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Enhanced yield performance of transgenic cry1C* rice in saline-alkaline soil
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ABSTRACT
China has a large area of saline-alkaline land that can be utilized for the cultivation of transgenic
rice. Therefore, the growth and reproductive behavior of transgenic rice are not only a problem
for production that needs to be resolved, but also an important aspect of environmental risk
assessment for saline alkali soil. In the present study, an insect-resistant transgenic cry1C* rice,
T1C-19, was grown in farmland and saline-alkaline soils. The transcription and translation of the
exogenous cry1C*, and vegetative and reproductive fitness, such as plant height, tiller number,
biomass, filled grain number and weight per plant, were assessed. Our findings indicated that the
transcription and translation of exogenous cry1C* gene in T1C-19 rice grown in saline-alkaline soil
were lower than that grown in farmland; however, the correlation was not significant. The
vegetative and reproductive growth abilities of T1C-19 were lower than that of the parental
rice, Minghui63 (MH63), in farmland. In alkaline-saline soil, except for tiller number and biomass,
there were no significant differences between T1C-19 and MH63 in other vegetative indices. In
contrast, the reproductive indices of T1C-19 were significantly higher than those of MH63. The
results suggested that T1C-19 had a strong reproductive capacity, and significantly reduced the
loss of yield caused by insects, thereby leading to a higher yield than that of MH63 grown in
saline-alkaline soils. This may promote the cultivation of saline-alkaline soil to permit farming of
T1C-19 in China in the future, despite the possible increased ecological risks.
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Introduction

Genetically modified (GM) crops have produced sig-
nificant economic, environmental and social benefits
in terms of guaranteeing agricultural production,
improving crop yield and quality, saving labor, and
reducing the environmental pollution. These benefits
have greatly promoted its commercialization world-
wide, with transgenic crops, including cotton, corn,
soybean, and oilseed rape, commercially cultivated for
almost 20 years on a large scale.1 Rice (Oryza sativa) is
one of the most important staple food crops; the
combination of different insect-resistant genes and
promoters has significantly increased the stable and
efficient expression of various insecticidal proteins in
rice, with numerous insect-resistant transgenic rice
lines successfully developed in the past 20 years.2–9

On October 22, 2009, the Ministry of Agriculture of
China issued biosafety certificates for the cultivation
of the insect-resistant transgenic rice lines Huahui 1
(HH1) and Bt Shanyou 63 (Bt-SY63) in the Hubei
Province, and were renewed in December 2014,

indicating that GM rice is also approaching commer-
cialization. Therefore, there is an urgent need for
a scientific evaluation of the potential ecological risks
of insect-resistant transgenic rice after environmental
release, especially with regard to the potential ecolo-
gical risk of the spread of transgenic rice to wasteland,
saline-alkali land, and weeds and other natural eco-
systems outside farmland, through seed spraying or
gene flow into wild rice. Zhang et al.10 reported that
potential transgene flow may occur between adjacent
fields where the smallholder farming systems exist.

The natural ecosystem is different from the
farmland ecosystem, with strong artificial selec-
tion, and the characteristics of natural selection,
such as poor soil nutrition, low target insect pres-
sure, and high weed competition. Therefore, dif-
ferent selection pressures of the two ecosystems
may lead to a different fitness. In the farmland
ecosystem, the exogenous Bt gene effectively
reduced pest damage and conferred significant
yield advantages to insect-resistant transgenic rice
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and wild rice and weedy rice expressing insect-
resistant genes under high insect pressure. Jiang
et al.11 reported that under conditions of high
target insect pressure in the field, the yield of
cry1C* and cry2A* transgenic rice lines was 8.4%
and 25.4% higher than that of the parental rice line
MH63, respectively. In addition, the Bt/CpTI
transgene was still effective in later generations
derived from crosses between transgenic rice and
weedy rice or wild rice, resulting in lower insect
damage and increased fecundity under high insect
pressure.8,12,13 However, previous studies have
indicated that the transgenic rice and hybrid pro-
geny with the exogenous Bt gene usually had an
obvious yield disadvantage compared with the par-
ental rice line in the field or greenhouse with
relatively low insect pressure conditions.14–18

Liang et al.19 found that the empty grain number
per spike of transgenic cry1Ab/c rice HH1 was
significantly higher than that of parent rice
MH63 under the field conditions with low insect
pressure sprayed with insecticide, and the grain
filling rate of HH1 was lower than that of MH63.
Therefore, at present, the study of the fitness of
different transgenic rice in the farmland ecosystem
is relatively well established, but corresponding
studies on the change of the fitness and the poten-
tial environmental risk after escaping into the nat-
ural ecosystem are lacking.

Soil salinization has become an important factor
restricting the sustainable development of world agri-
culture, which is unbeneficial to the vegetative and
reproductive growth of crops. China has a large area
of saline-alkali land (~3.6 × 107 hm2), major rice-
producing areas exist in saline-alkali land in China,
including the northeast, northwest, and north China,
and coastal areas.15,20 Owing to improper irrigation
and drainage, the area of secondary salinization has
continued to expand, and the damage has continued
to spread. In addition, China is the origin of wild rice,
that wild rice exists primarily in natural ecosystems
containing saline-alkali soil, and that the planting area
of wild rice overlaps with cultivated rice. Chinese rice
scientists have studied the cultivation of rice in coastal
shoal areas in recent years.21 It is predicted that saline-
alkali land may be available as a potential arable land
resource for rice, large-scale commercial planting of
GM rice may occur in the future in fields with high
salinity or left in saline-alkali land around farmland by

seed or gene flow, the evaluation of rice fitness and
speculation of the long-term ecological risk of con-
tinued cultivation in this saline-alkali land will pro-
vide a valuable resource, particular in terms of
biosafety, for the commercialized planting of trans-
genic rice.

Considering there is increased concern that the
widespread adoption of Bt crops may lead to the
development of resistance to the insecticidal genes in
pest populations.22 In 2006, an insect-resistant cry1C*
transgenic rice line T1C-19 was successfully devel-
oped with high target insect resistance. However, the
expression of exogenous Bt protein was significantly
lower than that of the cry1Ab/c transgenic rice lines
HH1 and Bt-SY63, the cry2A* transgenic rice line
T2A-1, and other transgenic rice lines with insect
resistance,2,23,24 thereby reducing the effect of over-
expression of exogenous proteins in transgenic
crops.25 Moreover, there are no common shared
binding sites between the cry1C* and cry1A Bt genes
commonly used in transgenic rice lines for target
pests, and the polymerization of these type of genes
can potentially prolong the resistance to target
insects.26 Therefore, T1C-19 is considered to repre-
sent another promising commercially transgenic rice
line for the future. Under both farmland and saline-
alkaline soil conditions in a greenhouse, the present
study comprised the following: (1) the transcription
and translation of exogenous cry1C* in transgenic rice
T1C-19 were detected during different growth stages,
and the correlation between them was analyzed; (2)
the vegetative and reproductive growth abilities of
transgenic rice T1C-19 and parental MH63 rice were
measured; (3) the fitness of transgenic rice T1C-19
and parental MH63 rice was investigated, and the
possible causes of fitness difference were explored.
The aim was to provide a theoretical basis to evaluate
the environmental safety of insect-resistant cry1C*
transgenic rice, T1C-19, after commercial planting
in the future.

Materials and Methods

Plant Material

The transgenic cry1C* rice T1C-19, an indica rice
strain, and its non-transgenic counterpart Minghui-
63 (MH63), an elite cytoplasmic male sterile (CMS)
restorer line with the highest cumulative planting
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area in China, were used in the present study. These
lines were provided by the National Key Laboratory
of Crop Genetic Improvement, Wuhan, China. The
cry1C* gene was synthesized by using the wild-type
cry1Ca5 gene of Bacillus thuringiensis. T1C-19 rice
exhibited high δ-endotoxin expression and had
insecticidal activity against borers such as Chilo sup-
pressalis and Tryporyza incertulas.6

Soil

Saline-alkaline soil (topsoil, 0–30 cm layer) for the
pot experiments was obtained from a typical saline-
alkaline region in the surrounding coastal wetland of
the National Nature Reserve for Rare Birds in
Yancheng, Jiangsu, China (32°48′47″–34°29′28″N,
119°53′45″–121°18′12″E), where there is a large area
of rice paddy fields within 10 km. Farmland soil
(topsoil, 0–30 cm layer) for the pot experiments
was obtained from a conventional paddy field
located in Luhe District, Nanjing, Jiangsu, China
(32°11′–32°27′N, 118°34′–119°03′E) and mixed with
nutrient soil in a 1:1 ratio. The physical and chemical
properties of the two soils are shown in Fig. S1. The
total nitrogen, total phosphorus, available phos-
phorus, and available potassium content of saline-
alkaline soil were significantly lower than in the
farmland soil, and the salt content,27 pH, and organic
matter content were significantly higher than in the
farmland soil. In the present study, the saline-
alkaline soil was considered to have a medium-high
saline-alkaline content, according to the salinity
grading of coastal saline-alkaline soils.28 These meth-
ods had been described similarly in a previously
published paper.23

Experimental Design

A pot experimental was arranged in the glasshouse
of the Nanjing Environmental Science Institute of
the Ministry of Ecology and Environment, and the
isolation conditions were good. The experimental
site was located on a rooftop surrounded by offices
and residential buildings, and no farmland with
planted rice, vegetables, and other crops was within
5 km, ensuring that pot plants were exposed to low
insect pressure without target insects. We did not
spray insecticides to exclude insects completely. The
present study mainly focused on the difference in

fitness of cry1C* transgenic rice T1C-19 under simu-
lated saline-alkali and farmland soils described
above. The pot experiment mainly comprised of
two plots: no stress (farmland soil) and stress (saline-
alkali soil). The rice lines with consistent growth
from a small breeding plate were transplanted into
large pots (840 mm length × 560 mm width ×
360 mm height) filled with saline-alkali soil or farm-
land soil at the five-leaf stage, respectively. Ten repli-
cate pots of each soil were set up for the two rice
lines: 12 individuals were arranged in four rows and
three columns with 19–21 cm intervals uniformly
distributed in each replicate pot; in total, 480 plants
were randomly placed in the glasshouse. For the
farmland soil, the rice was watered frequently, and
weeds occurring in the pots were removed by hand
during any growth stage to avoid yield loss. For the
saline-alkali soil, the water layer was maintained at
approximately 1 cm and a constant salt content was
ensured. In addition, no agricultural operations were
performed. All the remaining test materials were
burned or inactivated after the completion of the
trial. These methods had been described similarly
in a previously published paper.23

Quantification of Relative mRNA Expression of
cry1C* by Real-time Fluorescence Quantitative
PCR

Rice leaves and stems were collected at the tilling
(July 20, 2017), jointing (August 5, 2017), heading
(September 5, 2017), filling (September 25, 2017),
and maturing (October 25, 2017) stages. To mini-
mize the differences in Cry1C* protein expression
due to environmental factors, five samples per plot
were pooled and five replicate pots were rando-
mized. After collection, the samples were
immersed in liquid nitrogen, and stored at -80°C
in an ultralow temperature freezer until RNA
extraction. The RNeasy plant mini kit (69104,
Qiagen, Germany) was used to extract and purify
RNA in accordance with the manufacturer’s
instructions. One microgram of RNA was used as
a template, and cDNA was synthesized from all
samples by reverse transcription using the
PrimeScript RT Reagent Kit with gDNA Eraser
(RR047A, Takara, Japan). The size of the designed
quantitative primer was 100–300 bp, and the rice
actin gene, with stable expression, was selected as
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the housekeeping gene (Gene-specific primers
were shown in Table S2). After all, data were
normalized by using the Ct value of the house-
keeping gene, the target gene expression was eval-
uated among samples by using the 2−ΔΔct method.
Quantitative PCR was performed by using the Bio-
Rad CFX-96 Real-Time PCR system with TB
Green Premix Ex Taq II (Tli RNaseH Plus;
RR820A, Takara, Japan) and the gene-specific pri-
mers cry1C*-F and cry1C*-R. The qRT-PCR reac-
tion volume was 20.00 µL, comprising 10.00 µL TB
Green Premix Ex Taq II (Tli RNaseH Plus), 0.40
µL forward primer, 0.40 µL reverse primer, 2.00 µL
cDNA, and 7.20 µL ddH2O. The two-step quanti-
tative PCR procedure was 40 cycles of 95°C, 30 s;
95°C, 5 s; 60°C, 35 s. Finally, the dissolution curve
of the quantitative PCR was determined.

Quantification of Cry1C* Protein by
Enzyme-linked Immunosorbent Assay

The same batch samples for RNA extraction were
used to detect the expression of exogenous proteins
by ELISA. The expression of Cry1C* protein in the
transgenic rice T1C-19 was quantified using the
QualiPlate Kit for Cry1C* (EnviroLogix Inc.,
Portland, ME, USA). Approximately 20 mg of tissue
sample was weighed and its mass was recorded. They
were pulverized in liquid nitrogen with a tissue
crusher (TissueLyser II, Qiagen, Hilden, Germany).
One milliliter Cry1C* 1× extraction buffer and the
milled samples were added to 2-mL microreaction
tubes. The samples were incubated at 4°C in a shaker
for 30 min at 150 rpm, and then centrifuged at
10,000 × g for 5 min at 4°C. The supernatant was
collected and diluted 12.5–100-folds with 1× extrac-
tion buffer. The level of Cry1C* protein was quanti-
fied according to the instructions of the
manufacturer. The absorbance was measured at
450 nm using a Microplate Reader (Infinite M2000,
Tecan Group Inc., Männedorf, Switzerland). The
reader was calibrated by plotting a standard curve
of OD against protein concentration using the fol-
lowing concentration of Cry1C* protein standards:
0.5, 0.6, 1, 1.5, 2, and 2.5 ng mL−1. The Cry1C*
protein level in the fresh rice samples was deter-
mined using a standard curve and the dilution ratios
of the extraction solution. The Cry1C* standards
were prepared using the QualiPlate kit for Cry1C*.

Measurement of Fitness Component Based on
Vegetative and Reproductive Growth

To estimate vegetative growth abilities at four vegeta-
tive growth stages, samples were collected, excluding
the edge rows to avoid edge effects; 20 individuals
were randomly chosen to measure the number of
tillers and plant height at the tilling, heading, filling,
and maturing stages. Simultaneously, a chlorophyll
meter (SPAD-502, Minolta Camera Co., Osaka,
Japan) was used to obtain the SPAD values of the 20
most fully expanded flag leaves that were randomly
measured at the heading, filling, and maturing stages,
and calculating the leaf areas by leaf length × leaf
width × 0.75. Samples were collected by cutting
them from the surface of soil, and were oven-dried
at 80°C until a constant weight was reached; subse-
quently, the determination of biomass at the tilling,
heading, filling, and maturing stages was measured.

To estimate the reproductive growth abilities at
the maturing stage of T1C-19 rice and MH63 rice,
the following traits were determined: (1) effective
number of panicles per plant determined as the
number of filled grains more than 5 grains; (2)
spike length; (3) spike weight measured by the
weight of effective number of panicles per plant;
(4) number of filled grains per plant; (5) total
number of grains per plant calculated by the num-
ber of filled grains per plant plus number of empty
grains per plant; (6) filled grain weight per plant
measured by the weight of filled grains per plant;
(7) 1000-grain weight measured by the weight of
1000 grains randomly; and (8) seed setting rate
calculated as the ratio of the number of filled
grains per plant to the total number of grains per
plant. 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 Analyses

Independent t-tests were performed to identify any
significant differences between the farmland and
saline-alkaline soil treatments in terms of the tran-
scription and translation of exogenous cry1C* for
each growth stage. Under each soil condition,
Duncan’s multiple comparison test was used to
analyze the temporal and spatial changes in the
transcription and translation of exogenous cry1C *
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during different growth stages. Two-way ANOVA
was applied to estimate the effect of two soil con-
ditions and five growth stages on the transcription
and translation of exogenous cry1C*.

Relative differences between T1C-19 and MH63
rice in terms of vegetative and reproductive growth
were comparedwith an independent t-test. Three-way
ANOVA was applied to estimate the effect of two soil
conditions, two rice lines, and three or four growth
stages on vegetative performance. Two-way ANOVA
was applied to estimate the effect of two soil conditions
and two rice lines on reproductive performance.

According to the method of Song et al.29, for
estimation of fitness of vegetative and reproductive
growth ability in T1C-19, the fitness per trait of
the MH63 rice was defined as “1.00”, and T1C-19
was then assigned a fitness value based on its ratio
of per trait in T1C-19 compared with those of the
MH63 control. The fitness composites were calcu-
lated according to the average fitness value of all
traits associated with a stage or all stages.
Independent t-tests were used to analyze the dif-
ferences in fitness. All the statistical analyses were
computed by using SPSS v.16.0 for Windows (IBM
Corp., Armonk, NY, USA).

Results

Present study did not observe dead heart and leaf
rolling caused by rice stem borers (Scirpophaga
incertulas, C. suppressalis, and Sesamia inferens)
and rice leaf borers (Cnaphalocrocis medinalis) of
Bt transgenic rice under glasshouse. However, there
are very few non-target insects due to the absence of
pesticides, including spiders (Araneida), ladybugs
(Coccinellidae), and locusts (Locusta migratoria
manilensis). The present study indicated that the
pot experiments lacked the target insect pressure.

The mRNA Transcription and Expression of
cry1C* Gene

The mRNA transcription and protein expression
of cry1C* in the T1C-19 rice leaves in farmland
soil were higher than that those in saline-alkaline
soil at the same growth stage (P < .05, Fig. 1).

The mRNA transcription of cry1C* gene in T1C-
19 varied temporally and spatially among different
growth stages under the same soil conditions.

Initially, transcription increased and then decreased
with growth in both soils. It reached the maximum
level at the jointing stage, with a significant decrease
to a minimum level at maturity. Two-way ANOVA
indicated that the soil and growth stages significantly
affected themRNA transcription of cry1C* (Table 1).

The expression of the Cry1C* protein in T1C-19
varied temporally and spatially among different
growth stages under the same soil conditions. It
initially increased and then decreased with growth
in both soils. It reached the maximum level of 2.55
(farmland soil) and 1.49 μg g−1 FW (saline-alkaline
soil) at the filling stage, but significantly decreased
to 0.33 (farmland soil) and 0.22 μg g−1 FW (saline-
alkaline soil) at maturity (Fig. 1c). Two-way
ANOVA indicated that the soil, growth stage,
and their interaction significantly affected the
expression of Cry1C* (Table 1).

However, there was no significant correlation
between mRNA transcription and protein expres-
sion of exogenous cry1C* in the same soil condi-
tions (Table 2).

Vegetative Growth Indices

Plant Height

There were significant differences in the plant
height of T1C-19 rice and MH63 rice in each soil
(P < .01; Fig. 2). The height of the same rice line
was significantly higher in farmlands than in sal-
ine-alkaline soils, by approximately 30–48% in the
four key growth stages.

Under both the soils, the height of T1C-19 and
MH63 was similar throughout the growth stage,
increasing gradually with growth. In farmlands,
the height of T1C-19 was significantly lower than
that of MH63, by approximately 4% at the filling
and maturing stages (P < .01). In the saline-
alkaline soils, the height of T1C-19 was not sig-
nificantly different from that of MH63 at the four
key growth stages (P > .05), and the magnitude of
this fitness cost was significantly lower than that
measured for these two rice lines grown in farm-
land soil (Table 3). Three-way ANOVA indicated
that the soil, exogenous gene, growth stage, inter-
action between exogenous gene and soil, and inter-
action between soil and growth stage significantly
affected plant height (Table S1).
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Tiller Number

There were significant differences in tiller number of
T1C-19 rice andMH63 rice in each soil (P < .01; Fig. 3).
For the same rice line, the tiller number of plants grown

in farmland soil was significantly higher (approximately
1.83–3.59-fold) than those plants grown in saline-
alkaline soil at the four key growth stages.

In both the soil types, the variation of tiller number
between T1C-19 and MH63 rice lines throughout the
growth period was similar; it initially increased and
then decreased with growth. In farmland soil, the tiller
number of T1C-19 was significantly lower than that of
MH63, by approximately 11.02–18.89% at the tiller-
ing, heading, filling, and maturing stages (P < .01). In
saline-alkaline soil, the tiller number of T1C-19 was
significantly lower than that of MH63 grown in farm-
lands, by approximately 31.25–39.66%, at the four
growth stages (P < .01). There was a significant fitness
cost in the number of tillers between T1C-19 and
MH63 grown in saline-alkaline soil, and the magni-
tude of this fitness cost was higher than that measured
for the two rice lines grown in farmland soil (Table 3).
Three-wayANOVA indicated that the soil, exogenous
gene, growth stage, and interaction between soil and

Figure 1. The transcription and translation of exogenous cry1C* gene in T1C-19 rice leaf grown in farmland and saline-alkaline soils
at five stages (T1: Tillering, T2: Jointing, T3: Heading, T4: Filling, T5: Maturing); Farmland soil values with * and ** were significantly
different from those of the saline-alkaline soil according to the t-test (P < .05 and P < .01, respectively) in the leaf; a, b, c, and
d indicated significant differences between the five growth stages of T1C-19 rice leaf grown on the same soil according to Duncan’s
multiple range test (P < .05).

Table 1. Effects of soil condition (two levels), growth stage (five
levels), and interactions among them, the transcription and
translation of the exogenous cry1C* in transgenic T1C-19 rice.

Cry1C* protein
(μg g−1)

cry1C* mRNA relative
expression (2−ddct)

Df F p Df F p

Soil 1 78.57 0.00 1 57.51 0.00
Growth stage 4 106.47 0.00 4 53.77 0.00
Soil×Growth stage 4 9.95 0.00 4 1.814 0.14

p < .05 indicated significant differences.

Table 2. Correlation coefficients between insecticidal protein
content and mRNA relative expression of cry1C* in rice leaf in
farmland and saline-alkali soils.

Correlation coefficients p

Farmland soil 0.79 0.10
Saline-alkali soil 0.78 0.12

p < .05 indicated significant difference.
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growth stage significantly affected the number of til-
lers (Table S1).

Leaf Length, Width, and Area

There were significant differences in the leaf
length, width, and area of T1C-19 rice and
MH63 rice in each soil (P < .01; Fig. 4). For the
same rice line, these parameters were significantly
higher in plants grown in farmland than those
plants grown in saline-alkaline soil, by approxi-
mately 1.86–2.06-, 1.46–1.58-, and 2.56–3.16-fold,
respectively.

The variation in leaf length between T1C-19 and
MH63 at all growth stages was similar under the two
soil conditions: it gradually increased with the growth
of plant. Under farmland soil conditions, the leaf
length of T1C-19 was significantly lower than that of
MH63, by approximately 5.55% at the filling stage.
However, there was no significant difference in leaf

length between T1C-19 and MH63 at the three key
growth stages when grown in saline-alkaline soils.

With respect to leaf width, the variation
between T1C-19 and MH63 was consistent with
that of leaf length under the two soil conditions.
Under farmland soil conditions, the leaf width of
T1C-19 was significantly lower than that of MH63
by approximately 5.65% and 7.61% at the filling
and maturing stages, respectively (P < .01).
However, the leaf width did not differ significantly
between T1C-19 and MH63 at the three key
growth stages in saline-alkaline soil.

The variation in leaf area between T1C-19 and
MH63 was consistent with that of leaf length and
width under the two soil conditions. Under farmland
soil condition, the leaf area of T1C-19 was signifi-
cantly lower than that of MH63, by approximately
12.8% and 10.69% at the filling and maturing stages,
respectively (P < .01). However, the leaf area did not
differ significantly between T1C-19 and MH63 at the

Figure 2. Plant heights (mean ± SEM) of T1C-19 rice andMH63 rice at four stages grown in farmland and saline-alkaline soils. The values of
T1C-19 rice with * and ** were significantly different from those of MH63 according to the t-test (P < .05 and P < .01, respectively).
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three key growth stages in saline-alkaline soil. Three-
way ANOVA indicated that the soil, exogenous gene,
growth stage, interaction between soil and exogenous
gene, and interaction between soil and growth stage
significantly affected the leaf area (Table S1).

SPAD Value

There were significant differences in the SPAD
value of T1C-19 rice and MH63 rice in each soil
(P < .01; Fig. 5). For the same rice line, the SPAD
value of plants grown in farmland soil was higher
than that of plants grown in saline-alkaline soil by
approximately 21–58%.

In both soil types, the variation in the SPAD
value between T1C-19 and MH63 was similar: it
initially increased and then decreased with growth.
Under farmland soil conditions, the SPAD value of
T1C-19 and MH63 was significantly lower than
that of MH63, by approximately 4.84%, only at
the filling stage (P < .01). However, there was no
significant difference in the SPAD value between
T1C-19 and MH63 at the three key growth stages
in saline-alkaline soil. Three-way ANOVA indi-
cated that the soil, exogenous gene, growth stage,
and interaction between soil and growth stage sig-
nificantly affected the SPAD value (Table S1).

Biomass

There were significant differences in biomass of
T1C-19 rice and MH63 rice in each soil (P < .01;
Fig. 6). For the same rice line, the biomass of

plants grown in farmland soil was significantly
higher than that of plants grown in saline-
alkaline soil, by approximately 2.57–3.67-fold at
the four key growth stages.

For plants grown in farmland soil, the variation in
biomass between T1C-19 and MH63 was similar
throughout the growth stage: it initially increased and
then decreased with growth. The biomass of T1C-19
was significantly lower than that ofMH63, by approxi-
mately 10.84–14.62% at the tillering, heading, filling,
and maturing stages (P < .05). In saline-alkali soil, the
biomass of T1C-19 was significantly lower than that of
MH63, by approximately 24.21–25.31% at the tillering,
heading, and filling stages (P < .05). Furthermore, the
magnitude of this fitness cost was higher than that in
farmland soil (Table 2). Notably, these results signifi-
cantly correlated with the lower tiller number of T1C-
19 than those of MH63 at the main growth stage.
Three-way ANOVA indicated that the soil, exogenous
gene, growth stage, and interaction between soil and
growth stage significantly affected the biomass of
plants (Table S1).

Days to 50% Flowering

The time taken to complete 50% of flowering was
affected by the soil. MH63 and T1C-19 rice head-
ing both occurred at 95 days under farmland soil,
and their heading occurred at 103 days under
saline-alkaline soil, which was a delay of 8 days
in the growth stage. The time taken to complete
50% flowering of MH63 rice and T1C-19 rice was
the same in both soils.

Table 3. Fitness for vegetative and reproductive indices of T1C-19 vs. MH63 rice grown on farmland and saline-alkali soils.
Farmland soil Saline-alkali soil

Vegetative indices Fitness Plant height (cm) 0.97 0.98
Tiller number 0.84* 0.65*
Biomass(g) 0.87* 0.79*

Composite fitness 0.89* 0.81*
Reproductive indices Fitness Effective panicle number per plant 0.79* 1.00

Panicle length (cm) 0.96* 1.08
Panicle weight (g) 0.94* 1.69*
Total grain number per plant 0.89* 0.71*
Filled grain number per plant 0.87* 3.36*
Filled grain weight per plant (g) 0.87* 3.36*
Thousand grain weight (g) 1.00 1.00
Seed-setting rate (%) 0.97 4.56*

Composite fitness 0.91* 2.10*

Fitness ratio was defined as agronomic traits of T1C-19 vs. MH63 rice; Composite fitness was defined by the average value of all fitness for vegetative
traits or reproductive traits. *indicates fitness significantly more than or less than 1.00 according to t-test (p < 0.05).
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Reproductive Growth Indices

There were significant differences between the
reproductive growth indices of T1C-19 and
MH63 in each soil <0.01; Fig. 7). For the same
rice line, compared with the farmland soil, the
reproductive growth indices were decreased signif-
icantly in saline-alkaline soil.

In farmland soil, the effective panicle number,
panicle length, panicle weight, total grains number
per plant, filled grains number per plant, and filled
grain weight per plant of T1C-19 were significantly
lower than those of MH63 by approximately 20.63%,
4.00%, 6.25%, 10.56%, 12.93%, and 12.93%, respec-
tively (P < .05). There was a significant cost with
respect to most of the yield-related traits between
T1C-19 andMH63 grown in farmland soil (Table 2).
In saline-alkaline soil, the panicle weight, filled num-
ber grains per plant, filled grain weight per plant, and

seed-setting rate of T1C-19 were significantly higher
than those of MH63 by 1.69-, 3.36-, 3.36- and 4.56-
fold, respectively (P < .01). However, both T1C-19
and MH63 were similar in terms of effective panicle
number, panicle length, and 1000-grain weight.
There were significant fitness benefits for most of
the yield-related traits between T1C-19 and MH63
grown in saline-alkaline soil (Table 3). Two-way
ANOVA indicated that soil conditions, exogenous
gene, and their interaction significantly affected
most of the yield-related traits (Table 4).

Discussion

Expression of Exogenous Cry1C* Protein

Present study indicated that the transcription and
translation of cry1C* gene in T1C-19 rice varied
temporally and spatially during whole growth stages

Figure 3. Tiller number per plant (mean ± SEM) of T1C-19 and MH63 rice at four stages grown in farmland and saline-alkaline soils.
The values of T1C-19 rice with ** were significantly different from those of MH63 rice according to the t-test (P < .01).
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Figure 4. Flag leaf length (mean ± SEM), width (mean ± SEM), and area index (mean ± SEM) of T1C-19 and MH63 rice grown in
farmland and saline-alkaline soils. (a,d,h). Heading stage; (b,e,i). Filling stage; (c,f,j). Maturing stage. The values of T1C-19 rice with **
were significantly different from those of MH63 rice according to the t-test (P < .01).

Figure 5. SPAD indices (mean ± SEM) of T1C-19 and MH63 rice grown in farmland and saline-alkaline soils. (a). Heading stage, (b).
Filling stage, and (c). Maturing stage. The values of T1C-19 rice with ** were significantly different from those of MH63 rice according
to the t-test (P < .01).
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in farmland and saline-alkali soils, although there
was no significant correlation between transcription
and translation of cry1C* in T1C-19 rice during the

whole growth stage in either soil, and the correlation
was not influenced by the stress of saline-alkali soil.
Similar studies have shown that the correlation

Figure 6. Biomass (mean ± SEM) of T1C-19 and MH63 rice grown in farmland and saline-alkaline soils at four stages. The values of T1C-19
rice with * and ** were significantly different from those of MH63 rice according to the t-test (P < .05 and P < .01, respectively).

Figure 7. Reproductive traits (mean ± SEM) of T1C-19 rice andMH63 rice grown on farmland and saline-alkaline soils. The values of T1C-19
rice with * and ** were significantly different from those of MH63 rice according to the t-test (P < .05 and P < .01, respectively).
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between transcription and translation of the exogen-
ous gene in Bt cotton and Bt maize was weak under
stress growth conditions.30,31 Posttranslational mod-
ification of genes might help to understand the
mechanism for the lack of significant correlation
transcription and translation of cry1C* in T1C-19
rice.32 Previous studies have shown that the exogen-
ous protein expression could provide more direct
and accurate messages than those the gene expres-
sion level for assessing and monitoring the safety in
GM crops.30,31 The expression of exogenous proteins
in natural ecosystems might also determine the fit-
ness performance and ecological consequences of
transgenic crops.33 In saline-alkali soil, we showed
the expression of the Cry1C* protein in T1C-19 was
significantly lower than that in farmland soil. Luo
et al.27 and Zhang et al.31 found that exogenous
protein expression in Bt cotton was negatively cor-
related with saline stress conditions. Similar studies
indicated that the expression of exogenous protein in
insect-resistant transgenic Bt cotton lines, Bt corn
lines negatively correlated with salt, flooding, and
low-temperature stressful growth conditions.30,34–37

To some extent, the expression of exogenous Bt
proteins were affected by the growth process, the
physical and chemical properties of the soil, and
the external stress environment in transgenic crops.
Considering that the expression of Cry1C* protein in
T1C-19 at most growth stages was 0.22–2.55 μg·g−1

FW, which was significantly lower than that of the
exogenous Cry1Ab/c protein in HH1 rice (4.28–-
10.15 μg·g−1 FW) under the same farmland and
saline-alkali soils.23 This might reduce the fitness
cost of transgenic rice T1C-19 owing to the over-
expression of exogenous proteins.25In conclusion,
Present study indicated the expression of Cry1C* in

T1C-19 was significantly inhibited by saline-alkaline
soil, although it still effectively resisted the target
insects, such as S. incertulas and C. suppressalis in
saline-alkaline soil (data not shown). Therefore, the
expression of Cry1C* protein might bring fitness
benefits to T1C-19 in saline-alkaline soil with high
target insect pressure. In contrast, it might confer the
fitness cost toward vegetative and reproductive
growth abilities of T1C-19 in saline-alkaline soil
with low target insect pressure, mainly because the
expression of Cry1C* protein might have consumed
considerable amount of material and energy from
the host cell. Previous studies have indicated that the
exogenous protein expression of transgenic crops
may be related to an underlying fitness cost in the
absence of, or under low, relevant selective
pressures.33,38

Effect of Transgene Expression on Fitness
Components in Farmland Soil

Present study indicated that, under farmland soil
conditions without target insect pressure, the impor-
tant vegetative growth indices, such as plant height,
number of tillers, biomass, and important reproduc-
tive growth indices, such as filled grain number per
plant, filled grain weight per plant, of T1C-19 all
were significantly lower than those of MH63 in the
same soil. Therefore, there was a significant fitness
cost of vegetative and reproductive growth abilities
in T1C-19. Chen et al.14, Xia et al.18 and Jiang et al.39

showed that the tiller number of transgenic Bt/CpT1
rice or the biomass of transgenic cry1C* rice were
significantly lower than that of the parental rices
under greenhouse or field conditions with very low
insect pressure. Similar studies also have shown the

Table 4. Two-way ANOVA showing the effects of soil conditions (two levels) and rice line (two levels) on reproductive growth
indices.

Reproductive traits

Soil Rice line Soil × Rice line

df F p df F p df F p

Effective panicle number/plant 1 745.79 0.00 1 21.26 0.00 1 21.26 0.00
Panicle length 1 743.37 0.00 1 1.94 NS 1 0.64 NS
Panicle weight 1 7,772.09 0.00 1 2.46 NS 1 20.07 0.00
Total grain number/plant 1 2,370.56 0.00 1 5.36 0.03 1 7.76 0.01
Filled grain number/plant 1 2,964.83 0.00 1 13.72 0.00 1 35.66 0.00
Filled grain weight/plant 1 4,847.75 0.00 1 27.41 0.00 1 5.37 0.03
1,000 grain weight 1 8.67 0.01 1 0.01 NS 1 0.07 NS
Seed-setting rate 1 817.28 0.00 1 12.26 0.00 1 35.10 0.00

p< .05 indicated significant difference; NS indicated no significant difference.
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total yield and seed-setting rate of the transgenic
cry1C* and cry2A* rice lines were significantly
lower than those of the parental rice line MH63
under farmland with low insect pressure.11,24,40

These findings indicated that the exogenous Bt
genes usually had an obvious vegetative and repro-
ductive growth disadvantage compared with the par-
ental rice line under field or greenhouse with low
insect pressure or the absence of insect pressure.16–18

An alternative explanation is that exogenous protein
overexpression might have adversely affected plant
vegetative and reproductive growth in the absence of
a target or at low target insect pressure.23,33

Effect of Transgene Expression on Fitness
Components in Saline-alkali Soil

Present study indicated that the vegetative and repro-
ductive growth abilities of T1C-19 and MH63 rices
were significantly lower in saline-alkaline soil than
those in farmland soil. Jiang et al.41 have showed that
the SPAD value of flag leaves, biomass, and yield of Bt
rice and parental rice were significantly lower under
drought stress than that of normal, flood condition.
Similar studies also have shown inBt transgenicmaize
and Bt transgenic cotton under drought
conditions.35,37 We showed that, under saline-
alkaline soil stress condition without target insect
pressure, except for the number of tillers and biomass
of T1C-19, which were significantly lower than those
of MH63, there were no significant differences in
other vegetative growth indices between T1C-19 and
MH63. Jiang et al.41 showed that, under the drought
stress condition with strictly controlled pests and dis-
eases, the SPAD value and biomass of insect-resistant
transgenic rice Bt-MH63 harboring the cry1C*,
cry2A*, cry1Ab/c genes all were significantly lower
than those of MH63. However, the important repro-
ductive indices, such as filled grains number per plant
and filled grain weight per plant, of T1C-19 were
significantly higher than those of MH63 under saline-
alkaline soil condition without target insect pressure.
Therefore, there was a significant fitness benefit. Fang
et al.42 showed that, under the conditions of high
temperature and drought without glyphosate, the full-
grain number per plant of Arabidopsis thaliana with
transfectedwith the epsps genewas significantly higher
than that of parentArabidopsis thaliana. Present study

indicated that the reproductive abilities and ecological
risk of T1C-19 in saline-alkali soil were different from
those in farmland soil. A possible explanation is that
the low expression of Cry1C* protein and less energy
consumption leads to a negligible fitness effect on the
reproductive ability of T1C-19 under saline-alkaline
soil. Moreover, saline-alkaline soil might lead to the
trade-off between vegetative growth and reproductive
growth in T1C-19, resulting in significant differences
from the parental line MH.6314,33 These results sug-
gest that, from the perspective of agricultural produc-
tion, the insect-resistant cry1C* transgenic rice T1C-
19 has a stronger reproductive ability than the parental
rice line MH63, and that this can significantly reduce
the yield loss caused by target insects, leading to higher
yield advantages compared with that of MH63 under
saline-alkaline soil conditions. This will help promote
the large-scale application of saline-alkaline land for
the cultivation of T1C-19 in the future in China. If
T1C-19 escapes from the tillage system into the nat-
ural saline-alkaline ecosystem, it may be conducive to
the establishment of its own population, and therefore
brings potential ecological risks.

Conclusions

Present study indicated that T1C-19 had signifi-
cantly weaker vegetative and reproductive growth
abilities, with higher fitness costs than those of its
parental line MH63 in farmland soil. In contrast,
T1C-19 showed weaker vegetative growth and
stronger reproductive abilities than those of
MH63 under saline-alkaline soil (Fig. 8). This
would promote the use of saline-alkaline soil for
T1C-19 cultivation in China, although this might
have higher ecological risks. However, these con-
clusions were drawn from data obtained over
1 year from saline-alkaline areas in the absence
of target insect pressure. In this model system, it
was easier to detect the real fitness effects of exo-
genous genes on rice vegetative and reproductive
growth abilities in the absence of target insect
pressure, but ignore a single factor stress could
not exist under the natural ecosystem.
Furthermore, considering the environmental bio-
safety assessments should be conducted for longer
than 2 years. In the future, we plan to conduct the
tests of three stress factors, including saline-alkali,
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target insect, or saline-drought with weed compe-
tition for more than 2 years. Rice volunteers may
also frequently appear in the wastelands, marsh,
orchards or other habitats near farmland due to
seed movement, gene flow or seedlings dispersal
during the farming. Thus, it is necessary to perma-
nently and systematically assess the fitness of T1C-
19 rice under simulated conditions of these natural
habitats. This will provide a valuable reference on
environmental safety for the long-term natural
ecological risks that may be occurred in response
to the commercialized planting of transgenic rice.

In addition, the present study speculated that
the reproductive abilities and ecological risk of
T1C-19 in saline-alkali soil were different from
those in farmland soil that may relate to the
expression of exogenous proteins. To date, no
relevant studies have shown that the tissue culture
process may cause the unintentional mutation of
insect-resistant transgenic rice T1C-19, while
a recent study found that the location effect of
exogenous gene insertion may not cause signifi-
cant unintended effects.43 However, we can not
ignore that the tissue culture process and insertion
sites may cause some unintended effects.
Therefore, we are currently using molecular biolo-
gical techniques, such as genome sequencing, to
detect whether there are other unintended gene

mutations, with the exception of exogenous
genes. We are doing this with insect-resistant
transgenic rice (T1C-19) and non-transgenic par-
ental rice (MH63).
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