lower under stress, such as
drought, salinity, or phosphorus deficiency, than
under normal conditions, nonetheless it was still
expressed.”” If a foreign protein is expressed nor-
mally in natural ecosystems, this may alter the fit-
ness and influence the evolutionary potential of
wild parental rice in natural populations.
Therefore, investigating the expression of foreign
proteins posed by insect-resistant transgenic rice
under natural conditions might determine what
potential factors are responsible for differential Bt
expression.

Investigating the fitness of insect-resistant trans-
genic rice under natural conditions is also vital in
view of its commercial promotion. To date, numer-
ous studies have found that insect-resistant trans-
genic rice showed superior field performance to the
parent rice line under high insect pressure or field
conditions without insect control, which is the fit-
ness advantage that a foreign gene confers to insect-
resistant transgenic rice over the parental rice lines,
and the basis for its development and commercial
promotion.®™ Xia et al. (2011) reported that, in the
field and under high insect pressure, the yield of
insect-resistant transgenic crylAb/c rice cultivars
Huahui 1 and Bt-Shanyou 63, was significantly
higher than the yield of the corresponding parent
rice lines, Minghui 63 and Shanyou 63,
respectively.” Another transgenic line, bt/cpTI,
also showed resistance against insect damage in
advanced-generation hybrid weedy rice and wild
rice in the field under higher insect pressure, and
offered a shelter that prevented insect feeding on
hybrid rice, thus resulting in significantly higher
yield than that of the parental line.'*"
Conversely, other studies have reported that insect-
resistant foreign genes may introduce a fitness cost
in parental rice either in the presence or absence of
target-insect pressure.3’13’14 However, very few stu-
dies have explored the fitness of transgenic crops
upon entering natural ecosystems through uncon-
trolled seed dispersal or gene flow and other pro-
cesses of population dynamics.>>'® To the best of
our knowledge, the fitness of insect-resistant trans-
genic rice in semi-natural and natural growing con-
ditions (i.e., farmland without weed control,
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uncultivated land with weed control and unculti-
vated land without weed control), has not been
reported.

The environmental safety concerns over the
widespread use of transgenic crops are legitimately
based on the potentially broad ecological conse-
quences in time and space. Therefore, a current
high-priority ~ challenge is to  conduct
a comprehensive scientific assessment of all the
environmental safety concerns over transgenic
crops in the shortest possible time. As China is
the center of origin of wild rice, inevitably, vast
areas of cultivated rice overlap with the areas of
distribution of wild rice. If insect-resistant trans-
genic rice is to be cultivated commercially on
a large scale in the future, and it shows major
fitness advantages after escaping into the sur-
rounding natural ecosystems, gene flow might
occur between cultivated and wild rice that
might pose substantial ecological risks. In addi-
tion, as target-insect pressure would be controlled
in farmlands and natural ecosystems following
commercial cultivation of the insect-resistant
transgenic Bt rice, the potential environmental
risks associated with a change in fitness in natural
ecosystems should be evaluated under low insect-
pressure conditions.

Based on the foregoing background, the present
study simulated an escape of transgenic rice from
farmland under conditions of: farmland under
weed control (F-NW, control treatment), unculti-
vated land under weed control (U-NW, semi-
natural individual treatment), farmland without
weed control (F-W, semi-natural individual treat-
ment), and uncultivated land without weed control
(U-W, natural combination treatment) in a glass
greenhouse (i.e., low insect pressure without target-
insect), (1) to detect the level of expression of the
CrylAb/c protein in different plant tissues of HH1
rice under different cultivation condition; and (2)
to investigate the vegetative and reproductive
growth fitness and explore the possible reasons for
any changes in fitness of transgenic crylAb/c rice
under the different experimental growing condi-
tions. The findings of the present study will provide
a sound theoretical basis for the evaluation of the
long-term environmental risks resulting from
extensive cultivation of transgenic cryIAb/c rice.
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Materials and Methods
Rice

The experimental materials used in the present
study were insect-resistant transgenic rice line
Huahui-1 (HH1), were granted safety certificates
by the Ministry of Agriculture of China for produc-
tion and utilization, and an elite restorer line par-
ental rice (Oryza sativa L.) Minghui 63 (MH63).
The HH1 was derived from a T51 transformation
event of Minghui-63 containing a fused Bt crylAb/c
transgene, based on a particle gun technology. The
crylAb/c transgene was synthesized from the 1,344
bp crylAb gene (GeneBank accession no. X54939)
and the 486 bp crylAc gene (GeneBank accession
no. Y09787), and driven by the rice actinl
promoter.’ Results of Southern hybridization
showed that the HHI rice contained one copy of
the transgene.® HH1 showed a high level of expres-
sion of the delta-endotoxin, which led to 100%
larval mortality.” These two lines were provided
by the National Key Laboratory of Crop Genetic
Improvement, Wuhan, China.

Land Use Type and Weeds

We simulated four growing conditions by combin-
ing two types of land use with or without weed
control. Uncultivated land typical yellow topsoil
(0-30 cm) was collected from a natural unculti-
vated land in Jiangning District, Nanjing, Jiangsu
(31°37°-32°07" N, 118° 28’-119°06" E). Farmland
topsoil (topsoil, 0-30 c¢m, control) was collected
from a paddy field in Liuhe District, Nanjing,
Jiangsu (32°11°-32°27’ N, 118°34’-119°03’ E). The
physicochemical properties of the two soils were
determined; organic matter, total nitrogen (N),
total phosphorus (P), available P, total potassium
(K), and available K were significantly lower in
uncultivated land soil than in farmland soil
(P < .01, Table S1). According to the Classification
of Early Arable Land in Red and Yellow Soil in the
Southern Mountains and Hills in the People’s
Republic of China, Agricultural Industry Standard
NY/T309-1996, the fertility level of the test uncul-
tivated land soil is 8-9, which satisfies the experi-
mental requirement for the uncultivated land low
concentrations of key nutrient elements that char-
acterize uncultivated land soils.

Considering the high weed cover in wild uncul-
tivated lands, weed seeds were sown to simulate
about 100% weed cover. Selected weeds included
barnyard grass (Echinochloa crusgalli L.), sedge
grass (Cyperus rotundus L.), weedy rice (Oryza
sativa L.), and sprangletop (Leptochloa chinensis
L.), all of which grow in farmlands and uncultivated
lands around Nanjing city. Seeds of the selected
weeds were mixed randomly based on weight at
a ratio of 1:1:1:1, and then uniformly sown in
each test pot (840 mm length x 560 mm width x
360 mm height) with the same amount of seeds.
Meanwhile, the rice seeds were simultaneously and
directly sown into the above-mentioned pots at
a density of 200 mm x 200 mm along with weed
seeds. After 40 d of weed growth the density and the
average cover of the weeds were calculated before
transplanting rice. The average densities of barn-
yard grass, sedge grass, weed rice, and Chinese
sprangletop per pot were approximately 500 + 50
plants/m”® (dominant weeds), 100 + 25 plants/m?,
50 + 10 plants/m” and 400 + 50 plant/m? in farm-
land without weed control, respectively; and were
approximately 455 + 50 plants/m> (dominant
weeds), 120 + 40 plants/m?, 58 + 12 plants/m>
and 390 + 60 plant/m” in uncultivated land without
weed control, respectively, initial weed cover
was 100%.

Experimental Design

A pot experiment was conducted from May to
October 2016 in a glass greenhouse at the Nanjing
Institute of Environmental Science of the Ministry
of Environmental Protection. The site is sur-
rounded by residential and office buildings but no
farmland. No rice, vegetables, or any other crops
were planted within a 5 km radius around the site,
which ensured that the experiment was carried out
in an environment free of target-insect pressure.
We simulated four treatments combining land
use and weed competition: farmland under weed
control (F-NW control treatment), uncultivated
land under weed control (U-NW, semi-natural
individual treatment), farmland without weed con-
trol (F-W, semi-natural individual treatment), and
uncultivated land without weed control (U-W, nat-
ural combination treatment). Under these experi-
mental conditions, we investigated the fitness of



foreign crylAb/c in rice. Considering the fact that
rice seedlings will germinate along with weed seeds
under wild uncultivated land, rice seeds were indir-
ectly sown to the large experimental pots (840 mm
length x 560 mm width x 360 mm height) with or
without weeds. To increase the emergence rate,
eight seeds were simultaneously sown in each
hole, other seedlings were pulled out to ensure
one plant in each hole after emergence.
A complete randomized block design was used
with 12 plants distributed evenly in each pot with
plant spacing at 19-21 cm. Each treatment com-
prised 10 replicates and spacing between pots was
60 cm. Although heteromorphic sedge exhibited
high density at the seedling, tillering, and heading
stages, they basically disappeared at grain filling
stage, while other weeds emerged over the whole
plant life cycle. Overall, weed cover first increased,
reaching and remaining stationary at 100% before
grain filling, and then decreased to 80% at rice
maturity. In the F-NW and U-NW treatments,
manual weeding was performed over the entire
growing season. No insecticide was applied under
any of the four experimental treatments, and all
remaining test materials were incinerated and inac-
tivated after the experiment was finalized.

Investigation of Target Insect Pressure

Parental rice MH63 without the insect-resistance gene
was considered respondent of insect pressure index.
Investigations were conducted at the jointing and
heading stages where the most severe occurrence of
rice borers was observed in the field, including dry
heart rate (including white ear) caused by borer, and
leaf roll rate caused by leaf borer.

The Expression of Foreign Cry1Ab/c Protein Was
Determined by ELISA

On July 20 (tillering), August 5 (jointing),
September 5 (heading), September 25 (grain filling)
and October 25 (grain maturity), rice stems and
leaves were frozen in liquid nitrogen including, 5
HHI1 rice plants randomly collected from each pot
and mixed into one sample, with 5 biological repli-
cates which were stored at —80°C. Foreign CrylAb/
¢ protein was quantified using the QualiPlate Kit
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for CrylAb/c (EnviroLogix Inc., Portland, ME,
USA). The detailed procedure was carried out
according to Fu et al. (2018).°

Determination of Fitness Components of Vegetative
and Reproductive Growth of Rice

Four rice plants were randomly selected from each of
5 pots at tillering, heading, grain filling and grain
maturity, to measure plant height and tiller number.
Selected plants were marked to ensure that the same
individuals were measured over the duration of the
experiment. Next, 20 plants were randomly selected
(evenly distributed in each pot) to measure the SPAD
value on rice leaves with a portable SPAD-502 chlor-
ophyll meter (Konica Minolta Co., Japan) at heading,
filling and maturing stages. SPAD values were used as
a proxy of total chlorophyll content. Rice plants were
randomly selected at maturity and then cut off at
ground level and dried at 80°C to constant weight,
which was measured on a digital balance (PB602-N,
Mettler Toledo) to determine aboveground dry
biomass.

To estimate the reproductive growth abilities at
the maturing stage of HH1 rice and MH63 rice, the
following indices were determined according to Fu
et al. (2018).% (1) effective number of panicles per
plant; (2) panicle length; (3) panicle weight; (4)
number of filled grains per plant; (5) total number
of grains per plant; (6) filled grain weight per plant;
(7) 1000-grain weight; and (8) seed setting rate. In
all treatments, we calculated the average value of
plants of the same genotype in each pot, and six
pots were randomly selected.

Data Collection and Analysis

The expression of foreign CrylAb/c protein in the
same plant tissues and growth stages were com-
pared and analyzed using the independent variable
t-test under different growing conditions.
Spatiotemporal dynamic changes of expression of
foreign CrylAb/c protein in different plant tissues
and at different growth stages were analyzed by
Duncan’s multiple comparison test under the
same growing conditions.

According to the methods of Burke et al.'” and
Song et al.,'® the independent sample t-test was
used to test whether the fitness value (HH1 vs
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MH63) was significantly different from “1.00.” The
fitness components were grouped according to
characteristics associated with the two important
lifehistory stages, i.e. vegetative growth and repro-
duction, and the relative fitness related to each life-
history stage was calculated as the mean of the
relative fitness of all characteristics within this
stage. Composite fitness across the whole life-
history was the mean of the fitness estimates of
the two stages above-mentioned. All the aforemen-
tioned statistical analyses were computed by SPSS
v.16.0 for Windows (IBM Corp., Armonk,
NY, USA).

Results

There were only a few non-target insects due to the
absence of pesticides; these included spiders
(Arachnida), ladybugs (Coccinellidae), and locusts
(Locusta migratoria manilensis) under the four
treatment combinations. Further, we did not
observe “dead heart,” leaf rolling caused by rice
stem borers (Scirpophaga incertulas, Chilo suppres-
salis, or Sesamia inferens) or rice leaf borers
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(Cnaphalocrocis medinalis) of Bt transgenic rice
under the greenhouse conditions. The results indi-
cated that our pot experiments experienced free of
target-insect pressure.

Expression of Exogenous Cry1Ab/c Protein

According to Figure 1, the expression of
CrylAb/c protein in transgenic HHI rice leaves
and stems exhibited spatiotemporal dynamic
changes during different growth stages under
the same growing conditions. CrylAb/c protein
expression first increased and then decreased
along the growth stages, with the highest expres-
sion observed at the filling stage, and
a subsequent significant decrease at the maturing
stage.

Under different growth conditions, CrylAb/c
protein expression in HH1 leaves and stems exhib-
ited some differences in the same growth stages. For
example, the expression levels of exogenous
CrylAb/c protein in U-NW, F-W, and
U-W treatments were significantly lower than in
the control treatment, F-NW.
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Figure 1. The expression of Cry1Ab/c protein in transgenic rice HH1 leaves and stems grown in four simulated growth conditions at five
stages. Lowercase indicated significant differences among the five growth stages grown in the same conditions or grown in four
conditions at the same growth stage of HH1 rice according to Duncan’s multiple range test (P < .05).



In addition, according to the three-way ANOVA,
different growth condition, different growing stage,
different tissues, and their interaction significantly
influenced Cryl Ab/c protein expression (Table S2).

Vegetative Growth Indices

Plant Height

Plants of the transgenic-line HH1 and of the par-
ental-line MH63 differed in height at the same
growth stage under different growing conditions.
Thus, plant height in the transgenic and the par-
ental line in U-NW, F-W, and U-W treatments was
significantly lower than in the control treatment,
F-NW (P < .01, Figure 2).

The shifting trends in plant height observed in both
rice lines during the entire growing period were con-
sistent under the same treatment, both showing
a gradual increase concomitantly with plant growth.
Except at tillering, HH1 were significantly taller than
MHS63 by approximately 9-11% at heading, filling,
and maturing stages under F-NW conditions
(P < .01). Similarly, HH1 plants were significantly
taller than MH63 plant by approximately 7-9%
(P < .01) at heading, filling, and maturing stages
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under U-NW individual treatment condition, with
the magnitude of the difference in plant height
between HH1 and MH63 being lower in U-NW
than in F-NW. As for F-W and U-W combination
treatments, there were no significant differences in
plant height between transgenic HH1 and parental
MHS63 rice line over the entire growing season.

In addition, according to the three-way ANOVA,
the foreign gene, different growing condition, dif-
ferent growth stage, the interaction between the
foreign gene and growing conditions, the interac-
tion between growing conditions and growth stage,
and the interaction between the foreign gene and
growth stages, all influenced rice plant height sig-
nificantly (Table S3).

Tiller Number

Plants of the transgenic line HH1 and of the par-
ental-line MH63 differed in tiller number at the
same growth stage under different growing condi-
tions. Thus, tiller number in the transgenic and the
parental line in U-NW, F-W, and U-W treatments
was significantly lower than in the control treat-
ment, F-NW (P < .01, Figure 3).
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Figure 2. Plant height (Means + SEM) of HH1 rice and MH63 rice respectively under four growth conditions combining land use and
weed competition. Values for HH1 rice with ** are significantly different from those for MH63 according to the t-test (P < .01).
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Figure 3. Tiller number per plant (Means = SEM) of HH1 rice and MH63 rice respectively under four growth conditions combining land
use and weed competition. Values for HH1 rice with ** are significantly different from those for MH63 according to the t-test (P < .01).

The shifting trends in tiller number observed in
both rice lines during the entire growing period were
consistent under the same treatment, both showing
a gradual increase concomitantly with plant growth.
HHI1 tiller numbers were significantly lower than
MH63 by approximately 19-29% at tillering, head-
ing, filling, and maturing stages under F-NW con-
ditions (P < .01). Similarly, HH1 plants tiller
numbers were significantly lower than MH63 plant
by approximately 15-41% (P < .01) at tillering, head-
ing, filling, and maturing stages under U-NW indi-
vidual treatment condition, with the magnitude of
the difference in tiller numbers between HH1 and
MHS63 being higher in U-NW than in F-NW. As for
F-W and U-W combination treatments, there were
no significant differences in tiller numbers between
transgenic HH1 and parental MH63 rice line over
the entire growing season (tiller number was “1.00”).

In addition, according to the three-way ANOVA,
the foreign gene, different growing condition, dif-
ferent growth stage, the interaction between the
foreign gene and growing conditions, the interac-
tion between growing conditions and growth stage,

and the interaction between the foreign gene and
growth stages, and the interaction exogenous gene,
growth conditions and growth stages all signifi-
cantly influenced rice tiller number (Table S3).

SPAD Value of Flag Leaves

Plants of the transgenic-line HH1 and of the par-
ental-line MH63 differed in SPAD value at the same
growth stage under different growing conditions.
Thus, SPAD value in the transgenic and the par-
ental line in U-NW, F-W, and W-W treatments was
significantly lower than in the control treatment,
F-NW (P < .01, Figure 4).

Under F-NW and U-NW conditions, the HHI rice
SPAD values were significantly lower than that of
MHS63 rice by approximately 12.82% and 10.29% at
the heading stage (P < .05 or P < .01), significantly
lower than that of MH63 rice by approximately
16.58% and 11.68% at the filling stage, respectively
(P < .01), and were significantly higher than MH63
rice at the maturing stage (P < .01). Under F-W and
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Figure 4. SPAD value (Means + SEM) of HH1 rice and MH63 rice respectively under four growth conditions combining land use and
weed competition. Values for HH1 rice with * and ** are significantly different from those for MH63 according to the t-test, respectively

(P<.050rP <.01).

U-W growth conditions, there were no significant
differences in SPAD values between the HH1 rice
and the MH63 rice at the above-mentioned three
stages.

In addition, according to the three-way ANOVA,
the foreign gene, different growing condition, dif-
ferent growth stage, the interaction between the
foreign gene and growing conditions, the interac-
tion between growing conditions and growth stage,
and the interaction between the foreign gene and
growth stages, and the interaction exogenous gene,
growth conditions and growth stages all signifi-
cantly influenced rice SPAD value (Table S3).

Biomass

Plants of the transgenic-line HH1 and of the par-
ental-line MH63 differed in biomass at the same
growth stage under different growing conditions.
Thus, biomass in the transgenic and the parental
line in U-NW, F-W, and U-W treatments was sig-
nificantly lower than in the control treatment,
F-NW (P < .01, Figure 5).

At maturing stage, HH1 biomass were signifi-
cantly lower than MH63 by approximately 21% at
maturing stage under F-NW conditions (P < .01).
Similarly, HH1 plants biomass were significantly
lower than MH63 plant by approximately 21%
(P < .01) under U-NW individual treatment. As
for F-W and U-W combination treatments, there
were no significant differences in biomass between
transgenic HH1 and parental MH63 rice line.

In addition, according to the three-way ANOVA,
the foreign gene, different growing condition and
their interaction significantly influenced rice bio-
mass (Table S3).
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Figure 5. Biomass (Means + SEM) of HH1 rice and MH63 rice
respectively under four growth conditions combining land use
and weed competition. Values for HH1 rice with ** are signifi-
cantly different from those for MH63 according to the t-test
(P <.01).

Reproductive Growth Indices

Overall, the reproductive indices of HH1 and
MH63 showed differences in fitness under different
growing conditions and were significantly lower in
the U-NW, F-W, and U-W treatments than in the
F-NM control treatment (P < .01, Table 1).

While mean panicle length of HH1 transgenic
plants was significantly higher than that of the
MH63 parent in F-NW, the effective panicle number,
panicle weight, total grain number per plant, filled
grain number per plant, and filled grain weight per
plant were significantly lower in HH1 than in MH63
by approximately 38.6%, 19.8%, 32.3%, 34.5%, and
11.8%, respectively (P < .01). Similarly, while mean
panicle length in HH1 was significantly higher than in
MH63 in U-NW, the effective panicle number, pani-
cle weight, total grain number per plant, filled grain
number per plant, and filled grain weight per plant
were significantly lower in HH1 than in MH63 by
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Table 1. Some reproductive components of HH1 and MH63 rice under four growth conditions combining land use and weed

competition.

Reproductive F-NW U-NW F-W U-w

Components HH1 MH63 HH1 MH63 HH1 MH63 HH1 MH63

Effective panicle 7.67 £ 0.52** 12.50 + 0.96 3.6 + 0.49** 570 = 0.45 1.00 + 0.00 1.00 £ 0.00 1.00 + 0.00 1.00 + 0.00
number/plant

Panicle length 26.17 + 0.64** 24.23 + 0.81 22.87 + 1.16** 2010 £ 1.44 1047 £0.83* 9.04+142 1148+1.14 1122+1.75

Panicle weight 27.03 + 0.97** 33.72+1.93 1044 £ 1.00**  1333+£096 022+0.02* 020+£002 0.28+0.04 0.28+0.04

Filled grain number/ 719.67 + 57.17** 1063.17 £ 78.77 321.00 + 35.98* 39233 +37.46 8.22 +0.68** 7.14+1.24 12.78 £ 1.68** 9.81 + 1.69
plant

Filled grain weight/ ~ 20.65 + 1.11** 2342 +1.23 8.03 + 0.90* 9.80 = 0.93 0.23 £ 0.02** 0.18 £0.03 0.32 + 0.04** 0.24 + 0.04
plant

Total grain number/ 927.00 + 86.36** 1415.00 + 59.23 347.00 + 36.16** 433.67 £33.95 1156+ 150 11.33+155 14.00+2.26 13.54+2.38
plant

Thousand grain 27.88 = 0.51 26.84 + 0.41 27.80 = 0.63 26.84 + 031 2577 £0.67 2572 £0.27 2589+034 2579*0.77
weight

Seed-setting rate(%) 78.00 = 5.00 75.09 £ 3.76 9224 £ 1.13 90.34 £ 0.02 81.73 £ 8.89** 63.93 £9.74 91.81 £ 6.16** 72.75 £ 5.37

Means + SEM followed by HH1 rice with * and ** were significantly different from MH63 rice according to the t-test (P < 0.05 and P < 0.01, respectively).

approximately 36.8%, 21.7%, 18.2%, 20.0%, and
18.0%, respectively (P < .05 or P < .01). On the other
hand, panicle length, panicle weight, filled grain num-
ber per plant, and filled grain weight per plant in HH1
rice were significantly higher than in MH63 in
F-W by approximately 15.8%, 10.0%, 32.2%, 27.8%,
and 27.8%, respectively (P < .05 or P <.01), although
there were no significant differences in effective pani-
cle number, total grain number per plant or 1000-
grain weight between HH1 and MH63 rice. Lastly, in
U-W, filled grain number per plant, filled grain weight
per plant, and setting rate were significantly higher in
HH1 than in MH63 by 30.3%, 33.3%, and 26.2%,
respectively (P < .01), while effective panicle number,
panicle length, panicle weight, total grain number per
plant, and 1000-grain weight did not differ signifi-
cantly between HH1 and MH63.

Therefore, according to the results of the two-
way ANOVA performed on the data, foreign Bt
gene expression, growing conditions, and the inter-
action between the two had a significant effect on
most reproductive indices of transgenic HHI rice
(Table 2).

Fitness

According to Table 3, with regard to vegetative
fitness, HH1 rice had a significant fitness cost com-
pared to MH63 rice overall. For example, tiller
number, biomass presented significant fitness cost
under the F-NW and U-NW conditions. Under the
F-W and U-W conditions, there was no significant
difference in fitness in vegetative growth between
the HH1 and the MH63 rice.

Table 2. The effects of growth conditions and rice lines on
reproductive indices by Two-way ANOVA analysis.

Growth Condition Growth Condition
Reproductive (Ge) Rice Line (RI) X Rice Line (RI)

Indices df F P df F P df F P

Effective 3 1,327.08 000 1 25364 0.00 3 9570 0.00
panicle
number/
plant

Panicle length 3
(cm)

Panicle 3
weight

Grain 3
number/
plant

Filled grain 3
number/
plant

Filled grain 3
weight/
plant (g)

Seed-setting 3
rate (%)

P < 0.05 indicated significant difference; NS indicated no significant
difference.

42932 0.00 1 1774 0.00 3 1.87 NS

290560 000 1 8195 000 3 36.78 0.00

2,865.19 0.00 1 207.99 000 3 12742 0.00

1,766.93 0.00 1 11127 000 3 66.82 0.00

295550 000 1 3598 000 3 1419 0.00

19.00 000 1 3702 0.00 3 7.56  0.00

With regard to reproductive fitness, HH1 rice had
a significant fitness cost when compared to MH63 rice
under the F-NW and the U-NW conditions overall.
For example, effective panicle per plant, panicle
weight, total grain number per plant, filled grain
number per plant, and filled grain weight per plant
had significant fitness costs. Under the F-W and
U-W conditions, the reproductive growth of HH1
rice presented significant fitness benefits overall. For
example, filled grain number per plant, filled grain
weight per plant, and seed setting rate presented sig-
nificant fitness benefits.

Overall, for the estimation of composite fitness
across the two lifehistory (Vegetative growth and
reproduction), compared with the parent MH63,
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Table 3. Fitness for vegetative and reproductive components of HH1 vs. MH63 rice under four growth conditions combining land use

and weed competition.

Life-History Stage Variable Measured F-NW W-NW F-w W-w
Vegetative growth components  Fitness Height 1.08 £0.01* 1.07£0.01* 1.03 +£0.03 1.03 +£0.03
Tiller number 0.76 + 0.04*  0.70 £ 0.02*  1.00 + 0.00 1.00 + 0.00
Biomass 0.79 £ 0.02*  0.79 £ 0.02* 1.02 + 0.03 1.01 £ 0.01
Composite fitness 0.88 £ 0.01* 0.85+ 0.01* 1.02 £ 0.01 1.01 + 0.01
Reproductive components Fitness Effective panicle number per plant ~ 0.61 £ 0.03*  0.63 + 0.01*  1.00 + 0.00 1.00 = 0.00
Panicle length (cm) 1.08 £0.01* 1.14+0.02* 1.16 £0.03* 1.02+0.03
Panicle weight (g) 0.80 + 0.03* 0.78 £0.02* 1.10 £ 0.02*  1.00 £+ 0.02
Filled grain number per plant 0.68 + 0.02* 0.82 £0.02* 1.15+0.02* 1.30+0.01*
Filled grain weight per plant (g) 0.88 + 0.03* 0.82+0.03* 1.28 +£0.02* 133 £0.02*
Grain number per plant 0.66 + 0.02*  0.80 £ 0.02*  1.04 + 0.03 1.03 £ 0.03
Thousand grain weight (g) 1.04 + 0.03 1.04 + 0.04 1.00 + 0.00 1.00 + 0.00
Seed-setting rate (%) 1.04 + 0.03 1.02 + 0.01 1.28 £0.02*  1.26 + 0.02*
Composite fitness 0.85+0.02* 0.88 +0.00* 1.12+£0.00* 1.12 £ 0.00*
The whole life-history composite fitness 0.86 £ 0.02* 0.87 +£ 0.02* 1.07 + 0.06* 1.06 + 0.06*

Fitness ratio was defined as agronomic traits of HH1 vs. MH63 rice; Composite fitness (Total fitness) was defined by the average value of all fitness for vegetative
traits or (or and) reproductive traits. * indicates fitness significantly more than or less than 1.00 according to t-test (P < 0.05).

HHI1 rice had a significant fitness cost under the
F-NW and the U-NW conditions, or significant
fitness benefits under F-W and U-W.

Discussion

The expected development and commercial exploi-
tation of insect-resistant transgenic rice plants on
a large-scale demands a scrupulous assessment for
their foreign protein expression, vegetative and
reproductive fitness that might escape farming sys-
tems and enter natural ecological systems. Here, we
evaluated these indices above-mentioned under
farmlands and uncultivated lands in the presence
or absence of weed competition without target-
insect pressure. Seemingly, this may contribute to
understand the potential long-term environmental
risks when transgenic rice plants enter semi-natural
and natural ecosystems in the future.

Growing Conditions Affect Foreign Cry1Ab/c Protein
Expression

The normal expression of insect-resistant foreign
genes is the biological basis for providing insect
resistance and influencing the fitness of recipient
crops. Here, we showed that the expression of exo-
genous CrylAb/c protein in HHI rice leaves and
stems exhibited spatiotemporal dynamic changes
over the entire growing cycle under the four grow-
ing conditions tested. Our results are consistent
with results of spatiotemporal dynamic changes in
Bt protein expression in transgenic crops in

farmlands.'®"** In addition, the expression of for-
eign CrylAb/c protein in HHI rice leaves and
stems was significantly lower under individual and
combined stress treatments (U-NW, F-W, and
W-W) than under control treatment (F-NW), indi-
cating that stress inhibited the expression of the
foreign protein. Jiang et al. (2018) reported that Bt
protein expression in three insect-resistant trans-
genic rice lines (cryIC* cry2A, and crylAb/c)
decreased significantly by 35.0%, 36.3%, and
37.2%, under drought relative to control condi-
tions, respectively.” Further, Fu et al. (2019)
observed that Bt protein expression of transgenic
crylAb/c rice under saline conditions was signifi-
cantly lower than in farmland.> Other similar stu-
dies reported that the expression of the resistance-
related foreign protein in insect-resistant trans-
genic cotton and maize correlated negatively with
stress.”>>® Overall, although the expressions of for-
eign insecticidal Bt genes driven by a constitutive
promoter, the results reported herein and those
previously reported demonstrate that Bt proteins
in transgenic crops are affected by environmental
stress, plant growth and development, and parental
background to some extent.”***% A possible expla-
nation is that the expressions of exogenous genes is
usually regulated at post-transcription or transla-
tion levels and the transgene silencing is environ-
mentally and developmentally regulated. Our study
showed that weeds (appear as a new factor) are
competitor of transgenic variety HHI in term of
fighting for light, taking nutrient form soil and
others, and significantly affecting the growth and
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development of the HH1, thus affecting the expres-
sion of insecticidal Bt in HH1. This was consistent
with previous report that the expression of exogen-
ous proteins was significantly correlated with phe-
notypic differences in crops.”® However, the foreign
protein can still be expressed, which might influ-
ence the vegetative and reproductive growth fitness
of transgenic rice in such stressful environments.

Growing Conditions Affect Vegetative Growth
Fitness of Transgenic cry1Ab/c Rice

Vegetative growth fitness refers to the ability of
a crop to grow and compete. We showed that
plant height, tiller number, SPAD value, and bio-
mass were significantly lower under individual and
combined stress treatments U-NW, F-W, and
U-W than in F-NW, the control situation in our
experiments. This finding was similar to the find-
ings of previous studies reporting that vegetative
growth of insect-resistant transgenic rice, cotton
and maize were significantly lower under salinity
or drought stress than under control
conditions.”***”*® Except for plant height being
significantly higher in HH1 than in MH63, other
vegetative growth indices, such as tiller number and
biomass were significantly lower in HH1 than in
MH63 over most of the plant life cycle in F-NW
and U-NW treatments without target-insect pres-
sure, suggesting a significant fitness cost. Similarly,
Chen et al. (2006) observed that tiller number was
significantly lower in transgenic Bt/CpT1 rice
plants than in plants of the parental line under
low target-insect pressure on a rooftop’; further-
more, Jiang et al. (2013) observed that the biomass
of insect-resistant transgenic crylC* rice was sig-
nificantly lower than that of the parent line under
low natural insect pressure in the field**; Fu et al.
(2018) reported that the tiller number and biomass
of cryIAb/c transgenic rice were significantly lower
than those of parental MH63 rice in saline-alkaline
soil in the absence of significant target-insect
pressure.” In addition, significant fitness cost in
terms of plant height, root length, and other vege-
tative growth indices in other Bt transgenic rice,
compared with their parents under natural low
insect pressure in the field, have also been
reported.'>'* Overall, the Bt genes often seems to
confer obvious vegetative growth disadvantages to

parental rice lines under low insect pressure due to
the expressions of them. Conversely, there were no
significant differences in the aforementioned vege-
tative growth indices over most of the life cycle
between HH1 and MH63 under F-W or
U-W treatments. The most likely explanation for
these observations might be that the expression of
foreign CrylAb/c protein was very low in F-W and
U-W treatments, whereby the fitness cost in terms
of vegetative growth for HH1 did not show.

Growing Conditions Affect Reproductive Growth
Fitness of Transgenic cry1Ab/c Rice

Non-targeted effects of external Bt genes on plant
traits have raised concern in transgenic rice breed-
ing. These non-targeted effects usually cause nega-
tive variations in yield components. Reproductive
fitness refers to the abilities of a plant to produce
offspring and cause environmental risk, which is
affected by an energy trade-off between vegetative
and reproductive growth under some growing con-
ditions. Here, the reproductive indices of HH1 and
MHS63 rice under individual and combined stress
treatments U-NW, F-W, and U-W were significantly
lower than under control treatment, F-NW, includ-
ing filled grain number and filled grain weight per
plant. These results were consistent with findings of
previous studies, which reported that the reproduc-
tive indices in insect-resistant transgenic cotton and
parental cotton under flooding-stress conditions
were significantly lower than under normal growth
conditions.””*> Additionally, filled grain number
and filled grain weight per plant, in HH1 were sig-
nificantly lower than in MH63 in F-NW and U-NW
treatments without target-insect pressure, showing
a significant fitness cost that may be closely related to
lower tiller number, biomass, and other vegetative
growth indices in HH1, compared to MH63 during
key developmental stages, in turn causing a greater
fitness cost to the reproductive ability of HHI rice.
Chen et al. (2006) and Xia et al. (2010) observed that
reproductive indices of transgenic Bt/CpT1 rice,
including grain number per plant, grain weight per
plant, and effective panicle number were signifi-
cantly lower than in the parental-line MH86 under
greenhouse and field conditions at low target-insect
pressure.”>* In addition, other studies have



reported that low total yield due to low seed-set rates
of transgenic crylC* rice and transgenic cry2A* rice
was significantly lower than that of parental-line
MH63 under natural or low target-insect pressure
in the field.**>*° Significant fitness costs for different
reproductive indices, such as grain number per pani-
cle, seed-set rate, total yield, and 1000-grain weight
have also been reported for transgenic crylAc rice,
transgenic crylAb rice, and transgenic crylAb/c rice
under natural low target-insect pressure in the
field.">'* Based on our own results and those pre-
viously reported, foreign Bt genes usually confer
obvious reproductive growth disadvantages to Bt
transgenic rice plants under greenhouse or field con-
ditions at low target-insect pressure due to the
expressions of them.

Other studies and our previous studies shown that,
compared with the parents, even though plants har-
boring foreign genes may demonstrate relatively low
or high composite fitness across the whole life-history,
they usually do not perform with uniform inferiority
of all characteristics at every life-history stage.>'”'®
Here, key reproductive indices in HH1 rice including,
filled grain number per plant, filled grain weight per
plant, and seed-set rate were significantly higher than
in MH63 in F-W and U-W treatments without target-
insect pressure, evidencing significant fitness benefits.
In addition, the high seed-set rate of HH1 might be
a key factor explaining the yield advantage of the
transgenic line, indicating that the reproductive and
ecological risks associated with HH1 under treat-
ments of F-W and U-W were significantly different
from those under treatments of F-NW and U-NW.
Fang et al. (2018) found that total grain number in
transgenic EPSPS Arabidopsis thaliana was signifi-
cantly higher than in parental A. thaliana under
high temperature or drought stress without target
glyphosate, indicating significant fitness benefits.””
A likely explanation for the above results may relate
to the expression of foreign CrylAb/c protein: includ-
ing the fitness cost may relate to high CrylAb/c
protein expression in HH1 in F-NW and U-NW
treatments, whereas the fitness benefit may relate to
a very low CrylAb/c protein expression and to the
effect of an energy trade-oft between vegetative and
reproductive growth in HH1 under treatments of
F-W or U-W.>"*® Based on these results, from an
agricultural production perspective, transgenic HH1
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rice showed a high reproductive growth ability in the
absence of weed control (under F-W and
U-W treatments), and the expression of foreign
CrylAb/c protein significantly reduced the potential
yield loss caused by target insects, which is highly
beneficial for the future, large-scale adoption and use
of HH1 in China. However, stronger reproductive
ability shown by HH1 often contributes to the estab-
lishment of its populations in such natural or semi-
natural ecosystems with the associated potential eco-
logical risks.

Conclusions

Here, we demonstrated that transgenic crylAb/c
rice-line HH1 showed weaker vegetative and repro-
ductive growth abilities than its parent-line MH63
in farmland or uncultivated land under weed con-
trol, which indicated a significant fitness cost. In
contrast, transgenic HH1 exhibited an overall
stronger reproductive growth ability than parental
MHS63 rice in farmland or uncultivated land with-
out weed control, which might be conducive to the
establishment of transgenic populations and the
associated potential ecological risks (Figure 6).
Furthermore, we observed that abiotic stress fac-
tors, such as uncultivated land soil, and biological
factors, such as weed competition, had different
effects on the fitness of transgenic HH1 rice.
Notably, we did not include the impact of insect
pressure in our study design considering that the
population of the insect targeting Bt rice in the
natural ecosystem is far smaller than that in the
farmland ecosystem. If, in the future, Bt rice is to
be planted on a large scale, most rice paddy will be
under insect pressure; however, Bt rice will not be
affected by the attack of these insects, thus promot-
ing the yield. Therefore, further study are much
needed to determine the comprehensive effects of
weed and target insect pressure on Bt rice, ecologi-
cal fitness; and to combine weed and target insect
pressure jointly analyze the effect of low Bt protein
expression on plant insect resistance. Additionally,
these findings were recorded during a single-year
trial. Consequently, before large-scale commercia-
lization of insect-resistant transgenic HH1 rice is
promoted, other natural growth conditions need be
simulated for longer periods of time on a case-by-
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Figure 6. A significant fitness cost of HH1 compared to MH63 under farmland and uncultivated with weed control and a significant
fitness benefit between them under farmland and uncultivated land without weed control.

case basis in the future, particularly under natural
stress conditions such as saline-alkaline, natural
marsh, and weed competition under low target-
insect pressure to explore the potential ecological
risks of transgenic rice HH1 following large-scale
release into natural ecosystems under conditions of
low target-insect pressure.
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