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Abstract Using a cDNA microarray consisting of 9198 expressed sequence tags, we surveyed the
gene expression profiles in shoots and roots of a rice hybrid, Liangyoupei 9 and its parents Peiai 64s
and 93-11 at 72 h after germination. A total of 8587 sequences had detectable signals in both shoots
and roots of the three genotypes. A total of 1571 sequences exhibited significant (P<0.01) expression
differences in shoots or roots among the three genotypes, of which 121 showed expression poly-
morphisms in both shoots and roots, and 870 revealed significant expression differences between the
hybrid and one of the parents. The expression polymorphism of the sequences was associated with
the functional categories of the sequences. They occurred more frequently in categories of carbohy-
drate, energy and lipid metabolisms and stress response than expected, while less frequently in
categories of amino acid metabolism, transcription and translation regulation, and signal transduction.
A total of 214 sequences exhibited significant (P<0.05) mid-parent heterosis in expression, of which
117 had homology to genes with known functions, assigned in the categories of basic metabolism,
genetic information processing, cell growth and death, signal transduction, transportation and stress
response. The results may provide useful information for exploring the relationship between gene
expression polymorphism and phenotypic variation, and for characterizing the molecular mechanism
of seedling development and heterosis in rice.
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The completion of the rice genome sequencing pro-
ject and optimization of various technological plat-
forms have greatly enhanced rice functional genomics
research. Such developments are also important for
interpreting genetic variation and phenotypic diversity,
as well as for understanding the molecular mechanism
underlying heterosis!' ~*). Genes in hybrid are inherited
from the parents, thus variation in regulations of the
genes often leads to variation in the level of gene ex-
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pression in hybrid, which in turn may alter the pheno-
type of the hybrids, thus causing heterosis'*!. Therefore
differences in gene expression between hybrid and
parents may provide important clues for revealing the
molecular mechanisms of heterosis.

Germination is the first stage of the life cycle in
plants. Investigation of gene expression in the germi-
nation stage may provide information for understand-
ing mechanism of rice seedling development and pos-



520

sible heterosis at the early stage. There have been re-
ports on difference of gene expression between hy-
brids and their parents. Using DDRT-PCR, Xiong et
alP! and Sun er al! investigated mRNA abundance
and expression patterns of the hybrids and parents in
rice and wheat, and found associations between het-
erosis and patterns of gene expression. In maize, Tian
and Dail” observed an association between heterosis
and inhibition of gene expression in the hybrids.
However, due to technical limitations, the numbers of
genes that could be investigated by these methods are
limited.

Microarray technology is a powerful tool for ana-
lyzing genome-wide gene expression®. It has been
applied to identifying pathways involved in the proc-
ess of seed development'”, plant hormone regula-
tion!""'" and expression profiles of plant genes under

(12714 Seedling is the starting

environmental stresses
point of rice life cycle, and also the beginning for
building-up heterosis. Matsumura et al.''> showed that
most of the highly expressed genes in rice seedlings
belonged to the category of housekeeping (genes en-
coding ribosomal proteins or proteins for metabolism
and cell structure) in anaerobically treated rice seed-
lings. Bao et al." surveyed transcriptomes of panicles,
leaves and roots of a ‘two-line’ rice hybrid Liangyou-
pei 9 and its parents using the serial analysis of gene
expression (SAGE) technique, and found that a large
number of tags were significantly differentially ex-
pressed in hybrid, as compared to the parents, most of
which were relevant to basic metabolisms and cell
growth. However, there have not been reported studies
on gene expression profiles at the early germination
stage using the microarray technology.

In this study, we investigated gene expression in sho-
ots and roots of the rice hybrid Liangyoupei 9 in com-
parison with its parents at 72 h after germination using

a cDNA microarray containing 9198 unique sequences.

It was expected that the expression data would provide
useful information for understanding the molecular
mechanism underlying rice seedling development as
well as heterosis at the transcriptome level.

1 Materials and methods
1.1 Materials and growth conditions

The rice hybrid Liangyoupei 9 and its parent Peiai
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64s (female) and 93-11 (male) were used in this study.
Seeds of the parents and hybrid were soaked in tap
water at 25°C for 72 h and then kept in an incubator at
37°C for 8 h to allow germination. Germinated seeds
were planted in wet sand in plastic boxes for seedling
development with two replications. Each box was
covered with a piece of nylon net. At one-leaf stage,
30 seedlings per genotype were carefully transferred in
a greenhouse into a plastic box (62.0 cm x 37.0 cm x
14.3 cm) containing the culture solution!"” and cov-
ered with a wood plate with bored holes (1.5 cm of
diameter, one plant in each hole). The plants were
cultured hydroponically, with the solution changed
every three days. Two independent plantings were car-
ried out, each with two replications.

1.2 Phenotype measurements

Five healthy seedlings of each genotype were ran-
domly chosen from each replicate at 72 h after germi-
nation, 2-leaf, 3-leaf, 4-leaf and 5-leaf stages. Meas-
urements were taken for the following characteristics:
shoot height (cm), length of main root (cm), number of
lateral roots, total length of lateral roots and leaf area
(lengthxwidth, cm?). In addition, dry weight of the
shoots and roots at 4- and 5-leaf stages was also
measured. To measure dry weight of shoots and roots,
each seedling was put in a paper bag and baked in an
oven at 120°C for 2 h and kept at 80°C for 30 h. The
measurements were averaged over replications and
plantings in the analysis. One-way ANOVA and the
least significant difference (LSD) test were performed
to assess statistical significance of differences of the
measurements among the three genotypes. Mid-parent
heterosis [= (F1-MP)/x100, in which F) is the per-
formance of the hybrid and MP is the average per-
formance of the two parents] was calculated for each
trait.

1.3 Sample collection and RNA preparation

Roots and shoots of the three genotypes were sepa-
rately collected at 72 h after germination, immediately
frozen in liquid nitrogen and kept at —70°Cuntil RNA
isolation. Total RNA was isolated from pooled tissue
samples for each genotype using Trizol reagent
(GIBCO/BRL) according to the manufacture’s instruc-
tion (http://www.invitrogen.com). mRNA was isolated



Comparative analysis of gene expression between a rice hybrid and its parents using a cDNA microarray 521

from the total RNA of each genotype using the Oligo
dT 25y magnetic Dynal beads (http://www.dynalbiotech.
com/) (Oslo, Norway).

1.4 Microarray fabrication

A collection of unique cDNA sequences from a
normalized whole-life-cycle library of Minghui 63'*
was used as the main source of the cDNAs for the chip
preparation. Four subtractive cDNA libraries of
Minghui 63 prepared using tissues harvested after
low-nitrogen, low-phosphate, drought stress and
striped stem borer feeding treatments, and a cDNA
library of young panicle of Minghui 63 were also ran-
domly sequenced for unique ESTs. In this way, a total
of 9198 unique sequences were selected for cDNA
microarray printing.

For printing the microarray, plasmids containing
cDNA inserts were isolated and used as templates for
PCR amplification in 96-well plates using T7 and Sp6
primers. The amplification products were cleaned by
precipitation with iso-propanol and two washes with
70% ethanol, and resuspended in 40 pL of 50% di-
methylsulfoxide (DMSO). The quality and quantity of
the amplified cDNAs were checked by electrophoresis
in 1% agarose gel. Only the cDNAs showing single
band amplification products were selected and kept in
384-well microtiter plates at —20°C for microarray
preparation.

Purified ¢cDNAs were arrayed from the 384-well
microtiter plates onto poly-lysine-coated glass slides
(Corning, USA) with a GMS 417 arrayer (Genetic
MicroSystems, Worburn, Massachusetts, USA). A
cDNA clone of the rice actin gene (GenBank Acc. No.
EI077C02) was also arrayed 10 times with random
positions on the slide as the positive control, and a
clone of a porcine glyceraldehyde 3-phosphate dehy-
drogenase gene (GenBank Acc. No. AF017079) re-
peated 8 times per slide as the negative control.
Post-arraying treatment of the slides was proceeded by
placing at room temperature for 48 h, incubated at 80°C
for 4 h and kept in the dark at room temperature in a
jar containing silica gel until use.

1.5  Preparation of hybridization probe

Reverse transcription was conducted in a volume of
40 pL containing 2.0 ng mRNA, 6.0 ng Oligo dT ),

I xfirst-strand buffer (Life Technologies, Grand Island,
New York, USA), 400 U Superscript II reverse tran-
scriptase, 10 mmol/L DTT, 40 U RNase inhibitor
(Promega, Madison, Wisconsin, USA), 500 wmol/L of
dATP, dCTP and dGTP, 200 pmol/L of dTTP and
aa-dUTP (Sigma, St. Louis, Missouri, USA). After
incubation at 42°C for 3 h, the reaction mixture was

heated to 94°Cfor 3 min to stop the reaction, and
treated with RNase H to remove RNA. The reaction
mixture was extracted with phenol/chloroform, puri-
fied with a Microcon YM-30 filter (Millipore, USA),
and coupled to Cy5- and Cy3-dye (Amersham Phar-
macia, USA) as previously described"”. The probe
was purified with a Microcon YM-30 filter and the
volume was adjusted to 7.0 puL with filtrated de-ion-
ized water, and then 1.0 uL 20xSSPE, 1.0 puL blocking
solution and 16.0 pL hybridization buffer were added.
The mixture was denatured at 90°C for 3 min and
cooled to 4°C for hybridization (the details of the pro-
tocol can be found at the website: http://redb.ncpgr.cn/
protocols/).

1.6 Hybridization

The procedures for pre-hybridization and hybridiza-
tion were as described previously!'”. We performed
forward and reverse labeling for each hybridization. In
the forward hybridization, the mRNA from the hybrid
was labeled with Cy3 and the tissue from one of the
parents with Cy5, and the labeled probes were mixed
in equal amounts and hybridized with the cDNA chip.
In the reverse hybridization, the mRNA from the par-
ent was labeled with Cy5 and the hybrid tissue with
Cy3.

1.7 Data processing and analysis

Slides were scanned with a GMS418 Array Scanner
(Genetic MicroSystems, Worburn, MA) by two sepa-
rate laser channels for Cy3 and Cy5 emissions. The
details of the protocol can be found at the website
(http://redb.ncpgr.cn/protocols/). The scanning param-
eters were set to make the sums of signal intensities of
Cy3-dye and Cy5-dye nearly equal, and the sum of
signal intensities of slide 1 equal to that of slide 2.
Data were extracted from the image using the Ima-
Gene 4.2 software (BioDiscovery, Los Angeles, CA).
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The signal of each spot was subjected to spot filtering
and normalization as follows. First, spots flagged
“Bad” by ImaGene 4.2 software using the criteria
adopted were excluded from the analysis. Second,
only those spots that exhibited fluorescent intensity
levels at least in one channel above two times the local
background were included. Third, in each tissue, only
sequences that had detectable signals in the two
hybridizations of a probe pair were accepted.

A one-way ANOVA and LSD test were conducted
to assess the statistical significance of the differences
of gene expression levels among the three genotypes
in a given tissue. Mid-parent heterosis of the gene ex-
pression level was calculated as: (F1-MP)/MPx100, in
which F is the expression level of the hybrid and MP
is the average of the two parents. An A-statistic was
devised to test statistical significance of mid-parent

heterosis of gene expression: h=[F — (B +P)/2] /

\/VFI +(Vp +Vp) / 4 , which is similar to the #-statistic

with the degrees of freedom contributed by the three
genotypes, I, P, and P,. Vg, Vp and Vp, represent
the variances of the hybrid and the two parents, re-
spectively.

1.8 Northern blot analysis

Total RNA was prepared as described above, 15.0

png total RNA of each genotype was denatured by
mixing with an equal volume of formamide containing
0.05% bromophenol blue and 0.01% SybrGreen II.
The RNA was separated on 1.5% agarose gel running
in 1xMOPS buffer, then blotted onto Hybond-N"
membranes (Amersham Pharmacia, USA) and fixed
under UV light. Membranes were hybridized with
32p-labeled probes prepared using individual cDNA
clones. The hybridization was performed in Church
buffer (7% SDS, 1% Bovine serum albumin, 1.0
mmol/L EDTA, 0.25 mol/L Na,HPO,, pH7.2) at 65°C
overnight, then the membrane was washed in
2xSSC+0.1%SDS at 65°C for 30 min, and in 0.1x
SSC+0.1%SDS at 65°C for another 30 min. Image of
individual gel was generated with Phosphorlmager
SI? (Molecular Dynamics, Sunnyvale, CA) and the
signal intensity of each band was extracted using the
Syngene software (Synoptics Ltd., UK).
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2 Results
2.1 Heterosis of the hybrid at the seedling stage

Seedlings of the hybrid and parents at 72 h after
germination are shown in Fig. 1, and the measure-
ments of the characteristics taken at 5 stages are given
in Table 1. The measurements of seedlings sampled at
72 h after germination, 2-leaf, 3-leaf, 4-leaf and 5-leaf
stages showed that the hybrid was significantly higher
than Peiai 64s in shoot height at all the stages sampled,
and 93-11 was significantly higher than Peiai 64s in
shoot height from the 3- to 5-leaf stages. The hybrid
and 93-11 had significantly larger values than Peiai
64s in total length and number of roots from the 2- to
5-leaf stages.

The mid-parent heterosis of seedling height in-
creased gradually with seedling development. Nega-
tive heterosis was detected for total length and number
of roots at 72 h after germination, while the heterosis
became positive from the 2- to 5-leaf stages. Addition-
ally, there were various degrees of heterosis in dry
weight of roots, shoots and biomass of the seedling at
the 4- and 5-leaf stages.

2.2 General features of microarray data

The number of sequences, that had detectable sig-
nals as revealed by the microarray analysis using root
and shoot tissues harvested at 72 h after germination,

Fig. 1. Phenotypes of Peiai 64s (left), Liangyoupei 9 (middle) and
93-11 (right) at 72 h after germination.
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Table I Means and heterosis of seedling traits of the parents and hybrid 3
Genotypes 72 HAG? 2-leaf stage 3-leaf .stage 4-leaf stage 5-leaf stage
Plant height (cm)
Peiai 64s 3.120.3° 18.3+0.5 18.5£1.1° 23.9£0.8° 25.1£0.9°
Liangyoupei 9 3.8+0.3° 18.7+0.7" 21.3+1.4* 27.5+1.2* 30.0+1.0°
93-11 3.4+0.3° 18.0+1.6° 22.241.3° 27.0+1.8° 29.8+1.3°
Mid-parent heterosis (%) 15.0 2.8 5.0 8.1 9.2
Number of lateral roots
Peiai 64s 1.9+0.4° 5.7+1.1° 8.4+1.3° 18.8+3.0° 25.5+4.4°
Liangyoupei 9 2.1£0.9° 7.9+1.4° 12.6+2.3° 23.542.2° 36.0+3.7°
93-11 3.0+1.1° 8.0£3.2% 14.9£2.7° 23.8+£3.1° 38.1+£5.2°
Mid-parent heterosis (%) -13.4 15.3 8.2 10.3 13.2
Total length of lateral roots (cm)
Peiai 64s 0.8+0.3° 26.0+8.0° 53.6+11.1° 146.7+16.3° 308.8+11.2°
Liangyoupei 9 1.1£0.5° 32.8+6.4° 79.1£11.4% 191.0+17.5° 386.9+17.5°
93-11 2.4+1.2° 35.6+£2.2° 95.9+13.5° 195.1£17.4* 418.7£17.8*
Mid-parent heterosis (%) -34.5 6.6 5.8 11.8 6.4

a) a, b showing significant difference at probability level 0.05 between genotypes as determined by the LSD test.

b) HAG, hours after germination.

varied slightly among the three genotypes (Table 2).
About 97.3% (8947) and 94.3% (8675) of the se-
quences were detected in shoots and roots respectively
in all three genotypes, and 9035 sequences had repro-
ducible signals in the two hybridization replicates
among three genotypes in at least one of the two tissue
samples, indicating that majority of the sequences
were expressed in both shoots and roots.

Correlations between the dye-swap hybridizations
ranged from 0.95 to 0.98. We also selected 7 se-
quences, representing several expression patterns in
the hybrid and parents, to investigate the correspon-
dence between the signal intensity in the microarray
and Northern hybridization using rRNA as the refer-
ence (Fig. 2). The signal intensity of each Northern
blot band was quantified with Syngene software
(Synoptics Ltd.). The correlation between microarray
and Northern blot of 7 sequences was 0.62, indicating
that the data generated in the microarray analysis is
reliable.

2.3 Gene expression polymorphism

Results of ANOVA and LSD test revealed a total of
779 and 913 sequences that showed significant (P<

Table 2 Number of sequences expressed in shoots and roots of three
genotypes at 72 h after germination

Genotypes Roots Shoots Common
Peiai 64s 9010 8993 8924
Liangyoupei 9 8675 8947 8587
93-11 8710 9057 8652
Common 8675 8947 8587

1 2 3 4 5 6

| ciop *w - B No hits found
EResw

' Putative calreticulin

m Hypothetical protein

- 4 Acyl-coa dehydrogenase

W W \c(allothionein like protein

s m Auxin-regulated protein GH3
P

Fig. 2. Seven representative differentially expressed sequences were
selected as probes for RNA-gel blot. 1—3, 72-HAG-stage shoots; 4—6,
72-HAG-stage roots, from left to right: 93-11 (left), Liangyoupei 9
(middle) and Peiai 64s (right) in each triad.

0.01) differences in expression levels among the three
genotypes, of which 121 sequences showed significant
differences in both shoots and roots. Thus, significant
expression differences were detected in either roots or
shoots in a total of 1571 sequences (for details of the
sequences, see Table S1 in http://redb.ncpgr.cn/ mged/
lyp/). We referred to the significant difference at the
expression level so identified as expression polym-
orphisms.

Among the 779 sequences showing expression
polymorphisms in shoots, 286 showed significant ex-
pression differences only between the two parents, 493
showed significantly different expression levels be-
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tween the hybrid and one or both parents. Based on the
patterns of the expression in the hybrid and the parents,
the 493 sequences could be classified into three groups
(Table 3): (1) significant expression differences be-
tween the hybrid and both parents (76 sequences), (2)
significant expression differences between the hybrid
and Peiai 64s (163 sequences), and (3) significant ex-
pression differences between the hybrid and 93-11
(254 sequences). There were 58, 121, and 221 se-
quences showing significant expression differences
between the two parents in the above three groups.

Table 3 Number of sequences that showed significant differences
between hybrid and parents detected by LSD tests at P<0.01 probability
level

Patterns ¥ Shoots Roots Common
I 76 (15.4%) 111 (27.1%) 0
I 163 (33.1%) 205 (50.0%) 13
1 254 (51.5%) 94 (22.9%) 2
Total 493 410 15

a) I, significant difference between the hybrid and both parents; II,
significant difference between the hybrid and Peiai 64s; III, significant
difference between the hybrid and 93-11.

Among the 913 sequences showing expression
polymorphisms in roots at 72 h after germination, 503
sequences displayed significant differences in expres-
sion levels only between the parents, and the remain-
ing 410 sequences revealed significant expression dif-
ferences between the hybrid and one or both parents.
Similarly, the 410 sequences could be divided into
three groups according to the expression patterns: (1)
significant expression differences between the hybrid
and both parents (111 sequences), (2) significant ex-
pression differences between the hybrid and Peiai 64s
(205 sequences), and (3) significant expression differ-
ences between the hybrid and 93-11 (94 sequences)
(Table 3). There were 104, 186, and 86 sequences
showing significant expression differences between
the two parents in the three groups.

In shoots, the number of sequences showing sig-
nificant expression differences between the hybrid and
93-11 is greater than that between the hybrid and Peiai
64s. The reverse was the case in roots, in which the
number of sequences showing significant expression
differences between the hybrid and Peiai 64s is greater
than that between the hybrid and 93-11.

Taken together, a total of 870 sequences showed
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significant expression differences between the hybrid
and parents in shoots and roots, of which 187 se-
quences showed significant expression differences
between the hybrid and both parents, 683 sequences
had expression differences between the hybrid and one
of the parents.

2.4  Functional classification of the differentially ex-
pressed sequences

Functional classification of the differentially ex-
pressed sequences was performed by homology search
using the BLAST program'®'. Putative functions for
cDNA sequences with E-value <10~ or BLASTn
scores= 100 were assigned on the basis of Gene On-
tology (GO) and Non-redundancy (NR) databases of
NCBI. The biochemical and physiological pathways
were classified according to the KEGG database
(http:// www.genome.jp/kegg/).

The 870 sequences showing expression polymor-
phisms detected above could be classified into 6 major
functional categories: (1) metabolism, (2) genetic in-
formation processing, (3) cellular information proc-
essing, (4) environment information processing, (5)
unclassified, and (6) unknown function (Table 4). Se-
quences further classified into several
sub-categories in each functional category. The largest
category consisted of 434 sequences with unknown
function (including unclassified). In the remaining 436
sequences, 160 sequences were placed in the category
of metabolism, 120 in genetic information processing,
109 in environment information processing, and 36 in
cellular information processing. The same procedure
was applied to the 493 and 410 sequences showing
expression polymorphisms in shoots and roots, which
resulted in similar distributions of the sequences (Ta-
ble 4).

To test whether the occurrence of sequences with

were

expression polymorphisms was differentially associ-

ated with any of the functional categories, a X-test
was performed to evaluate goodness-of-fit between the
observed numbers of sequences and the expectations
based on the frequencies of the total 8587 sequences
that fell in the 16 sub-categories of known functions in
shoots and roots (Table 4). The results showed that
there were significant discrepancies between the ex-
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Table 4 Functional categories of the sequences showing polymorphic expression among the three genotypes

. . Shoots Roots Total
Functional categories
observed expected ¥ observed expected observed Expected”
Metabolism 86 81 79 68 158 144
Amino acid metabolism 8 14 8 12 16 26
Carbohydrate metabolism 33 32 38 26 69 56
Energy metabolism 19 9 7 7 25 16
Lipid metabolism 19 12 11 10 28 21
Nucleotide metabolism 5 7 10 5 15 12
Metabolism of others 1 1 4 1 8
Secondary metabolism 1 3 4 2 4 5
Genetic information processing 83 81 46 67 120 142
DNA replication and repair 8 8 6 6 12 13
Transcription factors 30 27 12 22 40 48
Transcription 17 12 10 10 25 22
Translation 14 17 6 14 18 29
Protein degradation 14 17 12 14 25 30
Cellular processing 18 17 19 14 37 30
Environment information processing 67 63 49 53 110 112
Plant defense 16 9 15 8 28 16
Signal transduction 20 27 17 22 36 47
Transport 31 27 17 23 46 48
Unclassified 7 9 4 7 11 15
Unknown function 232 242 213 201 434 427
Hypothetical 83 97 88 81 167 172
No significant homology 107 99 79 82 181 174
No hits found 42 46 46 38 86 82
Total 493 410 870

a) Expected numbers based on the frequencies of the 8587 sequences that occurred in the various functional categories.

pected and observed numbers in both shoots and roots.
In shoots, the observed numbers of sequences in the
sub-categories of energy and lipid metabolisms and
stress response were significantly larger than expected,
whereas the observed number of sequences in metabo-

lism of others was smaller than expected (¥°=34.29,
P=0.0031). In roots, the observed numbers of se-
quences in the sub-categories of carbohydrate, nucle-
onic acid metabolisms and stress response were
greater than expected, while the reverse was the case
in the sub-categories of transcription and translation

(¥*=36.24, P=0.0016). Taking roots and shoots to-
gether, there were highly significant discrepancies
between observed and expected numbers in the vari-

ous sub-categories (¥’=41.45, P=0.00027). The ob-
served numbers of sequences in the sub-categories of
carbohydrate, energy and stress response were in ex-
cess, whereas those in amino acid metabolism, me-
tabolism of others and translation regulation were in
deficiency.

2.5 Heterosis of gene expression

To identify significant mid-parent heterosis of gene
expression, an k-statistic analysis at P<(0.05 probabil-
ity level was performed with the normalized signal
intensity for the 870 sequences with detectable ex-
pression polymorphisms between the hybrid and par-
ents. A total of 214 sequences showed significant ex-
pression heterosis in shoots or roots (Table 5), of
which 66 and 161 sequences were identified as show-
ing significant heterosis in roots and shoots respec-
tively, and 13 sequences showed heterosis in both
roots and shoots.

There were obvious differences in roots and shoots
in the numbers of heterotic expression sequences and
directions of mid-parent heterosis (Table 5). The
number of heterotically expressed sequences in shoots
(161) was about 2.5 times of the number in roots (66).
The number of sequences with positive heterosis (83)
in shoots was nearly equal to the ones showing nega-
tive heterosis (78), and about 44.5% (69) of the se-
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Table 5 Number of sequences showing various degrees of mid-parent
heterosis in the two tissues at 72 h after germination

Number of sequences

Range of heterosis (%)

roots shoots

—-100—-50 10 2
-50—-=25 17 9
-25—0 19 67
0—25 14 14
25—50 5 42
50—100 1 27
Total 66 161

quences showed more than 25% positive heterosis.
Whereas in roots, the number of sequences showing
positive heterosis (20) was less than the ones showing
negative heterosis (69), of which 42.9% (27) of the
sequences showed less than —25% mid-parent hetero-
sis.

2.6 Patterns and functional categories of heteroti-
cally expressed sequences

Based on the values and directions of mid-parent
heterosis displayed by the 214 heterotically expressed
sequences, as listed in Table 6, and Table S2 in
http://redb.ncpgr.cn/mged/lyp/, four patterns could be
identified: (1) positive heterosis in both roots and
shoots, (2) positive heterosis in shoots but negative
heterosis in roots, (3) positive heterosis in roots but
negative heterosis in shoots, (4) negative heterosis in
both roots and shoots (Table 6 and Table S2 in
http://redb.ncpgr.cn/mged/lyp/).

Table 6 Pattern and number of heterotically expressed sequences in
shoots and roots at 72 h after germination

Patterns” Roots Shoots Common Total
1 9 53 2 64

I 7 26 2 35

11 9 29 0 38

v 28 40 9 77
Total 53 148 13 214

a) I, positive heterosis both in roots and shoots; 11, positive heterosis
in shoots and negative heterosis in roots; III, negative heterosis in
shoots and positive heterosis in roots; IV, negative heterosis both in
roots and shoots.

The first pattern involved 64 sequences, of which
35 showed homology to genes of known function (£
<107). Of the 35 sequences, 30 and 4 showed het-
erotic expression in shoots and roots respectively, and
one, having homology to EF-hand Ca2+-binding pro-
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tein CCD1 (BAD(07944.1), showed significant positive
heterosis in both shoots and roots. Eleven of the 30
sequences showing heterosis in shoots were relevant to
metabolisms, including 4 in energy, 4 in lipid, 2 in
carbohydrate and 1 in amino acid metabolisms. Nine
of the 30 sequences had homology to genes involved
in genetic information processing, 8 of which were
relevant to transcription regulation including 7
transcription factors, and 1 involved in translation. Six
of the 30 sequences had similarity to genes in
environment information processing including 2 in
signal transduction, 3 in transportation and 1 in plant
defense. The remaining 4 sequences were involved in
cellular information processing. Among the 4
sequences heterotically expressed in roots, one was
involved in plant defense, one in signal transduction,
and the remaining 2 encode products playing roles in
protein degradation respectively.

The second pattern was displayed by 35 sequences,
of which 15 had homology (E<107) to genes of
known functions. Eleven of the 15 sequences were
heterotically expressed in shoots, 3 were heterotically
expressed in roots, and 1, encoding flavanone 3-hydr-
oxylase (AAN74830.1), had significant heterotic ex-
pression in both shoots and roots. Among the 11 se-
quences heterotically expressed in shoots, 4 were
relevant to transportation, 3 encode proteins playing
roles in transcription regulation, 2 had homology to
genes in carbohydrate and lipid metabolisms, and the
remaining 2 sequences were related to plant defense
and signal transduction respectively. One of the 3 se-
quences showing significant negative heterosis in
roots had homology to a gene in carbohydrate metabo-
lism, the other 2 sequences were involved in plant de-
fense and protein degradation.

Among the 38 sequences exhibiting the third pat-
tern, 21 had homology (E<107) to genes with known
functions. Sixteen of the 21 sequences were heteroti-
cally expressed in shoots, of which 6 were relevant to
metabolisms including one in carbohydrate, 2 in en-
ergy, 2 in lipid and one in nucleic acid metabolism.
Seven of the 16 sequences were involved in environ-
ment information processing, of which 2 were relevant
to transportation, 2 had homology to genes in signal
transduction, and the other 3 had roles in plant defense.
Two of the 16 sequences played roles in transcription
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regulation. The remaining one sequence was related to
cell cycle. Of the 5 sequences showing expression
heterosis in roots, 2 encode transporting proteins, 2
had homology to genes in amino acid and nucleic acid
metabolisms, and one was involved in cellular infor-
mation processing.

The fourth pattern was displayed by 77 sequences,
of which 47 had homology (E<107) to genes with
known functions. Seven of the 47 sequences showed
negative heterotic expression in shoots and roots re-
spectively, 20 were negatively heterotically expressed
in shoots and another 20 in roots. Three of the 7 se-
quences had homology to plant defense, 2 had similar-
ity to transcription factors, and the remaining 2 encode
components of transportation and lipid metabolism
respectively. Of the 20 sequences heterotically ex-
pressed in shoots, 7 were involved in metabolisms, 7
in genetic information processing, 4 in environment
information processing, and 2 in cellular information
processing. Among the 20 sequences heterotically ex-
pressed in roots, 13 were relevant to metabolisms, 3
were involved in stress response, 2 encode proteins
which play roles in protein degradation, and the re-
maining 2 were relevant to cell growth and transporta-
tion.

Together, 6.1% (13) of the 214 heterotically ex-
pressed sequences showed significant heterosis both in
shoots and roots, and 93.9% (201) of the sequences
showed expression heterosis only in one of the two
tissues. About 65.9% (141) of the sequences exhibited
expression heterosis in the same directions in shoots
and roots, while the remaining 34.1% (73) of the se-
quences showed opposite directions of expression het-
erosis in shoots and roots.

3 Discussion

In this study, we investigated gene expression pro-
files in shoots and roots in a rice hybrid and its parents
at 72 h after germination using a cDNA microarray
containing 9198 unique expressed sequences of rice. It
was shown that about 18.3% (1571) of the sequences
exhibited expression polymorphisms among the three
genotypes at least in one of the two tissues, 10.1%
(870) of the sequences exhibited significant expression
differences between the hybrid and parents, and 2.5%

(214) of the sequences displayed significant expre-
ssion heterosis.

Gene expression polymorphisms, also referred to as
allele-specific gene expression™ that occurs fre-
quently in nature, have been studied recently in
maize™), animals®™ and humans™™. In this study,
about 8.0% (683) of the sequences showed significant
differences in expression levels between the hybrid
and one of the parents, and 2.2% (187) of the se-
quences exhibited significant differences between the
hybrid and both parents. The expression levels ap-
peared as partial or full dominance for 7.1% of the
sequences, and overdominance or under-dominance
for 3.0% (259) of the sequences. These results differ
substantially from a previous study with the same
genotypes using a SAGE technique by Bao et al., who
reported that most of the genes that were differentially
expressed in panicles, leaves and roots of hybrid
compared with the parents were up-regulated, and
only a very small portion of these genes were down-
regulated!"®. It is not clear whether the difference in
the results of these two studies was due to difference
in tissues or the methods used in the two studies.

Our results also showed that the distribution of the
sequences showing expression polymorphisms be-
tween the hybrid and one or both of the parents was
associated with the functional categories. In general,
sequences in the sub-categories of carbohydrate me-
tabolism, energy metabolism and stress response oc-
curred more frequently than expected, whereas those
in the sub-categories of amino acid metabolism, trans-
lation regulation and metabolism occurred less fre-
quently than expected. The results indicated that the
hybrid seemed to differ from the parents in activities
in a number of biochemical and physiological proc-
esses at the seedling stage.

Further analysis identified 214 sequences as
showing significant mid-parent heterosis in expression,
involving genes that participate in carbohydrate,
amino acid, energy and lipid metabolisms, transcrip-
tion and translation regulation, protein degradation,
cell growth and death, transportation, and biotic or
abiotic stress responses. It is interesting to note that a
sequence encoding the CIP7 protein shows strong
positive heterosis in shoots. CIP7 plays a role in medi-
ating the light activation of gene expression as a tran-
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scription factor and may serve as one of the targets for
downstream COPI1 that regulates the expression levels
of other light activating genes®”, thus triggering
systematically the expression of other genes related to
photomorphogenesis. Thus, heterotic expression of
CIP7 may accelerate the developing rate of photosyn-
thetic system of hybrid. Similarly, sequences encoding
chlorophyll a/b binding proteins and Calvin cycle
elements like ribulose 1,5-bisphosphate carboxylase
large subunit relevant to CO, assimilation also showed
positive heterotic expression in shoots. It indicates that
photosynthesis in hybrid is more robust, leading to
more rapid accumulation of biomass. Additionally,
some sequences encoding transcription factors such as
the NAC2 protein showed positive heterosis in shoots
and roots of hybrid. NAC2 protein is involved in for-
mation of the shoot apical meristem, floral organs and
lateral shoots, as well as in plant hormonal control and
defense””). Heterotic expression of NAC2 indicates
that cell division and organization may be accelerated
in the hybrid compared with the parents. It is interest-
ing to note that some sequences showing homology to
genes that are important elements of glycolysis and
stress response exhibited significant negative heterosis
in shoots and roots. This seems to indicate that hybrid
has strong stress tolerance and high efficiency on en-
ergy utilization, thus ensuring the energy supply in
growth and development of the seedlings.

This study identified a large number of sequences
as showing significant expression polymorphisms
among the three genotypes at 72 h after germination
and also a large number of genes as showing heterotic
expression in the hybrid compared with the parents.
Functional classification of these genes provided im-
portant information for understanding the processes
underlying seedling growth and development, as well
as for the causes of heterosis. It should be noted that
the 9198 possible uni-genes assembled in the microar-
ray employed in this study made up approximately
17% of the predicted genes in the rice genome
(http://www.tigr.org/), which would not be able to
provide complete information for the genes expressed
at this stage. Future studies should employ the whole
genome microarrays to explore the gene expression
profiles of multiple developmental stages of even the
whole life cycle of rice. Based on genome sequence
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information and mutant databases of rice, the func-
tional roles of these genes could be unveiled system-
atically using multiple molecular tools including both
forward and backward genetic methods. In this way,
the molecular mechanisms underlying rice develop-
ment processes and heterosis could be characterized at
the transcription level.
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