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Five physiological and eleven yield traits of two pairs of sister lines generated from a high generation with
similar genetic background (SLs) for purple pericarp were investigated to explore the reasons behind low-
yield production of colored rice. Of the five physiological traits examined, except grain anthocyanin content,
there were generally similar trends between the P (purple-pericarp) lines and the corresponding W (white-
pericarp) lines over two seasons (in the year 2009 and 2010 separately). The results demonstrated that the
chlorophyll content of flag leaves, the net photosynthetic rate of flag leaves, and the grain anthocyanin con-
tent could be easily influenced by the environment. The physiological functions of the traits for the P lines
were more active than those of the corresponding W lines in the year 2010. The grain anthocyanin content
of the P lines was much greater in the year 2010 than in the year 2009 during the growth period. The inves-
tigation of yield traits revealed that the P lines had reduced 1000-grain weight, yield per plot and grain/brown
rice thickness compared to the W lines. A difference comparison of these traits and a source-sink and trans-
portation relationship analysis for these SLs suggested that small sink size was a key reason behind yield re-
duction of purple pericarp rice.

Key Words: rice (Oryza sativa L.), purple pericarp, SLs (sister lines generated from a high generation with
similar genetic background), 1000-grain weight, anthocyanin.

Introduction

Rice (Oryza sativa L.) is an important staple food crop
throughout the world. Colored rice refers to purple- or red-
grained rice and this coloration is the result of accumulated
anthocyanins in the pericarp. The pericarp not only contains
abundant nutritional components and physiologically active
compounds, but is also rich in edible pigments that are im-
portant for food manufacturing industry. For example, an-
thocyanin pigments from purple pericarp rice have been
evaluated as natural and functional colorants for foods.
Anthocyanins have been recognized as health-enhancing
substances due to their antioxidant activity (Nam et al. 2006,
Satue-Gracia et al. 1997), anti-inflammatory (Tsuda et al.
2002), anticancer (Hyun and Chung 2004, Kamei et al.
1995, Zhao et al. 2004) and hypoglycemic activities (Tsuda
et al. 2003). In the pursuit of a healthy diet, many people in
China add purple rice to their meals when cooking. How-
ever, compared with conventional rice, the yield of the col-
ored rice varieties is much lower (Liu et al. 1998, Peng et al.
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2004, Zhang et al. 1994), and farmers are often not willing
to plant colored rice because of its low yield. Consequently,
colored rice production does not meet its consumption and
the demands of the rice market. Therefore, the reasons be-
hind the reduced yield of colored rice need to be determined.

Low yield are common in the production of colored rice.
Some researchers have focused on environment effects on
yield variations of colored rice (Cai 2001a, 2001b, 2002, He
et al. 1997, Wang and Guo 1994, Zhang ef al. 1994). Other
reports focused on the traits of colored rice that were associ-
ated with its reduced yield. For example, a comparison of the
agronomic traits between purple pericarp rice and hybrid
rice found that the distribution of photosynthates in purple-
pericarp rice was not consonant and that there were fewer
photosynthates to the yield organs, a lower sink capacity of
the spikelets, and a lower seed setting rate in the purple rice
than in the hybrid rice (Xie ef al. 2001). Zhou et al. (2004)
proposed a hypothesis that the pigments in colored rice may
cause a decrease of chlorophyll content, which could ulti-
mately lead to the reduced yield.

Most rice yield traits are quantitative traits that are con-
trolled by multiple genes, and there are also interactions be-
tween these quantitative trait loci and the environment. To ex-
amine the mechanisms behind the yield reduction of colored
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rice, the use of near-isogenic lines (NILs) is necessary.

In our previous study, seven pairs of SLs (sister lines gen-
erated from a high generation with similar genetic back-
ground) were developed for pericarp color (Wang et al.
2009). Two pairs of these SLs with higher near-isogenic
levels were selected in the current study to investigate phys-
iological and yield traits, such as flag leaves characteristics,
grain characteristics of the top three primary branches of
panicles, as well as a series of yield traits. The objective of
this study was to elucidate the reasons behind the low-yield
production of colored rice.

Materials and Methods

Plant materials

SLs for rice pericarp color were constructed by crossing
the Zixiangnuo variety of purple pericarp rice with the
Chunjiangnuo 2 variety of white pericarp rice.

Consctrution of one pair of SLs: One single ancestral
plant obtained in BC,Fg was selected and planted as one line
in BC,Fo. From the line of BC,Fy, two single plants with
similar phenotypes but different purple color were selected
and planted as two lines. If in BC,F, there was no segrega-
tion in any line on pericarp color and other agronomic traits,
the two lines would be considered as a pair of SLs after the
evaluation of their level of near-isogenicity by the agronom-
ic trait investigation and SSR marker analysis (Wang et al.
2009).

Two pairs of SLs (P1/W1 and P2/W2, previously record-
ed as HJIF10/HJF11 and HJF40/HJF41, respectively) with
high near-isogenic levels were then planted over two years
for further research in this current study.

The field experiment were conducted on a farm at China
National Rice Research Institute (Fuyang, Zhejiang Prov-
ince, China) over two seasons (in the years 2009 and 2010
separately). The SLs were planted with three replicates. For
each replicate, 40-row plot were planted with 6 plants per
row and a space of 16.5 x 23.1 cm between the plants. Iden-
tical agronomic practices were conducted in each plot.

The chlorophyll content and the net photosynthetic rate
of the flag leaves, the grain filling rate, the grain moisture
content and the grain anthocyanin content of the top three
primary branches of panicles were investigated during the
growth period. Eleven yield traits were determined at the
time of maturity. The means of these investigated character-
istics and replications were used in data analysis.

Investigation of the physiological traits

Flag Leaf Traits: The chlorophyll content of the flag
leaves: From the 5™ day until the 35™ day after flowering,
three flag leaves were randomly selected from the middle of
each SL plot and were taken back at nightfall once every
5 days. The sample leaves at a weight of 0.5 g were extracted
with a mixed solution of acetone and absolute ethyl alcohol
(volume ratio 2 : 1) in the dark at room temperature for 24 h.
The optical density (OD) of the extracted solutions was

measured at 645- and 663-nm wavelengths using a spectro-
photometer. The chlorophyll content of the flag leaves was
calculated using the method proposed by Arnon (1949).

The net photosynthetic rate of the flag leaves: Three flag
leaves were randomly selected from the middle of each SL
plot, and their net photosynthetic rate was measured three
times between 9:00 am and 12:00 pm on sunny days using
LI-6400 Portable Photosynthesis System produced by
American LI-COR Co. Ltd.

Grain traits: Beginning on the 5% day after flowering
until the harvest, the panicles from each plot that demon-
strated consistent growth were noted, and 9 panicles were
randomly taken from each plot to sample for 3 traits (grain
filling rate, grain moisture content and grain anthocyanin
content) every 5 days. These three different grain traits for
the noted panicles were investigated.

Grain filling rate and grain moisture content for the top
three primary branches of panicles: For each sample, grains
from top three primary branches of panicles were selected
and husked. Then the fresh weight of the grains is represent-
ed here as G. The grains were dried at 105°C for 1 h and then
were kept at 80°C until they reached a constant weight. The
dry weight of the grains is represented here as W, and the
number of grains is represented as N. Formulas used to de-
termine the grain filling rate and the grain moisture content

are as follows:
Wa/n,-Wi/n
Grain filling rate = #
274

Grain moisture content = G;GV-V

Grain anthocyanin content of the top three primary-
branches of panicles: The grain anthocyanin content for the
top three primary-branches of panicles of each SL was mea-
sured according to the method proposed by Fuleki (1988).
For each sample, the top three primary branches of panicles
were selected, from which 10 grains were randomly taken.
The grains samples were extracted three times by mixing the
grains in a solution of 1.5 mol/L hydrochloric acid (HCI) and
95% ethyl alcohol (volume ratio 15 : 85) in an 80°C water
bath for 1 h. The extracted solutions were diluted to a vol-
ume of 50 ml and were measured at a 535-nm wavelength
using a spectrophotometer.

Investigation of yield traits: Three individual plants were
randomly selected from the middle of each SL plot after the
plants had reached maturity. We measured eleven yield
traits, such as panicle number per plant, spikelet number per
panicle, seed setting rate, 1000-grain weight, yield per plot,
grain length, grain width, grain thickness, brown rice length,
brown rice width and brown rice thickness. Yield per plot
was obtained by averaging the yield of three replications.
For each replication, 240 indviduals were planted in 7.5 m?
areas.
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Fig.1. Changes in the net photosynthetic rate of the flag leaves for the SLs. * P <0.05, ** P <0.01. (A) Changes in the net photosynthetic rate of
the flag leaves for the pairs of P1/W1 and P2/W2 SLs in the year 2010. (B) Changes in the net photosynthetic rate of the flag leaves for the pairs
of P1/W1 and P2/W2 SLs in the year 2009.
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Fig.2. Changes in chlorophyll content of the flag leaves for the SLs. * P <0.05, ** P<0.01. (A) Changes in chlorophyll content of the flag
leaves for the pair of P1/W1 SLs in the year 2010. (B) Changes in chlorophyll content of the flag leaves for the pair of P2/W2 SLs in the year
2010. (C) Changes in chlorophyll content of the flag leaves for the pair of P1/W1 SLs in the year 2009. (D) Changes in chlorophyll content of the
flag leaves for the pair of P2/W2 SLs in the year 2009.

Results

Physiological traits analysis for the two pairs of SLs
Flag leaf traits: In general, similar trends were found in
each year for the net photosynthetic rates of the flag leaves

between the P lines and W lines (Fig. 1A, 1B). The net
photosynthetic rate decreased with time, and there was only
a small difference in the trends between the year 2009 and
2010. In the year 2010, the net photosynthetic rate of the P
line was significant or extremely significant greater than that
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Fig.3. Changes in grain filling rate for the SLs. * P <0.05, ** P<0.01. (A) Changes in grain filling rate for the pair of P1/W1 SLs in the year
2010. (B) Changes in grain filling rate for the pair of P2/W2 SLs in the year 2010. (C) Changes in grain filling rate for the pair of P1/W1 SLs in
the year 2009. (D) Changes in grain filling rate for the pair of P2/W2 SLs in the year 2009.

of the W line at the 15™ day or the 25™ day.

In terms of the variation in the chlorophyll content of the
flag leaves, similar trends were demonstrated for the year
2009 and equivalent levels of chlorophyll content were
found in the P and W lines (Fig. 2C, 2D). However, the chlo-
rophyll content of the P1 and P2 lines was greater at most
time points (extremely significant at the 10%, 25", 30 and
35™ day after flowering) than that of the W lines in the year
2010, although general similar trends were observed over
the total growth period between the P and W lines. For P
lines in the year 2010, bimodal curves could be obviously
observed (Fig. 2A, 2B).

Grain traits: It was showed that grain filling rate of the
SLs reached its maximum at the 10™ day after flowering in
the year 2009 (Fig. 3C, 3D), and at the 15™ day in the year
2010 (Fig. 3A, 3B). In general, similar trends and equivalent
grain-filling rates were found in both years between the P
lines and the corresponding W lines, although the P lines ex-
perienced a small rebound at the 35" day after flowering in
the year 2010.

The trends regarding grain moisture content were gener-
ally similar between the P and corresponding W lines in both
years, although the P lines experienced a small rebound at

the 30™ day after flowering in the year 2010 (Fig. 4A, 4B).
The grain moisture content reached its maximum at the 5%
day after flowering in the year 2009 (Fig. 4C, 4D) and at the
10t day after flowering in the year 2010. As showed in Fig.3
and Fig. 4, the previous period with the maximum grain fill-
ing rate corresponded to the period with greatest grain mois-
ture content, and the previous time point of the rebound
point for the grain filling rate corresponded to the rebound
point for the grain moisture content.

There were large differences between the grain anthocya-
nin content of the W and P lines in both years (Fig. 5A, 5B);
namely, the grain anthocyanin content of the P lines was
much greater than that of the W lines and grain anthocyanin
content of the W lines was low throughout the entire growth
period. The trends regarding grain anthocyanin content of
the P lines were different between the two years. In the year
2009, the grain anthocyanin content increased dramatically
between the 8™ day and 15" day after flowering, and re-
mained steady after that period (Fig. 5B). However in the
year 2010, there was a gradual increase in the anthocyanin
content between the 8" and 25" day after flowering
(Fig. 5A). Furthermore, the maximal anthocyanin contents
of the P line in the year 2010 were reached at the 25" day,
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Fig.5. Changes in grain anthocyanin content for the SLs. * P<0.05, ** P<0.01. (A) Changes in grain anthocyanin content for the pairs of
P1/W1 and P2/W2 SLs in the year 2010. (B) Changes in grain anthocyanin content for the pairs of P1/W1 and P2/W2 SLs in the year 2009.

and then decreased to the similar level observed in the year
20009.

In conclusion, the physiological function of the P lines
were more active than that of corresponding W lines in the
year 2010 as demonstrated by the greater chlorophyll con-
tent and the net photosynthetic rate of the flag leaves of the
P lines. And grain anthocyanin content of P lines demon-

strated much higher level during their growth period of the
year 2010 than the year 2009. These results suggest that the
chlorophyll content of flag leaves, the net photosynthetic
rate of the flag leaves and the grain anthocyanin content are
more easily influenced by the environment than the grain
filling rate or the grain moisture content.

Yield traits analysis for the two pairs of SLs: The t-test
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Table1. Comparison on yield traits for the SLs

. . o Grain (mm) Brown rice (mm)
SL  Pericar Panicle  Spikelet Seed set- 1000-grain Yield per
Year . P humber  number ting rate  weight plot Grain Grain Grain Brf)wn Brgwn Brf)wn
line  color 1 icl o, Kk . . rice rice rice
per plant per panicle (%) (& (kg) length width  thickness . .
length width  thickness
P1 Purple 10.2 109.1 85.14 23.96 5.71 8.00 3.60 2.08 5.18 2.94 1.84
2010 W1  White 10.7 104.4 81.05 25.46* 6.13*% 7.77 3.59 2.21%* 5.13 2.83 1.96%*
P2 Purple 9.4 136.9 79.55 23.14 4.94 8.39 3.61 2.00 5.36 2.80 1.76
W2 White 8.8 136.2 77.00 25.66%*  578** 824 3.52 2.15%* 5.36 2.80 1.93%%*
P1 Purple 13.0 175.8 83.03 21.15 6.10 7.73 3.31 1.90 5.15 2.74 1.77
2009 W1  White 12.9 167.0 84.15 24.07**  6.78%*  7.70 333 2.07%* 5.22 2.75 1.93%*
P2 Purple 13.8 161.0 81.21 19.89 5.54 7.91 3.26 1.91 5.36 2.74 1.78
W2 White 13.0 152.9 81.02 26.24**  6.56**  7.89 327 2.17%* 5.42 2.81 2.00%*

* P<0.05, ** P<0.01.

results of the differences between the yield traits of the SLs
with different pericarp colors are showed in Table 1. No sig-
nificant differences were found for panicle number per plant,
spikelet number per panicle, grain length, grain width,
brown rice length, brown rice width, or seed setting rate be-
tween the P and W lines in either year. However, there were
significant differences in the 1000-grain weight, yield per
plot, grain thickness and brown rice thickness. The W lines
had larger 1000-grain weights, higher yield per plot and sig-
nificantly thicker of grain or brown rice than the correspond-
ing P lines, which suggested that the W lines had a larger
sink size than the corresponding P lines and that the low
1000-grain weight and yield of the P lines may have been
due to their limited sink size.

Discussion

Although extensive research into the yield variation of col-
ored rice has been reported in recent years (Cai 2001a,
2001b, 2002, He et al. 1997, Wang and Guo 1994, Xie et al.
2001, Zhang et al. 1994), the reasons behind this yield re-
duction are not known clearly. In this study, SLs for pericarp
color were used, and a series of physiological and yield traits
of these SLs were investigated. The results demonstrated
smaller 1000-grain weight, lower yield per plot and reduced
grain/brown rice thickness in the P lines in both years. In ad-
dition, certain physiological traits were found to be different
between P and W lines in each year.

In the year 2009, the P lines had greater grain anthocya-
nin content but lower 1000-grain weights and grain/brown
rice that was less thick than the corresponding W lines. Ex-
cept for the grain/brown rice thickness, the P and W lines
had similar sinks according to a comparison of their yield
traits. These results suggest that a reduced sink size may
have resulted in the decreased 1000-grain weight and yield
per plot. Furthermore, the accumulation of grain anthocya-
nin undoubtedly drained the plant of its photosynthetic prod-
ucts, which may partially explain the decreased yields of the
P lines.

Leaf photosynthesis in rice is easily affected by environ-

ment factors (Teng et al. 2004). In the year 2010, the P lines
had a higher chlorophyll content and a greater net photosyn-
thetic rate in their flag leaves than the corresponding W
lines. However, the 1000-grain weight and the grain/brown
rice sizes of the P lines were less than those of the W lines.
Therefore, although the physiological functions of the P
lines appeared more active due to environment factors, the
smaller sink size limited the yield potential.

Grain anthocyanin content can be easily influenced by
environment factors as its certain gene expression has been
correlated with ambient temperature during seedling growth
(Bong et al. 2007). The grain anthocyanin contents of the P
SLs at the 25™ day after flowering in the year 2010 were rel-
atively greater than those in the year 2009, which may have
been influenced by the environment and the plant’s active
physiological function. At the 35" day after flowering in the
year 2010, the grain anthocyanin content of the P lines had
declined. This may suggest that the anthocyanin component
varied and that the production of other anthocyanins with
different peak values could not be detected at the 535-nm
wavelength (Sun and Sun 2001).

Though the chlorophyll content and the net photosynthet-
ic rate of the flag leaves, and the grain anthocyanin content
of the P lines were easily influenced by the environment, this
was not the case for the W lines. Most of the physiological
traits were related to source capacities of the rice, although
the grain anthocyanin content was related to its sink capaci-
ty. We hypothesized that the levels of the chlorophyll con-
tent and the net photosynthetic rate increased as source ca-
pacities, which led to the increase of the grain anthocyanin
content as a sink capacity. Therefore, the transportation from
the source to the sink was specific, and there was no in-
creased transportation to grain yield. However, further ex-
perimentation is necessary to support this hypothesis.

The grain yield of cereals is determined by the balance
between the sink size and the source capacity (Takai et al.
2010). Large sink size is a prerequisite for high yield and
high harvest index (Ashraf er al. 1994). In this study, al-
though the source capacity was increased in purple-pericarp
rice, its small sink size limited its yield potential. Besides
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increasing the source capacity, it will be necessary to create
a large sink size for breeding purple-pericarp rice.
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