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Using a transgenic Bacillus thuringiensis (Bt) crop is reportedly one of the most effective ways to improve
insect resistance; however, the insertion of external Bt genes may affect the non-target growth character-
istics of crop. Field experiments were conducted to investigate the yield performance and physiological
traits in an elite restorer rice line, Minghui63 (MH63) with Cry1C’, Cry2A” or Cry1Ab/Ac genes under three
fertilizer applications [zero nitrogen fertilizer (NO), zero potassium fertilizer (KO) and recommended
nitrogen and potassium fertilizer (NK)]. In comparison with MH63, MH63 (Cry1C") experienced declining
grain yields of 15.3-31.0% under different fertilizer applications because of the decreased setting rates
associated with the poorer matter transport-related traits. The grain yield of MH63 (Cry2A”) was aver-
agely 18.4% lower than MH63 in only the NO treatment due to the accelerated leaf senescence, which was
correlated with the higher ratios of the Bt protein content to the soluble protein content (BTC/SPC) in the
MHG63 (Cry2A") leaves at the filling stage (FS). The yield performance of MH63 (Cry1Ab/Ac) was identical
to MHG63. In addition, no significant differences were recorded between Bt-MH63 and MH63 regarding
N and K assimilation. Hence, our results suggest that the Cry1C" and Cry2A” transgenes affect the yield

performance and related traits of MH63 in response to nitrogen and/or potassium applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lepidopteran pests cause great damage to rice (Pandi et al.,
2009). Until recently, lepidopteran pests have primarily been con-
trolled by chemical pesticides in China, which are not only harmful
to the environment but also not sufficiently effective. A trans-
genic Bt rice strain with high resistance to lepidopteran pests has
been developed over the last two decades (Fujimoto et al., 1993;
Datta et al., 1998; Tu et al., 2000a,b; Chen et al., 2005; Tang et al.,
2006). For example, the Cry1Ab/Ac, Cry1C” and Cry2A" genes (which
can be effectively expressed in rice) were successfully transferred
into MH63, a widely used indica cytoplasm male sterile (CMS)
restorer line in China (Tu et al., 2000a; Chen et al., 2005; Tang
et al., 2006). In 2009, MH63 (Cry1Ab/Ac) and SY63 (Cry1Ab/Ac)
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[Shanyou63 (Cry1Ab/Ac) were produced by crossbreeding MH63
(Cry1Ab/Ac) with Zhenshan97A (an elite CMS line)] were granted
biosafety certificates for commercial production in China (Chen
etal.,, 2011).

To date, Bt rice studies have primarily focused on breeding new
lines (Tu et al., 2000a,b; Chen et al., 2005; Tang et al., 2006), pest
resistance (Han et al., 2011; Jiang et al., 2013a) and environmental
safety (Clarketal.,2005; Chenetal.,2006). Transgenic Bt crops were
reported to have obvious yield advantages compared to their non-
Bt counterparts under severe infestation by target pests (Mungai
et al., 2005; Brookes and Barfoot, 2009; James, 2009; Wang et al.,
2012a; Jiang et al., 2013a). Relatively less information is available
regarding the growth characteristics of Bt rice in comparison to
their non-Bt counterparts under no pest infestation. Notably, sev-
eral authors found variations in Bt rice such as reduced plant heights
and root lengths (Shu et al., 2002), fewer grains per panicle (Kim
et al.,, 2008) and decreased setting rates (Tu et al., 2000b; Shu
et al., 2002; Kim et al., 2008; Xia et al., 2010; Wang et al., 2012b),
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which commonly led to reductions in grain yield. Variations in Bt
rice may result from the following causes: (1) somaclonal varia-
tion (Shu et al., 2002), (2) the disruption of native genes (Feldmann
etal., 1989)and (3) the added burden of alien transgenes (Gurr and
Rushton, 2005). Yield losses caused by variations in Bt rice were
often masked by the great advantages of Bt rice over their non-
Bt counterparts during target pest infestation (Jiang et al., 2013a).
Therefore, comparing the important traits of Bt rice with their non-
Bt counterparts under strict pest control is essential to ascertain the
non-target effects of alien transgenes on the growth characteristics
of rice.

Nitrogen (N) and potassium (K) are essential nutrient elements
for the photosynthesis and yield formation of crops (Steven, 1985;
Kropff et al., 1993; Lawlor, 2002). Bt protein synthesis consumes
extra N in transgenic Bt crops; therefore, scientists have become
interested in determining whether transgenic Bt crops change in
terms of N metabolism. In maize, Bruns and Abel (2003) found no
differences in the total N uptake between Bt maize and their non-
Bt counterparts. However, Ma and Subedi (2005) demonstrated
that several Bt hybrid maize strains had higher N accumula-
tion in stovers but lower N accumulation in grains compared to
their non-Bt counterparts. Moreover, a Bt hybrid maize called Pio-
neer 38W36Bt reportedly accumulated more N in its kernels and
whole-plant base in comparison to a conventional hybrid maize
strain (Pioneer 38W36), although they had similar leaf chlorophyll
contents, N concentrations and N contents at the silking and matu-
rity stages (Subedi and Ma, 2007). In cotton, Chen et al. (2004)
indicated that Bt cotton had more vigorous N metabolism, which
was reflected by higher total leaf N concentration, soluble pro-
tein content, and free amino acids, in addition to higher activity in
nitrate reductase and glutamic-pyruvic transaminase during the
reproductive phase in comparison with its non-Bt counterpart. In
other studies, Bt cotton was found to be more sensitive to K defi-
ciency than non-Bt cotton. Zhang et al. (2007) demonstrated that
Bt cotton had lower total K uptake and biomass in comparison to
non-Bt cotton under low K application. Yukui et al. (2009) stud-
ied K distributions in different parts of Bt cotton, and they found
lower K contents in all the organs than non-Bt cotton. Previous stud-
ies showed that the incorporation of Bt genes may affect N and K
uptake and metabolism of transgenic crops. Thus, it is important to
investigate the responses of new Bt rice lines to different N and K
applications.

Bt protein is a soluble protein, and the Bt protein concentration
was found to be significantly correlated with the N and total solu-
ble protein concentrations in leaves (Bruns and Abel, 2003; Dong
and Li, 2007; Wang et al., 2012a). Moreover, spatial and temporal
differences were observed in Bt protein synthesis. Fully expanded
leaves usually had the highest amount of Bt protein among dif-
ferent plant parts (Fearing et al., 1997; Adamczyk et al., 2001;
Kranthi et al., 2005; Siebert et al., 2009). The Bt protein content
was generally maintained at a high level during the early growth
stage and then declined (Greenplate, 1999; Kranthi et al., 2005;
Olsen et al., 2005). However, Llewellyn et al. (2007) found no dra-
matic reduction in the vip3A protein content during the maturation
stage of Bt cotton. Although several studies have addressed the dif-
ference in Bt gene expression in transgenic crops, little attention
was paid to its effect on the physiological mechanisms of these
crops.

Bt-MH63 with Cry1C’, Cry2A” or Cry1Ab/Ac genes were important
CMS restorer lines that have been screened by breeders in China.
The growth characteristics of these lines must be meticulously eval-
uated before they are commercialized. The objectives of the present
study were to (1) compare the important growth characteristics of
Bt-MH63 and MH63 under different N and K applications (2) and to
examine the physiological reasons for the differences in the growth
characteristics.

Table 1
Mean monthly air temperatures and mean daily radiation during the rice growing
season in 2011 and 2012.

Time Temperature (°C) Solar radiation (MJm~2d-1)

2011
June 27.2 16.8
July 313 20.8
August 29.8 18.5
September 25.6 16.4
October 215 143
Mean 271 17.4

2012
June 25.6 14.7
July 29.4 189
August 283 16.7
September 23.2 14.8
October 20.1 125
Mean 253 15.5

2. Materials and methods
2.1. Plant materials

Three Bt rice lines, MH63 (Cry1C’), MH63 (Cry2A’) and MH63
(Cry1Ab/Ac), and their non-Bt counterpart MH63 were used in this
study. The Cry1C" and Cry2A’ genes were synthesized on the basis of
the wild-type Cry1Ca5 and Cry2Aa genes of Bt, respectively (Chen
et al., 2005; Tang et al., 2006). The Cry1Ab/Ac gene is a hybrid Bt
gene derived from Cry1Ab and Cry1Ac (Tu et al., 1998). The seeds
from these varieties were provided by the National Key Laboratory
of Crop Genetic Improvement, Wuhan, China.

2.2. Experimental design

Field experiments were conducted from June to Octoberin 2011
and 2012 at Junchuang town (31°69’N 115°33’E), Suizhou city,
Hubei Province, China. The mean monthly air temperature and
mean daily radiation during the rice growing season are shown in
Table 1. The treatments were arranged in a split-plot design with
three fertilizer applications [NO (OkgNha~! and 135kgK,0ha™1),
KO (150kgNha~! and 0kgK,0ha~') and NK (150kgNha~! and
135kgK,0ha~1)] as the main plots and four varieties [MHG3
(Cry1C"), MH63 (Cry2A"), MH63 (Cry1Ab/Ac) and MH63] as the
subplots. Each treatment was performed in four replicates. Size
of each plot was 40 m2. Twenty-day-old seedlings were trans-
planted at a density of 20cm x 20 cm with one seedling per hill.
The soil type of the experimental site was reddish-yellow clay-like
paddy soil. The soil chemical properties were as follows: pH, 6.13;
organic C, 14.66 gkg1; total N, 0.88 gkg~'; NO3;~-N, 492 mgkg!;
NH4*-N, 1.76 mgkg~1; available P, 6.73 mgkg~!; and available K,
87mgkg~!. For KO and NK, N fertilizer (urea, 46% N) was applied at
arate of 150 kg N ha~! with 50% at the basal stage, 20% at the mid-
tillering stage (MT) and 30% at the panicle initiation stage (PI). For
NO and NK, K fertilizer (potassium chloride, 60% K,0) was added at
arate of 135 kg K,0 ha~! with 50% at the basal stage and 50% at the
PI. Phosphorus fertilizer (calcium superphosphate, 15% P,05) was
applied at a rate of 90 kg P,05 ha~! at the basal stage. The experi-
mental field was kept flooded from transplanting until 7 days before
maturity. Pests, diseases and weeds were intensively controlled for
all treatments to avoid yield losses.

2.3. Data collection and analysis

At the MT, PI, heading stage (HD), FS (15 days after the flowering
stage) and plant maturity stage (PM), 10 topmost fully expanded
leaves per plot were sampled and frozen with liquid nitrogen,



Y. Jiang et al. / Field Crops Research 169 (2014) 39-48 41

then stored at —80°C for Bt protein content (BTC) analysis. The
Cry1C’, Cry2A" and Cry1Ab/Ac protein contents in the leaves were
determined using an enzyme-linked immunosorbent assay kit by
Enviro-Logix (Portland, ME) and Envirologix (Envirologix, USA)
and following the protocol provided by the manufacturer. The
soluble protein contents (SPCs) of the leaves were determined
using the Coomassie blue dye-binding assay (Bradford, 1976). The
BTC/SPC was calculated as the ratio of BTC to SPC. At the FS before
sampling, the SPAD values and net photosynthetic rates of the 10
topmost fully expanded leaves were measured using a chlorophyll
meter [SPAD-502, Soil-Plant Analysis Development (SPAD) Sec-
tion, Minolta Camera Co., Osaka, Japan], a Li-Cor 6400XT portable
photosynthesis system (Li-Cor, Lincoln, NE, USA), respectively. The
glutamine synthetase (GS) activities and free amino acid contents
of the sampled leaves were then determined. The GS activity was
expressed as the enzyme activity that catalyzed the formation of
1 wmol y-glutamylhydroxamate h—! at 37°C as determined using
the Zhang et al. (1997) method. The free amino acid content was
measured by the ninhydrin assay (Yemm and Cocking, 1955), and
the results were converted to micrograms of amino acids per gram
of leaf fresh weight using a glycine standard curve. The green leave
areas of 8 plants per plot were measured by a leaf area meter (Li-Cor
3100, LI-COR Inc., Lincoln, NE, USA) and leaf area per m? (leaf area
index) was calculated. Large vascular bundles (LVB) and small vas-
cular bundles (SVB) of approximately 5-cm-long sections near the
panicle neck node of the primary tiller of the 8 plants were counted
under the microscope. Transverse hand sections were made atiden-
tical positions with arazor blade and stained with safranin solution.
The tillers of 30 plants in each plot were counted. The LVB and
SVB per m? were calculated as the products of the vascular bundle
numbers per tiller and tiller numbers per m2.

Mature flowers were collected at the flowering stage from
various parts of different panicles found in the plot for pollen fer-
tility examination. The pollen was stained with I,-KI solution and
observed under a microscope (SA3000, Beijing Tech Instrument Co.,
Ltd.). A total of 1000 pollen grains per plot were investigated. The
aboveground parts of 8 plants in each plot were taken at the flow-
ering stage and PM. The plants were separated into panicles, leaves
and stems, and then oven-dried at 70°C to a constant weight to
determine the dry weight. The ratio of dry matter translocation
to the grain (Rpy) was calculated using the following Ntanos and
Koutroubas (2002) method:

(%) = (Fom — Mypm) %« 100

R
DM Fom

where Fpy is the total aboveground dry matter of the plant at the
flowering stage and Mypy is the dry matter of the vegetative part
of the plant at the PM. The non-structural carbohydrates (NSC, sol-
uble sugars and starch) concentration of the stem was measured
according to Yoshida et al. (1976). The total NSC mass in the stem
was calculated by multiplying the stem dry weight by the NSC con-
centration. The apparent ratio of transferred NSC from stems to
grain (ARnsc) was calculated according to the following equation:

(Fnsc — PMnsc)

ARnsc (%) = Finsc

x 100
where Fysc and Msc are the total masses of NSC in the stem at the
flowering stage and the PM, respectively.

The N concentrations of the different plant tissues were
measured by micro-Kjeldahl digestion, distillation, and titration
(Bremner and Mulvaney, 1982), and the K concentrations were esti-
mated by flame photometry (Digital Flame Analyzer, Cole Parmer,
Illinois) according to Yoshida et al. (1976). The total N and K uptake
were the products of the dry weights and N and K concentrations.

At maturity, grain yield was determined from a 10-m?2 samp-
ling area within each plot and adjusted to a moisture content of

14%. Twelve hills were sampled diagonally from the 10-m? harvest
area to investigate yield components. The panicles were hand-
threshed and oven-dried at 70°C to a constant weight. Filled and
unfilled spikelets were separated and counted. The oven-dried-
filled spikelets were weighed to determine grain weights. The
setting rate was calculated as the ratio of the filled spikelets to the
total spikelets.

The data were analyzed by an analysis of variance (SAS Institute,
2003), and the means were compared on the basis of the least
significant difference (LSD) test. Correlations among the growth
characteristics of Bt rice were determined by using the CORR model
in SAS.

3. Results
3.1. Phenology

The mean monthly air temperature and mean daily radiation
ranged from approximately 20 °C to 31 °C and from approximately
13MJm2d-!to21MJm~2d-!, respectively, during the rice grow-
ing season (Table 1). The mean monthly air temperature and mean
daily radiation (means of the five months) during the rice growing
season in 2011 were higher by 1.8 °Cand 1.9 MJ m~2 d~! than those
in 2012, respectively.

3.2. Grain yield and yield components

The grain yields of MH63 (Cry1C’) were significantly lower than
MH63 under all fertilizer applications (Table 2). MH63 (Cry1C")
reduced the grain yields by 27.3%, 22.0% and 15.3% in 2011 and
31.0%, 20.7% and 18.0% in 2012 in comparison to MH63 for the
NO, KO and NK treatments, respectively. For NO, the MH63 (Cry2A")
grain yields were 24.0% in 2011 and 12.8% in 2012 lower than the
MHG63 yields. However, no significant differences were observed in
the grain yields recorded between MH63 (Cry2A”) and MH63 for
KO and NK. In comparison with MH63, the lower setting rates were
the primary reasons for reduced grain yields for MH63 (Cry1C")
and MH63 (Cry2A”). The yield performances of MH63 (Cry1Ab/Ac)
and MH63 were identical. The responses of Bt-MH63 and MH63
to the N and K applications were inconsistent. The grain yields of
MH63 (Cry1C"), MH63(Cry2A"), MH63 (Cry1Ab/Ac) and MH63 were
33.0%, 41.8%, 26.5% and 21.9% in 2011 and 28.3%, 25.8%, 17.7% and
14.7% in 2012 lower for NO than for NK, and they were 17.7%, 14.7%,
15.0% and 10.7% in 2011 and 9.9%, 8.0%, 7.1% and 6.8% in 2012
lower for KO than for NK, respectively. The fertilizer application
significantly affected the grain yield and yield components with
the exception of the grain weight. Both the variety and fertilizer
application x variety had significant effects on the grain yield and
the setting rate.

3.3. Nand K uptakes

No differences in the total N and K uptake levels were found
among the four varieties under each fertilizer application (Fig. 1).
The total N and K uptake levels were much lower (P<0.05) for NO
than they were for KO and NK. For NK, the four varieties had the
highest levels of N and K uptake.

3.4. Pollen fertility

Fig. 2 shows no differences in pollen fertility between Bt-MHG63
and MHG63 with the exception of MH63 (Cry1Ab/Ac) for NO in 2011.
The mean pollen fertility values (means of all fertilizer applications)
of MH63 (Cry1C’), MH63(Cry2A"), MH63 (Cry1Ab/Ac) and MH63
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Grain yields and components of Bt-MH63 and MH63 under different N and K applications in 2011 and 2012.

Fertilizer application Variety Panicles (m~2) Spikelet (panicle~") Setting rate (%) grain weight (mg) Grain yield (tha1)
2011
NO MH63 (Cry1C") 254 a 84a 65b 28 a 451b
MHG63 (Cry2A") 261a 84a 68 b 27 a 4.72b
MH63 (Cry1Ab/Ac) 267 a 85a 82a 27 a 593a
MH63 277 a 89a 83a 27 a 6.21a
KO MH63 (Cry1C’) 316a 99a 54b 28 a 5.54b
MHG63 (Cry2A") 312a 104 a 66 a 28 a 6.92a
MH63 (Cry1Ab/Ac) 323a 98a 69a 27a 6.86 a
MH63 318a 107 a 67 a 27 a 7.10a
NK MH63 (Cryi1C’) 313a 111a 58 b 28 a 6.73b
MH63 (Cry2A") 318a 109 a 72a 28a 8.11a
MH63 (Cry1Ab/Ac) 310a 116 a 73a 27 a 8.07 a
MH63 312a 114a 70a 28 a 7.95a
Analysis of variance
F " " NS
\Y NS NS NS
FxV NS NS NS
2012
NO MH63 (Cry1C") 262 a 91a 67b 27 a 495 c
MHG63 (Cry2A") 273 a 93a 71b 28 a 6.25b
MHG63 (Cry1Ab/Ac) 276 a 94 a 84a 26a 6.76 ab
MH63 284 a 95 a 84a 27a 7.17 a
KO MH63 (Cry1C’) 322a 103 a 58 b 28 a 6.22b
MHG63 (Cry2A") 325a 99a 73a 27 a 7.75a
MH63 (Cry1Ab/Ac) 316a 105a 74 a 27a 7.63a
MH63 331a 104 a 76 a 27 a 7.84a
NK MHG63 (Cry1C") 326a 109 a 62b 27a 6.90 b
MHG63 (Cry2A") 321a 106 a 76 a 28a 842a
MH63 (Cry1Ab/Ac) 319a 110a 76 a 27 a 821a
MH63 328a 106 a 77 a 27 a 841a
Analysis of variance
F - ' NS
\Y NS NS NS
FxV NS ’ ) NS

Within a column for each fertilizer application, the means followed by different letters are significantly different according to the LSD (0.05). F, fertilizer application; V,
variety; NS, not significant.
" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.
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Fig. 1. Total N and K uptake levels of Bt-MH63 and MH63 under different N and K applications in 2011 and 2012. The same letters in different columns under each fertilizer
application are not significantly different according to the LSD (0.05). The vertical bars indicate standard errors.
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Fig. 2. Pollen fertility of Bt-MH63 and MH63 under different N and K applications in 2011 and 2012. The different letters in different columns under each fertilizer application
are significantly different according to the LSD (0.05). The vertical bars indicate standard errors.

were 77.8%,76.1%,74.1% and 76.1% in 2011 and 81.8%, 79.5%, 79.3%

and 80.1% in 2012, respectively.

3.5. Matter transport

The Rpy and ARysc reflect the efficiency of matter translocation
to grain, and they were lower in MH63 (Cry1C’) than in MH63 under
all fertilizer applications (Table 3). The mean Rpy; and ARysc (means
of two years under all fertilizer applications) of MH63 (Cry1C") were

Table 3

16.3% and 26.5%, whereas these mean values of MH63 were 31.2%

and 46.0%, respectively. Moreover, MH63 (Cry1C") had a reduced
SVB in the panicle neck node in comparison with MH63 under
all fertilizer applications. The Rpy of MH63 (Cry2A") was lower
than MH63 for NO. Apart from these findings, no differences were

Matter transport-related traits of Bt-MH63 and MH63 under different N and K applications in 2011 and 2012.

observed in the Rpy, ARnsc, LVB and SVB among MH63 (Cry2A"),
MHG63 (Cry1Ab/Ac) and MHG63. Fertilizer applications had significant
effects on the four traits. All traits except the LVB of the panicle neck
node were significantly affected by the variety.

Fertilizer application Variety Rowm (%) ARnsc (%) LVB (m~2 x 103) SVB (m~2 x 10%)
2011
NO MH63 (Cry1C") 21c¢ 42b 3.86a 4.65b
MHG63 (Cry2A) 26 bc 55a 3.56a 5.56 a
MHG63 (Cry1Ab/Ac) 31ab 58 a 3.77a 531a
MH63 34a 63a 3.99a 5.78 a
KO MH63 (Cry1C’) 15b 27b 434a 5.18b
MHG63 (Cry2A") 21a 38a 423 a 6.37a
MH63 (Cry1Ab/Ac) 20a 35a 4.18a 6.28a
MH63 23 a 37a 417 a 6.48 a
NK MH63 (Cry1C’) 17b 30b 4.59 a 5.58 b
MH63 (Cry2A") 24a 44 a 488 a 6.82a
MH63 (Cry1Ab/Ac) 22a 45a 449 a 6.72a
MH63 24 a 41a 472 a 6.66 a
Analysis of variance
F
\Y NS
FxV NS NS NS
2012
NO MH63 (Cry1C") 18c¢c 37b 393a 478 b
MHG63 (Cry2A") 24b 49a 3.87a 573 a
MHG63 (Cry1Ab/Ac) 30a 54 a 392a 5.64a
MH63 32a 53a 410a 592a
KO MH63 (Cry1C’) 13b 23b 438 a 533b
MHG63 (Cry2A") 19a 34a 433 a 6.47 a
MH63 (Cry1Ab/Ac) 22 a 31a 429a 6.62 a
MH63 21a 36a 427 a 6.72 a
NK MH63 (Cry1C") 14b 28b 4.71a 572b
MH63 (Cry2A") 25a 42a 491a 6.98 a
MH63 (Cry1Ab/Ac) 26 a 41 a 4,69 a 6.92 a
MH63 25a 46 a 477 a 6.83a
Analysis of variance
F
\Y NS
FxV NS NS

Within the column for each fertilizer application, the means followed by different letters are significantly different according to the LSD (0.05). Rpy, ratio of dry matter
translocation to grain; ARnsc, apparent ratio of transferred non-structural carbohydrates from stems to grain; LVB, large vascular bundles; SVB, small vascular bundles; F,

fertilizer application; V, variety; NS, not significant.
" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.
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Table 4
The leaf senescence-related traits of Bt-MH63 and MH63 at the FS under different N and K applications in 2011 and 2012.
Fertilizer Variety Leaf area(m?>m=2)  SPAD Net photosynthetic  GS activity Free amino SPC (mgg!
application rate (pumol CO, (pmolg! acid content FW)
m2s1) protein h—1) (ngg ' FW)
2011
NO MH63 (Cry1C") 5.65a 27 a 74a 94a 166 ab 59a
MHG63 (Cry2A") 524a 21b 62b 92a 182a 44b
MH63 (Cry1Ab/Ac)  5.58a 26a 7.8a 97a 146 b 53a
MH63 528a 27 a 8.1a 103 a 148 b 57a
KO MH63 (Cry1C’) 7.12a 34a 11.1a 125a 231a 95a
MHG63 (Cry2A") 7.15a 32a 12.2a 12.0a 248 a 94a
MH63 (Cry1Ab/Ac)  6.89 a 34a 114a 13.5a 240 a 9.8a
MH63 735a 33a 11.8a 13.2a 229a 95a
NK MH63 (Cry1C") 7.36a 35a 13.4ab 13.2a 278 ab 10.5a
MH63 (Cry2A") 7.24a 36a 14.1a 14.8a 261b 10.8a
MH63 (Cry1Ab/Ac) 7.48a 35a 12.6b 13.6a 296 a 11.5a
MH63 7.70 a 34a 13.8a 143a 255b 106 a
Analysis of variance
F
\Y NS NS
FxV NS NS
2012
NO MH63 (Cry1C") 575a 29a 82a 103 a 139b 6.7a
MHG63 (Cry2A") 5.46 a 23b 64b 10.2a 167 a 51b
MH63 (Cry1Ab/Ac)  5.66 a 29a 7.8a 99a 137b 6.8a
MH63 578 a 28 a 83a 10.8 a 140 b 7.1a
KO MH63 (Cry1C") 733a 35a 133a 135a 207 a 10.2a
MH63 (Cry2A") 743 a 33a 14.5a 13.0a 213 a 106 a
MH63 (Cry1Ab/Ac)  7.51a 36a 12.7a 12.8a 224 a 10.8 a
MH63 7.54a 35a 148 a 14.1a 221a 11.1a
NK MH63 (Cry1C") 7.52a 37a 154a 15.0a 232a 12.8a
MH63 (Cry2A") 7.64a 38a 149a 154a 238a 125a
MH63 (Cry1Ab/Ac)  7.72a 38a 146a 14.7 a 248 a 119a
MH63 7.84a 39a 152a 146a 240 a 114a
Analysis of variance
F
\% NS NS
FxV NS NS

Within the column for each fertilizer treatment, the means followed by different letters are significantly different according to the LSD (0.05). FS, filling stage; GS, glutamine
synthetase; SPC, soluble protein content; FW, fresh weight; F, fertilizer application; V, variety; NS, not significant.

" significant at the 0.05 probability level.
™ significant at the 0.01 probability level.

3.6. Leaf senescence

No differences were observed in the leaf areas between Bt-MH63
and MH63 (Table 4). However, MH63 (Cry2A ") had a lower leaf SPAD
and net photosynthetic rate than MH63 for NO. Moreover, a lower
SPC and higher free amino acid content were found in the leaves
of MH63 (Cry2A”) relative to MH63 for NO, whereas no significant
difference in the GS activity was found between MH63 (Cry2A°) and
MH63. None of the leaf senescence-related traits of MH63 (Cry1C")
and MH63 (Cry1Ab/Ac) were different from MH63, except the net
photosynthetic rate and free amino acid content for NK in 2011.
Fertilizer applications exerted significant effects on all six traits.
The SPAD, net photosynthetic rate, free amino acid content and
SPC were significantly affected by both the variety and the fertilizer
application x variety.

3.7. Bt protein and soluble protein

The BTCs and BTC/SPCs in MH63 (Cry2A") and MH63 (Cry1Ab/Ac)
leaves were much higher thanin MH63 (Cry1C") (Fig. 3 and Table 5).
The mean BTCs (means of two years under all fertilizer applica-
tions) in the MH63 (Cry1C"), MH63 (Cry2A”) and MH63 (Cry1Ab/Ac)
leaves were 1.52ugg~! FW, 1844 pngg~! FW and 13.19ugg™!
FW, respectively. The BTCs in the leaves of the three varieties
gradually increased from the MT to the HD and then decreased
(Fig. 3). The BTCs in the MH63 (Cry1C"), MH63 (Cry2A") and MH63
(Cry1Ab/Ac) leaves decreased from the HD to the FS by averages

of 33.8%, 11.6% and 43.5% (means of two years under all fertilizer
applications), respectively. The BTCs and BTC/SPCs in the MH63
(Cry2A") leaves were maintained at higher levels (P<0.05) than the
other two Bt varieties from the HD to the PM (Fig. 3 and Table 5).
Both the fertilizer application and the variety significantly affected
the BTC/SPC (Table 5). Notably, MH63 (Cry2A") had the maximum
BTC/SPC (approximately 4.3%.) for NO at the FS (Table 5). Vari-
ance analysis indicated that the SPCs in the leaves changed more
in response to the fertilizer application at the FS in comparison to
the BTC (Table 6). The BTCs of MH63 (Cry1C") and MH63 (Cry2A")
in the leaves changed less in response to the fertilizer application
than that of MH63 (Cry1Ab/Ac). Moreover, the SPC of MH63 (Cry2A")
changed more in response to the fertilizer application than those
of the other two Bt rice lines.

3.8. Correlations among the growth characteristics of Bt rice

The grain yield and setting rate were positively correlated with
the Rpym, ARnsc and SVB of the panicle neck node under different
fertilizer applications (Table 7). Both the Rpy and ARysc showed
significant positive correlations with the SVB of the panicle neck
node under different fertilizer applications. Positive correlations
were observed among the BTC, SPC, SPAD, net photosynthetic rate
and grain yield of MH63 (Cry2A’) at the FS under different fertilizer
applications (Table 8). However, the SPAD, net photosynthetic rate
and grain yield were negatively related to the BTC/SPCs in the MH63
(Cry2A") leaves.
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Fig. 3. Changes in the BTC of Bt-MH63 leaves during the rice growing seasons under different N and K applications in 2011 and 2012. BTC, Bt protein content; FW, fresh
weight; MT, mid-tillering stage; PI, panicle initiation stage; HD, heading stage; PM, plant maturity stage. The vertical bars indicate standard errors.

Table 5
Changes in the BTC/SPCs (%.) in Bt-MH63 leaves during the rice growing season under different N and K applications in 2011 and 2012.
Fertilizer application Variety MT PI HD FS PM
2011
NO MH63 (Cry1C") 0.11b 0.16 ¢ 0.22c¢ 0.23 ¢ 0.14c
MHG63 (Cry2A") 0.63a 1.02 a 2.68 a 439a 271a
MHG63 (Cry1Ab/Ac) 0.56 a 0.76 b 2.20b 1.54b 1.43b
KO MH63 (Cry1C") 0.07b 0.14b 0.20c 0.16 ¢ 0.12c
MHG63 (Cry2A") 053a 0.87a 235a 232a 236a
MHG63 (Cry1Ab/Ac) 048 a 0.77 a 1.87b 1.28 b 1.40b
NK MH63 (Cry1C") 0.07 b 0.14b 0.21b 0.16 ¢ 0.13c
MHG63 (Cry2A") 0.55 a 0.84a 2.13a 2.23a 2.25a
MH63 (Cry1Ab/Ac) 0.46 a 0.76 a 1.79a 1.27b 1.47b
Analysis of variance
F
\Y
FxV NS NS NS NS
2012
NO MH63 (Cry1C") 0.09b 0.12b 0.18b 0.26 ¢ 0.11c
MHG63 (Cry2A’) 0.55a 091a 244a 414 a 252a
MHG63 (Cry1Ab/Ac) 046 a 0.83a 233a 1.88 b 1.39b
KO MH63 (Cry1C") 0.06 b 0.08 ¢ 0.12b 0.18 ¢ 0.13 ¢
MHG63 (Cry2A’) 054a 0.68 a 2.15a 244a 234a
MHG63 (Cry1Ab/Ac) 049 a 0.54b 211a 147b 1.53b
NK MH63 (Cry1C") 0.07b 0.09b 0.14c 0.20 ¢ 0.14c¢
MHG63 (Cry2A") 0.61a 093a 233a 2.64a 2.13a
MHG63 (Cry1Ab/Ac) 051a 0.82a 1.97b 1.67b 141b
Analysis of variance
F
\Y
FxV NS NS

Within the column for each fertilizer treatment, the means followed by different letters are significantly different according to the LSD (0.05). BTC/SPC, ratio of Bt protein
content to soluble protein content; MT, mid-tillering stage; PI, panicle initiation stage; HD, heading stage; PM, plant maturity stage; F, fertilizer application; V, variety; NS,

not significant.

" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.

4. Discussion

In our study, the MH63 (Cry1C") grain yields under different fer-
tilizer applications and in MH63 (Cry2A”) for NO were lower than in
their MH63 counterpart (Table 2). An analysis of the yield compo-
nents revealed that decreases in the setting rates were the reasons

for reduced grain yields in the two Bt varieties (Table 2). Similarly,
lower setting rates were reported in several other Bt rice lines with

the Xa21 (Tu et al., 2000b), Cry1Ac (Shu et al., 2002), Cry1Ab (Shu
et al., 2002; Kim et al., 2008) or Bt/CpTI (Xia et al., 2010) genes. As
a common variation in Bt rice, the lower setting rate should be of
concern in Bt rice breeding. However, Wang et al. (2012b) found
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Table 6

Changes in the BTCs and SPCs in Bt-MHG63 leaves at the FS under different N and K applications in 2011 and 2012.
Variety BTC SPC

Mean (pgg ' FW) Min. (pgg ' FW) Max.(ngg ' FW) CV.(%) Mean(mgg ' FW) Min.(mgg'FW) Max.(mgg ' FW) CV.(%)

2011
MH63 (Cry1C") 1.5 1.3 1.7 104 8.6 5.2 10.8 322
MH63 (Cry2A") 21.7 18.1 24.8 11.1 8.2 4.3 111 41.0
MH63 (Cry1Ab/Ac) 11.8 7.3 15.0 27.7 8.9 5.1 11.7 34.8
2012
MH63 (Cry1C’) 2.1 1.6 26 182 9.9 6.5 12.9 29.4
MHG63 (Cry2A") 289 20.1 33.1 16.4 9.4 4.8 12.8 443
MH63 (Cry1Ab/Ac) 16.4 104 19.8 251 9.8 6.5 123 32.8

BTC, Bt protein content; SPC, soluble protein content; FS, filling stage; FW, fresh weight; Min., minimum; Max., maximum; C.V., coefficient of variation.

Table 7

Correlations among the matter transport-related traits, grain yield and setting rate under different N and K applications in 2011 and 2012.

Fertilizer application Rpm ARNsc LVB SVB Setting rate
NO ARNsc 0.66"

LVB 038 036

SVB 043 0.65" 032

Setting rate 0.69 0.64 0.38 0.40°

Grain yield 059" 0.67" 0.38 0.57" 059"
KO ARnsc 0.61"

LVB 0.06 0.13

SVB 053" 0.61" -0.11

Setting rate 0.38 0.53" —-0.03 0.67"

Grain yield 0.54" 0.52" -0.14 050" 059"
NK ARNsc 061"

LVB 0.21 0.11

SVB 047" 053" 0.22

Setting rate 059" 0.60" 0.17 053"

Grain yield 0.66" 069" 0.18 0.50" 0.64"

Rpw, ratio of dry matter translocation to grain; ARnsc, apparent ratio of transferred non-structural carbohydrates from stems to grain; LVB, large vascular bundles; SVB, small

vascular bundles.
" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.

Table 8

Correlations among the leaf senescence-related traits, BTC, grain yield and setting rate of MH63 (Cry2A") at the FS under different N and K applications in 2011 and 2012.

BTC SPC BTC/SPC SPAD Net photosynthetic rate Setting rate
SPC 0.68"
BTC/SPC 031 -0.57"
SPAD 0.58" 0.68" —0.49"
Net photosynthetic rate 071" 0.62" -0.32 0.56"
Setting rate 0.24 0.28 -0.19 0.23 0.24
Grain yield 039 046 ~0.66" 0.55 035 0.13

FS, filling stage; BTC, Bt protein content; SPC, soluble protein content; BTC/SPC, ratio of Bt protein content to soluble protein content.

" Significant at the 0.05 probability level.
" Significant at the 0.01 probability level.

no reduction in the setting rate of SY63 (Cry1C’), which was pro-
duced by crossbreeding MH63 (Cry1C") with Zhenshan97A (an elite
CMS line). Thus, the Cry1C” gene may not always cause decreases in
the setting rates in different rice lines. Interestingly, MH63 (Cry2A")
only had a lower setting rate for NO, suggesting that the variation
in MH63 caused by the Cry2A” gene occurred under a specific con-
dition. In contrast, the variation caused by the Cry1C" gene was not
eliminated by the fertilizer applications in our experiment. Similar
variations in the grain yields of MH63 (Cry1C") and MH63 (Cry2A")
were also observed in a previous two-year field experiment (Jiang
et al., 2013b). Based on these phenomena, we can infer that reduc-
tions in the setting rates of MH63 (Cry1C ) and MH63 (Cry2A”) were
caused by dissimilar reasons.

Yield formation is determined by the combined effects of the
source, sink and flow of a crop (Wada et al,, 1993). No differ-
ences were found in important source-related traits such as the

biomass, plant height, leaf area index and SPAD value between
MH63 (Cry1C")and MH63 in our previous study (Jiang et al., 2013a).
In this study, we observed no differences in sink-related traits such
as the panicle number, spikelets per panicle, grain weight and
pollen fertility between MH63 (Cry1C") and MH63 (Table 2 and
Fig. 2). However, Wang et al. (2012b) examined the sink activity of
MH63 (Cry1C’) and found that MH63 (Cry1C’) had lower contents
of growth-promoting phytohormones in superior spikelets than
MH63. The flow-related traits, Rpy and translocation efficiency
of NSC have been shown to be closely connected to yield forma-
tion (Samonte et al., 2001; Ntanos and Koutroubas, 2002; Yang and
Zhang, 2010). Pan et al. (2011) studied the relationships between
NSC translocation and yield formation in 46 rice recombinant
inbred lines and indicated that SVB under a low N level had positive
direct effects on ARysc. In our study, we found that the Rpy, ARnsc
and SVB of MH63 (Cry1C") were lower than MH63, and positive
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correlations were observed among these traits and the setting rate
(Table 3 and Table 7). Therefore, the decreased grain yield of MH63
(Cry1C") was most likely attributed to the weaker flow in physio-
logical function and morphology in comparison to MH63.

Photosynthesis after HD reportedly produced 60-90% of the
total carbon in rice panicles at the maturation stage (Mae, 1997).
Late leaf senescence sustains the photosynthetic activity in rice.
In contrast, rapid leaf senescence will decrease the rice yield if
the grains have been not completely filled (IRRI, 1996). In our
study, accelerating leaf senescence at the FS, which was reflected
by the lower SPAD value, net photosynthetic rate, and SPC along
with the higher free amino acid content compared to MH63, was
found in MH63 (Cry2A”) for NO (Table 4). Moreover, positive correla-
tions were observed among the SPC, SPAD, net photosynthetic rate
and grain yield of MH63 (Cry2A") (Table 8). Consequently, MH63
(Cry2A") had a lower grain yield than MH63 for the NO treatment
(Table 2).

Gurr and Rushton (2005) indicated that transgene expression
may bring added burden to a crop because it needs more energy and
matter to synthesize resistant protein. Expressing transgenes only
when and where they are needed is an effective way to limit the cost
of resistance (Hammond-Kosack and Parker, 2003; Michelmore,
2003). Generally, BTC would be dramatically reduced during the
late crop stage because of transcriptional regulation and plant
aging (Greenplate, 1999; Kranthi et al., 2005; Olsen et al., 2005;
Poongothai et al., 2010). Our study showed that MH63 (Cry2A") had
the highest average BTCs in leaves, and this strain maintained rel-
atively high levels in BTCs during the maturation stage among the
three Bt lines (Fig. 3). The higher BTC and lower SPC and the relative
stability of BTC in response to fertilizer applications led to the max-
imum BTC/SPC in MH63 (Cry2A”) at the FS for NO (Tables 4-6 and
Fig. 3). A high BTC/SPC reportedly caused developmental and mor-
phological defects such as sterility and stunted growth in transgenic
rice lines with Cry1Ac and Cry2A Bt genes (Gahakwa et al., 2000). We
found that the BTC/SPC was negatively associated with SPAD and
the net photosynthetic rate in MH63 (Cry2A") at the FS (Table 8),
which indicated that the accelerated leaf senescence was possibly
related to the high BTC/SPC in MH63 (Cry2A") for NO. We hypothe-
size that the bio-burden is heavier when the N supply is inadequate
for varieties with high Bt protein expression, and BTC/SPC can be
an important indicator in assessing the bio-burden.

N metabolism plays important roles in determining the leaf
senescence rate and rice productivity (Yamaya et al., 2002). No dif-
ferences in N uptake were found between Bt-MH63 and MH63 in
our study (Fig. 1). However, leaf senescence differed between MH63
(Cry2A”)and MH63 for NO (Table 4). This finding suggests that the N
metabolism of MH63 (Cry2A”) changed in relation to MH63 when
the N supply was inadequate. Alterations in N metabolism were
also reported in several Bt cotton strains (Chen et al., 2004; Sun
et al.,, 2007; Poongothai et al., 2010). However, no consistent N
metabolism variations were found in different studies. The results
may have varied because of differences in the variety and Bt gene.
As a K-favoring crop, several Bt cotton plants were found to have
lower K uptake than non-Bt cotton (Zhang et al., 2007; Yukui et al.,
2009). In our study, N and K uptake levels in Bt-MH63 were identi-
cal to MH63 (Fig. 1). However, the grain yields of MH63 (Cry1C ) and
MH63 (Cry2A") were more sensitive to N and K applications than
MHG63 (Table 2). In addition, the N and K applications significantly
affected Bt protein expression in Bt-MH63 (Fig. 3 and Table 5).
Therefore, Bt-MH63 with Cry1C" or Cry2A" genes responded dif-
ferently to N and/or K applications relative to MH63.

In conclusion, yield reductions were found in MH63 (Cry1C")
under different N and K applications and in MH63 (Cry2A") under
zero N application. Although the yield reductions in the two Bt rice
crops were caused by decreased setting rates, declines in the setting
rates of the two Bt rice types were caused for different reasons. For

MH63 (Cry1C"), the yield reduction was most likely attributed to a
weaker flow reflected by a lower Rpy;, ARnsc and reduced SVB in
the panicle neck node. In the case of MH63 (Cry2A"), accelerated leaf
senescence primarily accounted for the yield reduction under zero
N application, which was closely related to the relatively higher
BTC/SPCs in the MH63 (Cry2A") leaves. Moreover, the grain yields
of MH63 (Cry1C") and MH63 (Cry2A") were more sensitive to N and
K applications than MH63, although the two Bt rice types were iden-
tical to MH63 in N and K uptake. No differences were found in the
yield performance between MH63 (Cry1Ab/Ac) and MHG63. There-
fore, it is essential to evaluate the performance and physiological
characteristics of new Bt rice and to choose a variety with no yield
reduction and good adaptability to nutrients.
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