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A Subset of OsSERK Genes, Including OsBAK1,
Affects Normal Growth and Leaf Development of Rice

Hye Sun Park, Hee Young Ryu, Beg Hab Kim, Sun Young Kim, In Sun Yoon1, and Kyoung Hee Nam*

Since the identification of BRI1-Associated receptor
Kinase 1 (BAK1), a member of the Somatic Embryogenesis
Receptor Kinase (SERK) family, the dual functions of
BAK1 in BR signaling and innate immunity in Arabidopsis
have attracted considerable attention as clues for under-
standing developmental processes that must be balanced
between growth and defense over the life of plants. Here,
we extended our research to study cellular functions of
OsSERKSs in rice. As it was difficult to identify an authentic
ortholog of AtBAK1 in rice, we generated transgenic rice in
which the expression of multiple OsSERK genes, includ-
ing OsBAK1, was reduced by OsBAK1 RNA interference.
Resulting transgenic rice showed reduced levels of Os-
BAK1 and decreased sensitivity to BL, leading to semi-
dwarfism in overall growth. Moreover, they resulted in
abnormal growth patterns, especially in leaf development.
Most of the OsBAK1RNAI transgenic rice plants were de-
fective in the development of bulliform cells in the leaf
epidermal layer. They also showed increased expression
level of pathogenesis-related gene and enhanced suscep-
tibility to a rice blast-causing fungal pathogen, Magna-
porthe oryzae. These results indicate that OsSERK genes,
such as OsBAK1, play versatile roles in rice growth and
development.

INTRODUCTION

SERK proteins, which are members of one of the subfamilies of
leucine rich-repeat receptor-like kinases (LRR-RLKSs), are in-
volved in somatic embryogenesis, an artificial stimulation of
natural embryogenesis (Toonen et al., 1993). Arabidopsis
SERK proteins are encoded by a gene family consisting of five
close homologs (AtSERK1-5) and are important not only as
molecular markers in somatic embryogenesis but also because
of their pleiotropic roles in plant development (Albrecht et al.,
2008; Hecht et al., 2001). In these respects, BAK1 has received
the most attention since identified as a co-receptor of BRI1, part
of the plasma membrane localized brassinosteoroid (BR) re-
ceptor that mediates BR signaling independent of somatic em-
bryogenesis (Li et al., 2002; Nam and Li, 2002). BRs play criti-
cal roles in various aspects of plant growth and development,

including germination, photomorphogenic responses, cell elon-
gation, xylem differentiation, and male fertility (Bajguz, 2007;
Kim et al., 2009). BAK1 was found to be identical to AASSERK3,
and it is now known that other BAK1 homologs also belong to
AtSERK family, including AtSERK2/BAK2, AtSERK4/BAK?7,
and AtSERK5/ BAK8 (Jeong et al., 2010). AtSERK1 and At-
SERK2 have been pulled down in complexes with BRI1 in total
protein fractions from Arabidopsis (Karlova et al., 2006), and
AtSERKA4 rescues bri1-5 and bri1-301 mutants (Albrecht et al.,
2008), further indicating that these proteins are involved in BR
signaling and are redundant with BAK1/AtSERKS.

SERK proteins in various species have been reported to play
roles in plant innate immunity and senescence, too. BAK1 can
form a complex with FLS2, an another LRR-RLK, initiating
PAMP triggered immunity (PTI) with flagellin binding, and the
bak1 mutant showed reduced responsiveness to flagellin-
triggered immunity (Chinchilla et al., 2007). BAK1-defecient
plants exhibited broader necrotic region upon microbial infec-
tion, accompanied by increase of ROS production (Kemmerling
et al., 2007). Interestingly, a different set of genes seem to be
engaged in BAK1-mediated BR signaling and innate immunity,
as genes induced by brassinolide (BL) do not overlap with the
genes induced by infection (Kemmerling et al., 2007). Double
mutant plants lacking BAK7 and BKK1/AtSERK4/BAK7 dis-
played a spontaneous cell death phenotype with constitutive
defense gene expression (He et al,, 2007), and transgenic
plants expressing BAK7 RNA interference (RNAI) constructs
showed early senescence with premature expression of senes-
cence-associated genes (Jeong et al., 2010), suggesting addi-
tional function of SERK family proteins. Taken together, the
pleiotropic functions of BAK1 open new possibilities for genetic
engineering, because manipulation of a single gene such as
BAK1 may result in the production of plants with both higher
yield and improved disease resistance.

Although most of studies on BAK1 have been in Arabidopsis,
studies of SERK proteins, including an ortholog of AtBAK1, are
currently being extending to monocotyledonous plants. The first
SERK gene in rice, OsSERK1, was screened from the rice
cDNA library using a rice EST-clone probe derived from the
amino acid sequence of DcSERK1 as a query (lto et al., 2005),
and it was also independently identified as a gene induced by
the infection of Magnaporthe grisea (Hu et al., 2005). OsSERK2
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was found in the data-base using OsSERK1 as a query (lto et
al., 2005). OsSERK1 shows more than 85% homology with
OsBISERK1, benzothiadiazole (BTH)-induced SERK1 (Song et
al., 2008). In addition to OsSERK1 and OsSERK2, OsSERK3
and OsSERK4 were also identified as homologs of BAK1/At-
SERKS3. The OsSERK1-4 genes all rescued bri1-5 mutant
phenotypes, indicating that these proteins are functionally re-
dundant with AtSERKS, including BAK1. Because the degree of
phenotypic rescue of bri1-5 was highest with OsSERKT,
OsSERKT1 is believed to be the functional Arabidopsis BAK1/
AtSERKS3 ortholog in rice and has been renamed OsBAK1 (Li
et al., 2009). However, phylogenetic analysis shows that OsSERK1/
OsBAK1 is an ortholog of AtSERK1, not BAK1/AtSERKS.
Moreover, recent sequence analysis has revealed nine more
SERL (SERK-like) genes in rice (Singla et al., 2009). Therefore,
it has been suggested that gene duplication occurred in genes
encoding OsSERKSs after the evolutionary divergence of mono-
cots and dicots. As there are stil many annotated partial
cDNAs encoding only kinase domains that are very similar to
the kinase domain of OsSERKs and OsSERLs in rice, it may
be difficult to gain insight into the specific functions of each
OsSERK gene.

In this study, our aim was to functionally characterize OsSERKSs.
Because we could not determine which gene is the true
ortholog of AfBAK1 in rice, we generated transgenic rice trans-
formed with OsBAK1RNAI construct to investigate the function
of the OsSERK family, including OsBAK1. We found that most
of the OsBAK1RNAI transgenic plants showed defective devel-
opment of bulliform cells in the leaf epidermal layer and in-
creased susceptibility to the rice blast-causing fungal pathogen
Magnaporthe oryzae. These results indicate that a subset of
OsSERK genes, including OsBAK1, play multiple roles in
growth and development as well as in defense signaling in rice.

MATERIALS AND METHODS

Plant materials and growth conditions

Rice seeds (Oryza sativa, japonica cv. Nakdong) were used for
transformation of all the genes in this study. Transgenic rice
plants were grown in square containers with Murashige and
Skoog (Duchefa) agar medium in growth chambers set with 16
h/8 h (L/D) photoperiod at 28°C/25°C and 80% relative humidity
with/without phosphinothricin selection. Then, 15-day-grown
plants were transferred to large containers with rice paddy soil
and grown in the same conditions or under sunlight.

Plasmid constructions and rice transformation

To generate the OsBAK1RNAI construct, a 250-bp genomic
fragment that encodes the kinase domain of OsSERK1 was
PCR-amplified using primer pairs of RBAK1CF/RBAK1BR and
RBAK1KF/RBAK1XR to fit in the RNA interference cassette
pHannibal. When designing the primers, we added Nofl and
Xmal to the RBAK1BR and RBAK1XR, respectively, to clone
them into pSB505 binary vector later. The resulting plasmid,
pHannibal-OsBAK1RNAI, was digested with Nofl and Xmal
and ligated into pSB505 binary vector to generate pSB505-
OsBAK1RNA.. All fragments produced by PCR were confirmed
by sequencing. Detailed primer sequences are listed in Sup-
plementary Table 1.

All constructs including the pSB505 vector plasmid alone
were introduced into wild-type rice (Oryza sativa, japonica cv.
Nakdong) by Agrobacterium-mediated transformation as de-
scribed by Hiei et al. (1994).

Expression by RT-PCR analysis

RNA was purified from the frozen tissues with extraction buffer
(0.2 M Tris-Cl, pH 9.0, 0.4 M LiCl, 25 mM EDTA, 1% SDS) and
aqua phenol (Q-biogene), and treated with RNase-free RQ1
DNase (Promega). First-strand cDNA synthesis was performed
with Superscriptlll-MMLV reverse transcriptase (Invitrogen)
using oligo d(T+s) as a primer. The same aliquot of first-strand
cDNA was then used as a template for the second PCR step
using Real Taq polymerase (RBC). The sequences of the
primers and use of them are described in Supplementary Table 1.

Lamina joint assay

Imbibed seeds were sown on plates containing 1/2 MS media
(100 mg/L myo-inositol, 125 mg/L cefotaxime, 0.6% agar, pH
5.6) and grown for 6 days described as above. Then, 1 pl of
70% ethanol containing 0, 1, 10, or 100 ng of BL was applied to
the lamina joint of the second leaf. After incubation for 3 days,
the bending angles between the leaf blade and leaf sheath
were measured.

Treatment of rice blast fungus

Inoculation with Magnaporthe oryzae was performed as de-
scribed (Park et al., 2009). The M. oryzae strain KJ201 was
obtained from the Center for Fungal Genetic Resources. Co-
nidia were harvested from fungal cultures grown on V8 agar
medium (V8 80 ml/L, agar 15 g/L, pH 6.5) for 7 days under
constant fluorescent light at 25°C. After counting the number of
conidia in a small aliquot of conidial suspension using a hemo-
cytometer, the concentration was adjusted to 4 x 10* spores/ml.
The final conidial suspensions were sprayed onto the young
leaves of transgenic plants grown for 7 weeks. Infected plants
were incubated in a chamber with 100% humidity in the dark for
24 h and then, were placed in a growth chamber with normal
conditions. Leaf samples were analyzed after four days.

Microscopic observation

A stereo microscope (Leica MZ 12.5) and Image Manager 5.0
software were used to observe the surfaces and internal struc-
ture of the leaves of transgenic plants.

RESULTS

Reduced expression of OsBAK1 by RNA interference
caused inhibition of growth, abnormal development,

and loss of BL sensitivity in rice

As there are no reports of natural mutants for OsBAK1, we
searched for AtBAK1 orthologs among the rice genes that were
reported to be as OsSERKs or OsSERLs in the public data-
base using the amino acid sequence of AIBAK1 as a query. It
was difficult to determine which gene was an exact AIBAK1
ortholog, because many similar genes were identified. OsSERKs
and OsBISERK1 cluster together, closer to each other than to
any other AtSERKSs, based on amino acid sequence homology
(Fig. 1A). However, OsSERK1, OsSERK2, and OsBISERK1
still showed the considerably high amino acid sequence ho-
mology to AtBAK1 (77%) and AtSERK4/AtBAK7 (71-72%). The
amino acid sequence homologies between AtBAK1 and other
OsSERKs or OsSERLs were in broad ranges (Fig. 1A and
Table 1). Therefore, we used an RNA interference approach to
knock down OsBAK1 and highly homologous genes simulta-
neously.

To clone the OsBAK1 RNAI construct, we first amplified a
250-bp fragment encoding part of the OsBAK1 kinase domain
based on its ability to rescue bri1-5 (Li et al., 2009). The result-
ing 250-bp amplified region was identical to the corresponding
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Table 1. Comparison of amino acids homologies among SERK and SERK-like proteins in rice and Arabidopsis

OsSERK1 OsSERK2 OsSERK3 OsSERK4 OsSERLT OsSERL2 OsSERL3 OsSERL4 OsSERLS OsSERL6 OsSERL7 OsSERLS OsSERLY OsBISERKT AISERK1 AISERK2 AISERK3 AtSERK4 AtSERKS

0sSERKT 100 87 60 53 46 26 30 45 52
0sSERK2 100 58 54 46 28 31 47 52
OsSERK3 100 42 41 25 29 38 44
OsSERK4 100 56 23 27 42 48
OsSERL1 100 25 25 40 44
OsSERL2 100 61 29 33
OsSERL3 100 34 42
OsSERL4 100 54
0sSERLS 100
OsSERLE
OsSERL?
OsSERL8
OsSERL9
OsBISERK1
AtSERK1
ASERK2
ASERK3
ASERK4
ASERK5

60 9 56 53 99 83 85 77 72 68
58 6 55 54 87 82 81 7 72 67
100 5 43 42 60 57 59 56 55 52
42 11 87 99 53 53 52 49 48 47
M 9 57 56 46 46 45 45 43 43
25 10 23 23 26 29 26 26 23 23
29 7 22 27 30 31 30 30 30 26
38 10 45 42 45 45 44 44 42 42
44 7 50 48 52 52 51 49 48 48
100 5 43 42 60 57 59 56 55 52
100 8 1 9 6 9 8 9 2

100 86 55 55 55 52 51 49

100 53 52 52 49 48 47

100 83 84 77 4l 67

100 89 77 73 67

100 77 74 69

100 81 78

100 85

100

Full length of amino acids sequences of OsSERK1 (624 aa), OsSERK2 (628 aa), OsSERK3 (616 aa), OsSERK4 (607 aa), OsSERL1 (608 aa), OsSERL2 (644 aa),
OsSERLS3 (324 aa), OsSERL4 (620 aa), OsSERLS5 (628 aa), OsSERL6 (616 aa), OsSERL7 (453 aa), OsSERLS8 (543 aa), OsSERL9 (607 aa), OsBISERK1 (624
aa), AtSERK1 (625 aa), AtSERK2 (628 aa), AtSERK3 (615 aa), AtSERK4 (620 aa), and AtSERK5 (601 aa) were analyzed by pair-wise alignment using the
CLUSTAL 2.1 Multiple Sequence Alignments. Amino acid sequences of OsSERK1-OsSERK4 were pulled out Li et al. (2009), and those of OsSERL1-OsSERL9
were from Single et al. (2009). All other amino acid sequences obtained from the data base NCBI.

region of OsSERK1 and OsSERKZ2 (Fig. 1B). Another three
genes, OsBISERK1, Os08g0176200, and ORK1, showed 99%,
93%, and 93% identity in the corresponding regions, respec-
tively (Fig. 1C). We inserted this fragment into the pSB505 bi-
nary vector with an inverted position to generate pSB505-
OSBAK1RNAi and transformed into rice (Supplementary Fig. 1).
We obtained 43 primary transformants in the TO generation.
Even in this TO generation, most of the transgenic plants
showed abnormal growth patterns, both in vegetative and re-
productive growth. These disrupted growth patterns reappeared
in the next generation (data not shown). We performed RT-
PCR analysis from the RNA of several independent T1 trans-
genic lines. While the expression level of OsBAK? in Os-
BAK1RNAI #11 plants was similar to that of control plant con-
taining empty vector plasmid, the OsBAK1 expressions level of
OsBAK1RNAI #5, #7, and #14 plants were dramatically re-
duced (Fig. 1D). We selected two lines, one showing approxi-
mately normal OsBAK1 expression, #11, and another showing
greatly reduced expression of OsBAK1, #5, for further analyses.
In these two lines of transgenic plants, we tried to confirm the
down-regulation of other homologous genes, OsBISERK1 and
ORK1. However, it is very hard to design the primer set of Os-
BISERK1 due to high nucleotide sequence homology to
OsSERK1. Only ORK1 was confirmed to be inhibited its ex-
pression in both transgenic rice plants (Fig. 1E).

Although there were some variations in growth, growth in
most of the OsBAK1RNAI #11 plants were not much reduced in
several criteria including total height and leaf elongation (Figs.
2A-2C). However, many OsBAK1RNAi #5 plants exhibited
broad ranges of growth defects, severe to mild (Fig. 2A). Throu-
ghout the vegetative growth period, OsBAK1RNAi #5 trans-

genic plants displayed semi-dwarf stature, with fewer inter-
nodes than control plants containing the empty vector (Figs. 2A
and 2B). Leaf elongation was clearly reduced in the Os-
BAK1RNAI #5 transgenic plants. However, leaf width of the
OsBAK1RNAI #5 leaves showed no significant reduction com-
pared with that of controls, but clearly wider than that of Os-
BAK1RNAI #11 plants (Fig. 2C). In addition, we observed sev-
eral other unusual phenotypes in the OsBAK1RNAi #5 line,
including corrugated leaves at the early stage of growth (Figs.
2D and 2L). Most of the other leaves of the OsBAKTRNAI #5
plants were dry and twisted (Figs. 2E and 2F), and the leaves
were easily bent (Fig. 2H). We often observed that parts of the
blades in the whole leaves were not fully opened and that side
edges of leaf were confronted and fused together (Figs. 2G and
2l). We also observed abnormal plait-like lumps in the stem,
which may indicate a failure in new leaf initiation (Figs. 2J and
2K). These abnormally looking phenotypes in leaves were not
only limited in the OsBAK1RNA.i #5 plants. Although the degree
of them were weaker than in OsBAK1RNAi #5 plants, many of
the leaves of the OsBAK1RNAI #11 plants also displayed dry
and twisted as well as easily bent leaf shape (data not shown).
We next examined whether reduced OsBAK1 expression
caused decreased sensitivity to BL in OsBAK71RNAI transgenic
rice (Fig. 3). We observed that the OsBAK1RNAi #11 plants
exhibited little bit less degrees of laminar inclination to the con-
trol plants with the increasing concentrations of BL. On the
contrary, we detected little change in the angle even at high
concentrations of BL in the OsBAK1RNAI #5 plants, indicating
that these plants had dramatically reduced sensitivity to BL.
Taken together, these results suggest that the reduced expres-
sion of OsBAK1 led to phenotypic alterations, including inap-
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A AtSERK1 Fig. 1. Sequences and constructs
AtSERK2 for RNA interference for OsBAK1.
; AtBAK1/SERK3 (A) Phylogenetic analysis of SERK
AtSERK4/BAKT/BKK1 proteins in Arabidopsis and rice.
_L AtSERKS Amino acid sequences encoded
OSSERK3 by AtSERK1 (At1g71830), AtSE-
— OsSERICH RK2 (At1g34210), AtBAK1/AtSE-
RK3 (At4g33430), AtSERK4/ BAK7,
[ OsSERK1 BKK1 (At2g13790), AtSERKS5 (At-
LOsBISERK1 2913800) in Arabidopsis and
OsSERK2 OsSERK1 (Os08g0174700), Os-
BISERK1 (AY463361), OsSERKz
B ossert —_ = o - 80 (0s04q0457800), OsSERK3 (Os-
OsSERK2 0690225300), OsSERK4 (Os02g-
OsBISERK1 s 0283800) in rice (Oryza sativa)
0s08G0176200 BT were used for CLUSTAL 2.1 mul-
ORK1 — tiple sequence alignment. Phy-
OsSERK1 logenetic trees were generated by
OsSERK2 PHYML and MEGA (Guindon and
g::;iﬁffgi 0o B Gascuel, 2003). (B, C) The nucle-
ORK1 otide (B) and amino acid (C) se-
quences of a partial kinase domain
g:gggﬁ; encoded by OsSERKs for RNA
OsBISERK1 _ interference for OsBAK1. Align-
0s08G0176200 ¢ ments were drawn by the Clu-
ORK1 stalW program. (D) RT-PCR ana-
lysis showing reduced expression
g;gg:ﬁ; of OsBAK1 by OsBAK1RNAi in
OsBISERK1 several independent transgenic
0s08G0176200 lines. (E) RT-PCR analysis show-
ORK1 ing reduced expression of ORK1
OsSERK1 in the OsBAK1RNAi#5 and Os-
OsSERK2 BAK1RNA##11 transgenic rice plants.
OsBISERK1
Os08G0176200
ORK1
C
OsSERK1
0OsSERK2
OsBISERK1
0s08G0176200
ORK1
0OsSERK1
OsSERK2
OsBISERK1
0s08G0176200
ORK1
D E
EV#5 #7 #11 #14 EV #5 #11

= — L
—— ——

propriate leaf development, growth inhibition over the whole life
time of rice plants, and BL insensitivity.

Reduced OsBAKT1 expression caused impairment in leaf
development and increased susceptibility to biotic stress
in rice

Abnormal leaf development and growth were distinct pheno-
types in most of the transgenic plants expressing the Os-
BAK1RNAI construct, including the #5 lines. We next focused

I o=
==

on characterizing the effect of OsBAK1 knockdown leaves. We
first examined the surface of the OsBAK1RNAI #5 leaves using
a stereomicroscope, and observed that the color of the leaves
was pale green with dried, yellowish regions and necrotizing
spots, which were not observed on the surface of wild-type rice
leaves (Fig. 4A). We also examined the internal leaf structure
by performing transverse sectioning of the leaves of wild-type
and OsBAK1RNAi #5 plants. The leaves of the OsBAK1RNAI
#5 were much thicker and contained more mesophyll cells
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wEV
i OsBAKIRNAJ #11
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which extended in the abaxial side. The aerenchyma in the
leaves of OsBAK1RNAI transgenic plants was also larger than
in wild-type plants. Moreover, whereas the flanking sides be-
tween the longitudinal veins were flat in wild-type leaf blades,
the blades of the OsBAK1RNAi #5 leaves were not fully
opened. This feature explained why we observed that parts of
the blades in the OsBAK1RNAI #5 leaves were not fully opened
(Figs. 2H and 2J). Interestingly, we noticed that there were no
bulliform cells in the adaxial surface of the OsBAK1RNAI #5
leaves, unlike the wild-type leaves (Fig. 4B). Bulliform cells are
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Fig. 2. Morphological analy-
ses of transgenic plants ex-

wEV pressing the OsBAK1RNAI
« OSBAKTRNA; #11
u OSBAK1RNAI #5 |

construct. (A) Gross morpho-
logy of transgenic plants
grown for 6 weeks in the
greenhouse. EV empty vec-
for containing transgenic plant,
#11 OsBAK1RNAI #11 plant,
and three representative Os-
BAK1RNAi #5 transgenic
plants (#5-1, #5-9, and #5-
10) showing different de-
grees of growth defects. (B)
Plant height measured at the
4" week and 6" week of
growth. (C) The length and
width of each leaf were mea-
sured in the transgenic plants
grown for 4 weeks. Data pre-
sented in (B) and (C) are
averages for four different pla-
nts in each specific line. In
(B) and (C), statistical test was
performed by ANOVA analy-
sis and significance in differ-
ences was indicated by P
value (*; P<0.01, *; P<
0.05, and ***; P <0.005). (D-
L) Abnormal leaf features
seen in the OSBAK1RNAi #5
plants. Corrugated leaves ap-
peared at an early stage (D)
and remained through later
stages of development, as
well as when grown in tissue
culture media (L). Dried and
twisted leaves (E, F), folded
or fused leaf blades (G, 1),
bent leaves (H), and plait-like
lumps in the nodes of stem
(J, K) were also frequently
observed.

1st 2nd 3rd leaf

larger than typical epidermal cells and are colorless, because
they contain highly developed vacuoles and no chloroplasts
(Becraft, 1999). The appropriate distribution of bulliform cells is
known to be important for leaf curling in monocot plants (Becraft
etal., 2002; Zhang et al., 2009).

Furthermore, we observed that the leaves of OsBAK1RNAi
#5 transgenic plants contained several necrotic spots, reminis-
cent of being infected, even under normal growth conditions
(Fig. 5A). We cannot exclude the possibility that excessive dry-
ness of the leaves, as shown in Fig. 4A, was the ultimate cause
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Fig. 3. BL responsiveness of OsBAK1RNAi transgenic plants. (A) Lamina joint assay. The 1 pl of BL containing indicated amount was applied
to the lamina joint of the second leaf of each transgenic plant. Pictures were taken after three days. (B) Quantification of lamina joint assays in

(A). The experiment was repeated four times.

A

Fig. 4. Defective leaf development of OsBAK1
RNAI #5 plants. (A) Surface of leaves of an Os-
BAK1RNAI #5 plants (right) and control plant (left)
grown for four weeks. Pictures in the lower panel
show higher magnification of the boxed region.
White bars indicate 300 um. (B) Internal structures
of leaves of an OsBAK1RNAI #5 plant (right) and a
wild-type plant (left) grown for five weeks. Leaves
containing veins were transversely sectioned by
hand and observed under a compound micro-
scope. Bulliform cells shown in wild-type plants are
marked with arrow heads. Bar indicates 500 pm.

OsBAK1RNA1 #5

of this phenotype. However, it is also possible that Os-
BAK1RNAI #5 transgenic rice is less resistant to infections that
would be easily overcome under normal conditions by plants.
To test this we examined basal expression level of PR-1a, one
of the marker genes of the defense for pathogenesis in rice as
well as in Arabidopsis (Park et al., 2009). We found that the

expression of PR-1a was greatly increased in the leaves of
OsBAK1RNAI #5 plants, while it was similar in the leaves of
OsBAK1RNAI #11 plants compared in wild type plants (Fig. 5B).
To continuously know the defense capacity of the rice to dis-
ease-causing pathogen in vivo, we sprayed a conidial suspen-
sion of Magnaporthe oryzae, known as rice blast fungus onto
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B OsBAK1RNAi
WT  #5  #11

OsPR-1a

Tubulin

OsBAK1RNAi #5 and control transgenic rice. At five days after
infection, we observed that the rice blast disease had been
spread more severely throughout the leaves and cuims in Os-
BAK1RNAI #5 plants compared to the control plants, indicating
that the reduced level of OsBAKT also affects plant immunity
(Fig. 5C). Taken together, these results suggested that reduced
OsBAK1 expression caused increased susceptibility to biotic
stress in rice as well as impairment in leaf development.

DISCUSSION

It seems that more OsSERKs and OsSERLs were generated
by gene duplication after the evolutionary divergence of dicots
and monocots. Although we cannot exclude the possibility that
each gene has specific functions in the developmental process
of rice, it is possible that each gene functions redundantly with
other genes, making it difficult to investigate the specific roles of
each gene by mutant analysis. The RNA interference approach
to knock-down several related-genes together is often the most
effective strategy in such studies (Blokland et al., 1994; Ecker
and Davis, 1986). In this investigation, more than three Os-
BAK1-related genes, including OsSERK1, OsSERK2, and
OsBISERK1, were targeted by our RNAi/ construct (Fig. 1). The
resulting OsBAK1RNAI transgenic rice plants with reduced
levels of OsBAK1 (Fig. 1D) exhibited intermediate growth retar-
dation compared to strong BR-biosynthetic mutants, such as
brd1-1 and brd1-2 (Hong et al., 2002). Similarly, BR-biosyn-
thetic or BR-signaling mutants, such as d2, d11, brd2, and d61
display mild dwarfism in the vegetative stage but are still fertile
in reproductive development (Jeon et al., 2010). These results

Fig. 5. Higher susceptibility to biotic stress
of leaves of OsBAK1RNAI #5 plants. (A)
The outer appearance of OsBAK1RNAi #5
line leaves (right) showing constitutive
sickness compared with those of control
plants (left) grown for two weeks. (B) RT-
PCR analysis showing increased expres-
sion of PR-1a in the OsBAK1RNAi trans-
genic lines. (C) Extent of OsBAK1RNAI #5
line (right) infection with Magnaporthe oryzae
compared to wild-type plant (left) grown for
7 weeks. Enlarged leaf features of them
are shown in the lower panel.

indicate that a subset of OsSERK genes, including OsBAK1 is
important for proper growth in rice mediated by BR signaling.
Another interesting feature of the OsBAK1RNAI transgenic
plants is abnormal leaf development. Leaf morphology is one of
the important parameters of rice architecture. In addition to
growth inhibition, several abnormalities in leaf development
(Figs. 2E-2L), was reported in the d1/d61 double mutant, in
which rice Go. (RGA1) and OsBRI1 are defective, whereas this
finding was not observed in the d617 single mutant (Oki et al.,
2009). These data indicate that the reduced expression of Os-
BAK1 may modulate the expression of RGA7. Fused blades in
several regions of a leaf, very dried and yellowish parts, and a
constitutively wilted appearance, were often observed in the
leaves of the OsBAK1RNAI transgenic plants. These defects
could be partly attributable to the lack of bulliform cells as
shown in Fig. 4B. Although there is some controversy about the
exact function of bulliform cells in the grass family, their rapid
expansion during a specific stage of leaf development has been
proposed to be responsible for the unfolding of the leaf blade
(Alvarez et al., 2008). The size and placement of bulliform cells
are important factors that determine the direction of leaf curling.
Usually, bulliform cells exist mainly in the adaxial surface of the
leaves and are larger than neighboring epidermal cells. In-
creased numbers of bulliform cells in the abaxial side of sl
(shallot-like 1) mutant leaves and smaller adaxial bulliform cells
in the leaves of nr7 (narrow leaf7) and nri1-1 (narrow and rolled
leaf 1) mutants have been shown to affect adaxial leaf curling
(Fujino et al., 2008; Hu et al., 2010; Zhang et al., 2009). In
comparison, overexpression of ACL1 (abaxially curled leaf 1)
produced more and larger bulliform cells, leading to the abaxial
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leaf curling (Li et al., 2010). Therefore, it is possible that the
fused and confronted leaf blades in the OsBAK1RNAI trans-
genic plants represent an extreme case, in which the lack of
bulliform cells in the adxial side of the leaf, led to tight folding of
leaf blade. In mature leaves, bulliform cells can act as motors
adjacent to the mid-vein of leaf through changes in turgor. This
mechanism provides plants with an advantage in resisting envi-
ronmental stresses, especially drought and heat conditions.
The constitutively wilted leaves of OsBAK1RNAI transgenic
plants may be due to malfunction of bulliform cells at maturity.

In Arabidopsis, spontaneous cell death phenotypes were ob-
served only in the double mutant plants lacking both BAK? and
BKK1/AtSERK4/BAK7 (He et al., 2007), or transgenic plants
expressing BAK7 RNA interference (RNAI) constructs (Jeong
et al., 2010). There are no reports about these kinds of pheno-
types in single mutants of BAK1 or BKK1/AtSERK4/BAK?. In
this sense, several necrotic spots in the leaves of OsBAK1RNAI
#5 transgenic plants in normal condition (Fig. 5A) might be
caused by the reduced expression of OsBAK7 and its ho-
mologs together through the RNA interference, resulting in
higher level of basal of PR-1a expression (Fig. 5B). There are
many reports to show induced expressions of pathogenesis-
related (PR) genes upon various stressful stimuli including in-
fection of pathogens, wounding, and treatment of hormones,
such as salicylic acid or jasmonate in rice as well as in Arabi-
dopsis (Mitsuhara et al., 2008). However, no consistent correla-
tion exists whether the higher expression of PR gene means
the plants to have higher capacity to overcome these stresses
or not. In our result, OsBAKT1RNAI #5 transgenic rice plants,
showing increased level of PR-1a, exhibited increased suscep-
tibility to infection by M. oryzae KJ201 (Fig. 5C). The fungal
pathogen M. oryzae uses a hemibiotrophic strategy for initial
infection and proliferation and then switches to necrotrophy,
resulting in necrotic lesions on the infected rice leaves (Park et
al., 2009). Similar phenomena were reported in many cases. In
Arabidopsis, although bak1 mutant showed increased expres-
sion of pathogen infection and senescence-related genes, such
as PR1, PR2, PR5, Cf-like, and PTRS3, it also showed en-
hanced susceptibility to necrotropic fungal infection (Kemmer-
ling et al., 2007). It was also reported that lesion-like necrosis
along the central leaf vein was developed in the transgenic rice
overexpressing (Af)NPR1 in which PR-1b transcript abundance
was increased (Fitzgerald et al., 2008).

OsSERKT1 has been independently isolated from a rice cDNA
that was inducible by blast fungus infection. Expression of
OsSERKT1 is also activated by defense molecules, including
salicylic acid, jasmonic acid, and abscisic acid (Hu et al., 2005).
Another homolog, OsBISERK1, identified as a BTH-inducible
gene is also induced by M. grisea (Song et al., 2008). Lettuce
plants, in which the LsSERK was knocked down by post-
transcriptional gene silencing, were also reported to have re-
duced somatic embryogenesis ability as well as increased sus-
ceptibility to Sclerotinia (Santos et al., 2009). These studies and
our current findings raise the possibility of expanding the range
of OsSERK gene function to include responses to biotic and
abiotic stresses, as well as developmental processes, such as
somatic regeneration and leaf cell specification.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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