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GH3 genes are main components of the hormonal mecha-
nism regulating growth and development and, hence, are 
deeply involved in a broad range of physiological processes. 
They are implicated in hormonal homeostasis through the 
conjugation to amino acids of the free form of essential 
plant growth regulators such as indoleacetic and jasmonic 
acids. In this work, we showed that OsGH3.1 overexpres-
sion in rice caused dwarfism and significantly reduced both 
free auxin content and cell elongation. Functional classifi-
cation of the transcriptomic profiling revealed that most 
genes involved in auxin biosynthesis and auxin signaling 
inhibition were induced and repressed, respectively. Many 
genes related to cell organization and biogenesis were also 
significantly downregulated. The survey also showed that, 
although the response to abiotic stresses was not clearly 
stimulated, OsGH3.1 overexpression did activate a signifi-
cant number of defense-related genes. In successive bioas-
says, it was demonstrated that the resistance of rice plants 
to pathogen infection, evaluated with two different Mag-
naporthe grisea strains, was higher in the transformants 
overexpressing OsGH3.1. Taken together, these results indi-
cate that OsGH3.1 overexpression reduces auxin content, 
inhibits cell growth and cell wall loosening, and enhances 
resistance to a fungal pathogen. Our results provide evi-
dence that auxin homeostasis can regulate the activation of 
the defense response in rice. 

Additional keywords: fungal resistance. 

It is well established that hormones regulate many aspects of 
the natural programs for plant growth and development (Leyser 
2006; Teale et al. 2006). Many studies support the idea that 
plant signaling pathways are composed of intricate networks 
with frequent and highly coordinated interplays allowing coor-
dinate and appropriate responses to the different types of envi-
ronmental stimuli (Achard et al. 2006; Fu and Harberd 2003; 
Halliday 2004). Thus, there is wide evidence that hormones 
regulate plant responses to the environment, especially those 
responses related to life cycles and adverse conditions for 
growth, including many stresses. Evidence for the involvement 
of jasmonic acid (JA), ethylene, and salicylic acid (SA) in bi-

otic stress is ubiquitous (Anderson et al. 2004; McConn et al. 
1997; Ryals et al. 1996). In recent years, however, novel obser-
vations have been presented indicating that other hormonal 
compounds, especially auxin, are apparently implicated in the 
plant responses to stress. Thus, it was suggested that auxin ho-
meostasis was one of the components participating in the regu-
lation of the overall defense response during viral systemic 
infections (Mayda et al. 2000). It has also been shown that 
antibacterial resistance is enhanced by repressing auxin signal-
ing in Arabidopsis (Navarro et al. 2006). Furthermore, there is 
evidence that the presence of bacterial effector molecules 
modulates host auxin physiology to promote disease (Chen et 
al. 2007). It is also known that nontumorigenic Pseudomonas 
syringae and Bacillus strains can produce auxins (Glickmann 
et al. 1998; Idris et al. 2007) or even gibberellins (Gutierrez-
Mañero et al. 2001) at high levels, suggesting that plant patho-
gens can manipulate their host resistance through hormonal 
production or regulation. It has also been demonstrated that the 
inhibition of auxin responses is a part of the SA-mediated dis-
ease-resistance mechanism in Arabidopsis (Wang et al. 2007). 
SA is a signal molecule for systemic acquired resistance in di-
cots but its role is still uncertain in rice because it maintains a 
high endogenous level of SA without activating defense re-
sponse (Silverman et al. 1995). Collectively, these observations 
indicate that the reduction of auxin effects triggers several de-
fense responses, particularly against viral and bacterial patho-
gens. To date, however, the response to fungal resistance to 
auxin depletion is not known. To this end, a strategy involving 
transgenic GH3 rice was developed. 

The GH3 family consists of a set of genes activated rapidly 
in the primary response of plants to auxin. The GH3 gene fam-
ily in Arabidopsis is implicated in hormonal homeostasis 
through conjugation to amino acids of the free form of indole-
acetic acids, SA, and JA (Staswick et al. 2005). In Arabidopsis, 
the GH3 gene family is composed of 19 members. In rice, 13 
putative members of this family were identified based on 
sequence similarity. These displayed open reading frames 
(ORF) of similar size and variable exon organization (Jain et 
al. 2006a; Terol et al. 2006). Expressed sequence tag analysis 
and reverse-transcriptase polymerase chain reactin (RT-PCR) 
assays indicated that 12 of the hypothetical ORF were active 
genes, and phylogenetic clustering showed a high degree of 
conservation between the rice and Arabidopsis GH3 proteins. 
Rice proteins, however, were present in only two of the three 
Arabidopsis groups (i.e., groups I and II). AtGH3.11 
(JAR1/FIN219) is a member of group I and showed JA-amino 
synthetase activity (Staswick and Tiryaki 2004). Recently, it 
has been demonstrated that AtGH3.12, included in group III, 
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regulates the SA-dependent defense response controlling patho-
gen-inducible SA levels (Jagadeeswaran et al. 2007; Nobuta et 
al. 2007). Many members of group II, including AtGH3.6 
(DFL1), AtGH3.5 (AtGH3a), and AtGH3.2 (YDK1), were 
able to adenylate indole-3-acetic acid (IAA) and to catalyze 
IAA conjugation to amino acids through amide bounds 
(Staswick et al. 2005). Thus, YDK1 in Arabidopsis has been 
described as a negative regulator of growth and its overexpres-
sion produces a dwarf phenotype in Arabidopsis adult plants 
(Takase et al. 2004). DFL1 appears also to be a negative regu-
lator of hypocotyl elongation (Nakazawa et al. 2001). The dfl1 
mutants overexpressing DFL1 showed short hypocotyls under 
light conditions but not when grown in the dark. Its overex-
pression caused an exaggerated dwarf phenotype in the adult 
plant by inhibition of cell elongation in shoots. Surprisingly, 
free auxin levels were not significantly decreased in DFL1-
overexpressing plants although, in contrast, the level of IAA-
Asp conjugate was increased three- to fourfold compared with 
control plants (Staswick et al. 2005). AtGH3.5 adenylated both 
IAA and SA in vitro (Staswick et al. 2005) and it has been 
demonstrated that AtGH3.5 acts as a bifunctional modulator in 
both SA and auxin signaling during pathogen infection (Zhang 
et al. 2007). Few reports have been published related to the 
role of the GH3 family in rice. Recently, it has been shown 
that OsGH3.8 prevents free IAA accumulation and activates 
disease resistance to a bacterial pathogen through SA and JA 
signaling-independent pathways. Overexpression of OsGH3.8 
resulted in the suppression of auxin signaling, and as a conse-
quence, abnormal plant morphology and also enhanced resis-
tance to the rice pathogen Xanthomonas oryzae. It was sug-
gested that these abnormalities in OsGH3.8-overexpressing 
plants were produced by the inhibition of expansin expression 
that prevents cell wall loosening (Ding et al. 2008). 

In the work described here, OsGH3.1, the counterpart of the 
Arabidopsis DFL1, identified among the rice OsGH3 genes by 
phylogenetic proximity (Terol et al. 2006), has been overex-
pressed in rice. Transgenic plants were then generated with a 
double objective: to i) confirm the anticipation that OsGH3.1 
overexpression reduces endogenous auxin levels and ii) eluci-
date whether or not auxin depletion enhances defense responses 
and, in particular, tolerance to fungal pathogens. 

RESULTS 

OsGH3.1 overexpression in rice causes a dwarf phenotype  
and depletion in free auxin. 

We generated transgenic rice plants by introducing OsGH3.1 
(Os01g57610) under the regulation of the Cauliflower mosaic 
virus 35S promoter in rice cv. Bomba and examined 17 inde-
pendent T1 lines. Transformants were classified into two dif-
ferent groups according to the severity of the dwarfism (Fig. 
1). Approximately half of these plants showed a bushy severe 
dwarf phenotype, were shorter than 48 cm (control was 145 
cm high), showed flowering delay of several months, and, in 
some cases, developed either sterile flowers or flowers with 
very few seed or multiple secondary tillers. The other half of 
the transgenic plants showed a mild phenotype, were shorter 
than control plants (falling into the range of 70 to 100 cm), did 
not show any morphological abnormality and had normal flow-
ering. Transgenic plants showed different levels of OsGH3.1 
expression and the highest levels corresponded to shorter plants 
(Fig. 1B). Similar results were obtained with transgenic plants 
of cv. Bahia (data not shown). 

Gas chromatography (GC) single-ion-monitoring mass spec-
trometry (MS) determinations showed that free IAA levels 
were significantly lower in T1 35S:OsGH3.1 plants (Table 1). 
Severe dwarf lines (for example, lines 18 and 36 that were 24 

and 34 cm tall, respectively) had lower IAA levels than mild 
lines such as line 8 or Bomba controls that were taller (95 and 
147 cm, respectively). Lines showing severe dwarfism did not 
produce enough seed for further analysis; therefore, confirma-
tion of reduction of the free IAA level in transgenic lines was 
obtained by analyzing additional T2 lines showing mild phe-
notypes. IAA content of 4-week-old Bomba and T2 lines is 

Fig. 1. Mature transgenic rice plants overexpressing OsGH3.1. A, Pheno-
type of untransformed control plants and transgenic lines 7, 31, and 36 
(from left to right). Transformants were classified into two different groups: 
mild (lines 7 and 31) and severe (line 36) dwarfs. Mild dwarfs did not 
show any morphological or flowering abnormality whereas severe dwarfs 
showed flowering delay and developed sterile flowers and multiple secon-
dary tillers. B, OsGH3.1 expression in Bomba control plants and trans-
formed lines 7, 31, and 36. Adults T1 lines were grown under greenhouse 
conditions and OsGH3.1 expression was analyzed by quantitative reverse-
transcriptase polymerase chain reaction using primers amplifying fragments
from the coding sequence region. 
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shown in Table 1. Young plants showed a lower IAA level than 
adult plants. It could be observed that plant height in Bomba 
and T2 lines 8, 13, and 31 certainly correlated positively and 
negatively with IAA content and OsGH3.1 mRNA levels, re-
spectively. 

To know whether cell elongation was affected, sheaths from 
T2 adult plants exhibiting a mild dwarf phenotype (line 31) 
and from Bomba control were studied under an optical micro-
scope. Cells in transgenic plants (56.3 ± 7.4 μm) were 46.0% 
shorter than those in Bomba untransformed plants (122.3 ± 
23.1 μm) (Fig. 2). 

Arabidopsis dominant mutant dfl1-D showed a short-hypo-
cotyl phenotype in light but not in darkness, indicating that 
AtGH3.6 inhibits cell elongation depending on light factors 
(Nakazawa et al 2001). To ascertain the response to light of 
rice plants overexpressing the rice OsGH3.1, T2 seed were 
grown under either continuous light or dark conditions for 10 
days and the aerial part was then measured. Under these condi-
tions, no difference in length was observed with control seed-
lings (data not shown). However, when plants were grown to 
maturity under standard growth conditions, the final height of 
35S:OsGH3.1 plants was shorter than control untransformed 
plants. 

Gene expression profile. 
Transgenic 35S:OsGH3.1 rice plants (line 31) were grown 

under standard growth conditions for 6 weeks and gene ex-
pression profiling was then analyzed. At this stage, differences 
in size between transgenic and wild-type plants were already 
detectable. For the microarray analysis, six independent hybridi-
zations were performed using three different biological replicas 
following a dye-swap loop design. Data were normalized with 
the LIMMA package (Smyth 2005). RNA was isolated from 
transgenic or wild-type plants, amplified, and labeled with 
either Cy-3 or Cy-5. Labeled samples were hybridized to the 
20 K NSF microarrays. In total, 700 genes on the rice cDNA 
microarray showed differential expression of twofold (–1 > M > 
1 and P value < 0.001); 321 and 379 genes were up- and down-
regulated, respectively. Functional classification of genes was 
performed using the Plant GOSlim Assignment of Rice Proteins 
from TIGR. Of the 700 genes that showed significant variation, 
236 (33.7%) showed no Gene Ontology (GO) assignation and, 
from the remaining 464 genes, 219 were upregulated and 245 
were downregulated. Microarray data was validated with quan-
titative (Q)-RT-PCR analyses (Supplementary Fig. S1). 

Biological process classification according to their GO an-
notation of the gene set differentially expressed revealed few 
obvious categories. Genes most likely involved in i) auxin me-
tabolism and perception, ii) growth and cellular morphogene-
sis, and iii) stress related were studied in more detail. 

Auxin metabolism and perception genes. 
Because 35S:OsGH3.1 plants showed lower free IAA levels, 

it was of interest to study the differential expression of genes 
related to the homeostasis, perception, and response to auxin 
in the microarray analysis. Microarray analysis showed that 
three auxin biosynthesis-related genes (Table 2) as well as 
seven other genes implicated in the biosynthesis of tryptophan, 
the precursor of IAA, were clearly induced (Table 3; Supple-
mentary Table S1). 

The survey revealed that at least six genes of the auxin-me-
diated signaling pathway were clearly downregulated in trans-
genic plants. Differential expression of some of these genes 
obtained by microarray analyses was further validated by Q-
RT-PCR (Fig. 3). Four of these genes, OsIAA13, OsIAA17, 
OsIAA24, and OsIAA30, belong to the AUX/IAA family, a 
group of early auxin-responsive genes that are involved in the 
inhibition of auxin response (Hagen and Guilfoyle 2002; Jain 
et al. 2006b). Interestingly, the expression level of other 
Aux/IAA genes, such as OsIAA1, was not affected in transgenic 
plants (Fig. 3; Supplementary Table S4). Other downregulated 
gene were involved in auxin signaling, such as a putative 
homologue of ARF16 (Table 2). It has been shown that the ex-
pression of some OsGH3 genes is regulated by ARF8 (Tian et 
al. 2004). Because ARF8 was not represented in the microar-
ray, we also determined its expression level by Q-RT-PCR. 
The data presented in Figure 3 show that ARF8 expression was 
reduced (threefold) in the transgenic plants. Microarray data 
showed no significant differential expression level (M = 0.84) 
of transport inhibitor response 1 (TIR1), an F-box protein 
mediating Aux/IAA protein degradation (Gray et al. 2001), al-

Table 1. Plant height, indole-3-acetic acid (IAA) contents and relative
mRNA from 35S:OsGH3.1 transgenic plants and from control (untrans-
formed Bomba)z  

 
 
Plants 

 
Plant height 

(cm) 

IAA contents 
(ng g–1 fresh 

weight) 

Relative 
OsGH3.1 

(mRNA level) 

Adult    
Bomba 147.0 592.8 ± 93.4 a … 
Line 8 (T1) 95.0 404.4 ± 46.5 b … 
Line 18 (T1) 24.5 280.6 ± 63.8 c … 
Line 36 (T1) 34.0 233.2 ± 41.2 c … 

Four weeks old    
Bomba 45.6 ± 1.9 a 320.3 ± 22.8 a 31.7 ± 3.5 c 
Line 8 (T2) 38.0 ± 1.0 b 254.3 ± 25.4 ab 67.6 ± 16.4 b 
Line 13 (T2) 37.1 ± 1.2 b 211.2 ± 17.9 b 58.9 ± 0.9 b 
Line 31 (T2) 34.8 ± 0.9 b 234.5 ± 25.2 b 104.8 ± 9.3 a 

z Plant height of adult plants is indicated. IAA determination was the
average of three independent measurements of a single adult plant per 
line in the case of T1 plants (lines 8, 18, and 36) or six 4-week-old plants 
per line in the case of T2 plants (lines 8, 13, and 31). Three T2 plants per
line were used for determining messenger levels. Identical letters show
no statistical differences (mean ± error standard) (P < 0.05). 

 

Fig. 2. Epidermal cells in A, control untransformed plants and B, 35S:
OsGH3.1 plants line 31. Sheath segments from second leaves of adult 
plants were studied with a Leica microscope. 
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though Q-RT-PCR analysis revealed a slight decrease (1.5-
fold) (Fig. 3). 

According to the microarray analyses, levels of other 
OsGH3 transcripts were unchanged. To ascertain alteration of 
endogenous OsGH3.1 transcript levels, distinguishing between 
both endogenous and transgene transcripts, Q-RT-PCR was 
performed with pairs of specific primers amplifying the un-
translated region, which was not included in the 35S:OsGH3.1 
sequence. Data in Figure 3 show no changes in the endoge-
nous OsGH3.1 transcripts in the transgenic plants. 

Overall, the data obtained with these analyses indicated that 
auxin biosynthesis-related genes and mostly Aux/IAA genes, 
implicated in the inhibition of the auxin-signaling pathway, 
were induced and repressed, respectively, in OsGH3.1 trans-
formants. 

Growth and cellular morphogenesis and  
metabolism related genes. 

The microarray analyses also revealed that there was a large 
number of differentially expressed genes related to growth and 
cellular morphogenesis. Most of them were downregulated. 
According to the GO functional classification, the highest pro-
portion of differential expressed genes were associated with 
the “cellular organization and biogenesis” category (Table 4). 
Among them, several genes belonging to the cell growth (five 
upregulated versus 15 downregulated) and extracellular matrix 
organization and biogenesis (two upregulated versus 14 down-

regulated) categories were found. These categories grouped 
cell wall loosening genes (mostly coding for expansins, cell 
wall biosynthesis genes, glycosyl transferases and hydrolases; 
and proline-rich proteins). The group of genes related to the 
cytoskeleton organization was also downregulated and included 
genes coding for tubulins and actin and genes involved in 
regulation of actin filament polymerization. Other groups of 
downregulated genes coded for protein-binding domains such 
as GTP-binding domain. 

Upregulated genes in the growth and cellular morphogenesis 
functional category had mostly unrelated functions and could 
not be grouped in this way. Only a small set of three genes 
coding for cell-wall-associated proteins could be clustered to-
gether; these proteins are part of kinase complexes. Taken to-
gether, the microarray survey suggested that, in general, the 
transcripts associated with cellular growth were mostly down-
regulated in the transgenic plants. 

A group of genes roughly related to the metabolism of nitro-
gen was also induced (Table 3). Within this group, seven genes 
were implicated in tryptophan biosynthesis, the precursor of 
IAA. 

Stress-related genes. 
A large cluster of differentially regulated genes involved in 

stress response was upregulated in 35S:OsGH3.1 plants (Table 
4). It is remarkable that three out of the five genes most differ-
entially upregulated coded for proteins related to defense re-

Table 2. Genes related to auxin biosynthesis and response differentially expressed in OsGH3.1-overexpressing plants based on microarray analyses 

 
Locus 

 
Putative function 

 
Mz 

 
P value 

Adjusted  
P value 

Auxin biosynthesis     
LOC_Os02g20360 Tyrosine/nicotianamine aminotransferases family protein, expressed 2.563 6.922E-36 1.140E-33 
LOC_Os08g23150 Indole-3-glycerol phosphate synthase, chloroplast precursor, 

putative, expressed 
 

1.299 
 

2.321E-10 
 

5.705E-09 
LOC_Os07g18120 Aldehyde oxidase 3, putative, expressed 0.994 1.239E-06 1.579E-05 
LOC_Os02g19970 Tyrosine/nicotianamine aminotransferases family protein, expressed –1.063 1.859E-05 1.861E-04 

Auxin transport     
LOC_Os06g08080 Pyrophosphate-energized vacuolar membrane proton pump, 

putative, expressed 
 

–1.600 
 

5.761E-15 
 

2.532E-13 
Auxin mediated signaling pathway     

LOC_Os07g08460 OsIAA24 –0.933 5.290E-06 5.931E-05 
LOC_Os05g14180 OsIAA17 –0.981 7.815E-05 6.770E-04 
LOC_Os02g02840 RAC-like GTP binding protein RHO1, putative, expressed –0.985 1.547E-06 1.942E-05 
LOC_Os04g43910 Auxin response factor 16, putative, expressed –1.031 4.909E-07 6.774E-06 
LOC_Os03g53150 OsIAA13 –1.387 1.301E-11 3.739E-10 
LOC_Os12g40890 OsIAA30 –1.492 3.324E-13 1.201E-11 

z Logarithm of fold change. 

Table 3. Distribution of significant genes related to growth and cellular morphogenesis and metabolism, based on microarray analyses in transgenic plants 
overexpressing OsGH3.1z 

Functional category Upregulated Downregulated Total 

Cell organization and biogenesis    
Organelle organization and biogenesis 4 14 18 
Cell growth 5 15 20 
External encapsulating structure organization and biogenesis 2 14 16 
Cytoskeleton organization and biogenesis 1 7 8 

Morphogenesis 6 23 29 
Cell differentiation 0 5 5 
Metabolism    
Cellular metabolism 95 82 178 
Primary metabolism 79 71 150 
Nitrogen compound metabolism 12 1 13 
Tryptophan biosynthesis 7 0 7 

Secondary metabolism (phenylpropanoids and terpenoids) 20 9 29 
Macromolecule metabolism 31 43 74 
Regulation of metabolism 16 14 30 
Catabolism 6 6 12 

z Genes were grouped in functional categories according to the Gene Ontology classification. 
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sponse. In general, the responses of genes known to be involved 
in responses to biotic stress were clearly enhanced in the trans-
formants. Thus, in all functional categories included in the bi-
otic stress, the quantity of induced genes was higher than the 
amount of repressed genes. The number of upregulated genes 
related to pest, pathogen, or parasite, for example, was 2.6-fold 
higher than the number of genes downregulated (26 up versus 
10 down) (Table 4). The induced group included several genes 
coding for different pathogenesis-related (PR) proteins such as 
PR-5, P21, three PR-10/BetvI family genes, two endochiti-
nases, and three glucan-endo-1,3-β-glucosidases as well as one 
lipoxygenase and three peroxidases. Furthermore, six induced 
genes were associated with terpenoids metabolism, compounds 
that are related to plant stress responses (Table 3). Therefore, 
the microarray analyses indicated that transcripts associated 
with the responses to biotic stresses were clearly induced in 
OsGH3.1 overexpressing transgenic plants. 

On the other hand, several genes known to be involved in 
response to abiotic stresses were differentially expressed in 
transgenic plants. The distribution in functional categories, ac-
cording to GO classification, showed small subgroups with a 
different tendency in the number of induced or repressed genes 
(Table 4). Gene repression for cold response and gene induction 
for wounding response, for example, were particularly promi-
nent whereas, in other groups of genes, such as those related to 
salt stress or water deprivation response, the variation in the 

number of differentially expressed genes was low. Thus, the 
microarray analysis indicated that OsGH3.1-overexpressing 
transgenic plants do not particularly induce gene expression 
related to any specific abiotic stress. 

35S:OsGH3.1 does not increase tolerance  
to cold and drought. 

Cold and dehydration tolerance of 35S:OsGH3.1 plants was 
compared with that of control plants. Untransformed control 
plants and transgenic plants (lines 8, 13, and 31) were grown 
hydroponically for 20 days. For cold-tolerance analysis, plants 
were transferred to and kept at 4°C for 48 or 60 h and then 
were allowed to recover in nutrient solution at 25°C for an 
additional 9 to 10 days. For drought-tolerance analysis, plants 
were maintained under dry-air conditions for 12 h and then 
were allowed to recover as above. Lines 8, 13, and 31 did not 
show significant differences in comparison with control plants 
after 48 or 60 h of cold treatment (Table 5). Similarly, trans-
genic lines were no more tolerant to dehydration than control 
plants (Table 6). The results suggest that OsGH3.1 overexpres-
sion has no effect on tolerance to cold and drought stress be-
cause reductions in weight among transgenic plants were statis-
tically similar to those observed in controls. 

Fig. 3. Expression analysis determined by quantitative reverse-transcrip-
tase polymerase chain reaction analysis of genes related to auxin response
in control untransformed plants and 35S:OsGH3.1 plants (line 31). In order 
to discriminate transgene amounts from endogenous gene levels, OsGH3.1
was amplified with both primers recognizing the untranslated region and
primers amplifying a fragment from the coding sequence region. Total RNA
was extracted from leaves of 3-week-old plants grown in greenhouse. 

Table 5. Reduction of growth measured as dry weight percentage induced 
by either 48 or 60 h of cold treatment (4°C) in control (untransformed 
Bomba) and 35S:OsGH3.1 transgenic plants (lines 8, 13, and 31)z  

Plant 48 h cold (%) 60 h cold (%) 

Bomba 60.3 ± 2.7 55.7 ± 3.5 
Line 8 63.6 ± 7.1 51.4 ± 6.6 
Line 13 70.8 ± 4.1 62.9 ± 6.8 
Line 31 64.2 ± 6.1 48.0 ± 8.6 
z Data are the average ± standard error of at least 12 plants per line. No 

statistical differences were found between samples in the same column 
(n = 50, P < 0.05). 

Table 6. Reduction of growth measured as dry weight percentage induced 
by dehydration in control (untransformed Bomba) and 35S:OsGH3.1
transgenic plants (lines 8, 13, and 31)z  

Plant Dehydration stress (%) 

Bomba 44.1 ± 6.6 
Line 8 47.7 ± 8.2 
Line 13 52.2 ± 2.9 
Line 31 46.3 ± 3.0 
z For dehydration, plants were maintained under dry-air conditions for 12 

h. Data are the average ± standard error of at least 12 plants per line. No 
statistical differences were found between samples (n = 70, P < 0.05). 

Table 4. Distribution of significant genes related to biotic and abiotic 
stress based on microarray analyses in transgenic plants overexpressing 
OsGH3.1z 

Functional category UR DR Total 

Biotic stress    
Response to biotic stimulus 32 18 50 
Response to pest, pathogen or parasite 26 10 36 
Defense response 23 11 34 
Cell death 3 2 5 

Abiotic stress    
Response to abiotic stimulus 42 31 73 
Response to cold 3 10 13 
Response to salt stress 5 8 13 
Response to water deprivation 9 8 17 
Response to wounding 11 1 12 
Response to carbohydrate stimulus 6 0 6 

z Genes were grouped in functional categories according to the Gene Ontol-
ogy classification. UR and DR = up- and downregulated, respectively. 
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35S:OsGH3.1 displays resistance to a fungal pathogen. 
The finding that several defense-related genes were induced 

in the transformants led us to examine the resistance of trans-
genic plants to pathogen infection. In a first bioassay, plants 
from three transgenic lines overexpressing OsGH3.1 (lines 8, 
31, and 36) and untransformed Bomba plants were inoculated 
with two different European strains (PR14 and IT10) of the 
fungal pathogen Magnaporthe grisea, the causative agent of 
rice blast. Results with both races were similar. All three over-
expressing lines showed increased defense reaction: the 
Bomba control had susceptible type lesions with no brown 
margin whereas all three lines showed intense browning around 
lesions. In this first assay, the four lines were at different leaf 
stages when inoculated because transgenic plants showed a 
significant growth delay. To avoid the influence of leaf stage, 
which is known to influence resistance to blast in rice, a sec-
ond assay was performed. In this experiment, overexpressing 
lines (nos. 13 and 31) were sown 2 days before Bomba and 
inoculated with one European strain (PR14). Increased defense 
and minor affected areas were observed again in overexpress-
ing lines that also showed more intense browning around lesions 
than the untransformed control (Fig. 4). Lesion size was also 
reduced by 40 to 50% in OsGH3.1-overexpressing lines com-
pared with Bomba plants (Table 7). 

To ascertain the role of auxin in resistance to fungal patho-
genesis, 4-week-old 35S:OsGH3.1 plants (line 31) and Bomba 
untransformed plants were treated with IAA or 2,4-D (a syn-
thetic IAA analogue that is not substrate for IAA-amido syn-
thetases) and, 3 h later, were inoculated with M. grisea. Seven 
days after inoculation, the number of lesion per leaf was 
scored on 25 leaves (one leaf per plant). Both OsGH3.1-over-

expressing and untransformed control plants treated with 2,4-
D did not show any significant difference in lesion number 
compared with untreated plants (Table 8). When plants were 
treated with IAA, similar results were observed. Therefore, no 
obvious difference in the response to fungal attack could be 
found upon exogenous application of auxin. 

DISCUSSION 

The first relevant finding of this work is that OsGH3.1 is 
involved in the regulation of free IAA content in rice. Overex-
pression of OsGH3.1 in transgenic rice plants produced deple-
tion of the free IAA content. This observation is of physiologi-
cal relevance because it offers an explanation for the dwarf 
phenotype of the GH3-overexpressing plants, connecting 
growth with hormonal shortage. The GH3 gene group was first 
described as an early auxin-inducible family (Hagen and 
Guilfoyle 1985). Later, it was proved that a group of the Arabi-
dopsis GH3 genes encoded IAA-amido synthetases that con-
trol the endogenous levels of auxin through their capability to 
conjugate amino acids (Staswick et al. 2005). It has been 
shown that plants that constitutively express ARF8 had a de-
crease in free IAA content and, at the same time, higher tran-
script levels of AtGH3.6 (DFL1), AtGH3.5 (AtGH3a), and 
AtGH3.17 (Tian et al. 2004). Thus, it was proposed that ARF8 
may control the free auxin content through the negative regula-
tion of GH3 gene expression. Therefore, the overexpression of 
one of these genes may decrease auxin content, disturbing 
auxin homeostasis. Recently, it has been reported that the over-
expression of OsGH3.8 produced a decrease in free IAA level 
in transgenic plants (Ding et al 2008). 

In the work presented here, overexpression of OsGH3.1 pro-
duced a reduction in cell elongation, a phenotype consistent 
with the decrease of free auxin levels. In dwarf Arabidopsis 
plants with constitutive expression of AtGH3.6 (DFL1), free 
auxin levels were not significantly decreased, although the 
level of IAA-Asp conjugate was increased (Staswick et al. 
2005). In our work, GC-MS determinations of endogenous 
IAA showed that the rice transformants certainly contained 
reduced levels of free and active IAA, suggesting that, in these 
plants, increased IAA conjugation to amino acids is the main 
cause of the dwarf phenotype. Transcriptomic analysis of 
plants overexpressing OsGH3.1 also showed a high proportion 
of downregulated genes involved in cell growth and cellular 

Fig. 4. Enhanced resistance to Magnaporthe grisea conferred by
overexpression of OsGH3.1. Bomba control and plants from lines 13 and
31 were inoculated with European M. grisea strain (PR14). 

Table 8. Number of lesions per leaf caused by Magnaporthe grisea
infection in control (untransformed Bomba) and 35S:OsGH3.1 transgenic 
plants (line 31)z  

 
Plants 

 
Untreated 

100 µM indole-3-
acetic acid 

100 µM  
2,4-D 

Bomba 2.9 ± 0.7 ab 1.5 ± 0.4 b 4.0 ± 0.8 a 
Line #31 1.0 ± 0.4 a 1.1 ± 0.2 a 1.6 ± 0.5 a 
z Data are the average ± standard error of at least 20 plants per line and 

treatment. Identical letters in the same row show no statistical differences 
(n = 63, P < 0.05). 

Table 7. Lesion size caused by Magnaporthe grisea infection in control 
(untransformed Bomba) and 35S:OsGH3.1 transgenic plants (lines 13 and 
31)z  

Plants Lesion size (cm) 

Bomba 2.9 ± 1.7 a 
Line 13 1.4 ± 0.5 b 
Line 31 1.7 ± 0.5 b 
z Data are the average ± standard error of 15 plants per line. Identical 

letters show no statistical differences (n = 45, P < 0.05). 
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morphogenesis. Most of these latter genes were related to cell 
wall biosynthesis (glycosyl hydrolases 1,4-β-glucanases) or 
cell wall loosening (several expansins), indicating that both 
processes were inhibited. This is an expected observation that 
correlated with the dwarf phenotype exhibited by these trans-
formants. 

The decrease in free IAA content in transgenic plants was 
accompanied by significant repression of transcript levels of 
several Aux/IAA genes and ARF8 and also by slight downregu-
lation of TIR1. The Aux/IAA family is a group of primary 
auxin-responsive genes that mediates responses to auxin, 
inhibiting transcription of auxin-inducible genes by forming 
inactive heterodimers with the auxin response factor (ARF) 
family of DNA-binding proteins (Tiwari et al. 2003). As men-
tioned above, ARF bind to auxin-responsive elements of pri-
mary auxin-response genes and activate (or repress) transcrip-
tion. Aux/IAA proteins are short-lived nuclear proteins whose 
degradation is proteasome dependent and mediated by the F-
box protein TIR1, which is part of the ubiquitin SCFTIR1 com-
plex and has the capacity to bind auxin (Gray et al. 2001; 
Kepinski and Leyser 2005). Later on, as an alternative to TIR1, 
it was proposed that posttranscriptional cleavage of ARF 
mRNA by microRNA also modulates auxin signaling (Yang et 
al. 2006). Thus, Aux/IAA proteins function as ARF inhibitors, 
decreasing auxin signaling (Nakamura et al. 2006). In the pres-
ence of an inducible level of auxin, ARF homodimerize while 
Aux/IAA proteins are proteolyzed via the ubiquitin pathway. 
As a consequence of the depletion of auxin signaling, tran-
script levels of both TIR1 and ARF8 are diminished. 

It is currently accepted that there are complex interactions 
between different hormones and environmental stimuli. The 
relationship between auxin and ethylene, gibberellic acid, and 
brassinosteroids has recently been documented (Woodward 
and Bartel 2005), for instance. Furthermore, the pleiotropic de-
fects of mutants affected in components of signaling pathways 
strongly indicate intercommunication between several hormone 
response pathways. Examples of these interactions are muta-
tions in Aux/IAA and ARF genes that have impaired light re-
sponses, RUB E2 enzyme-defective mutants that are auxin and 
methyl jasmonate resistant and also overproduce ethylene, or 
mutations in the auxin transport facilitator TIR3 that have al-
tered response to auxin, light, ethylene, cytokinin, and giberel-
lin (Kanyuka et al. 2003; Lasen and Cancel 2004; Tian et al. 
2004; Woodward and Bartel 2005). Other important examples 
are the DELLA proteins that have been reported to be integra-
tors of plant responses to independent hormonal and environ-
mental signals (Achard et al. 2006) and OsNAC6 that func-
tions as a transcriptional activator induced by different abiotic 
factors as well as by infection with the blast fungus (Nakashima 
et al. 2007). Transcriptomic analysis of rice plants overex-
pressing OsGH3.1 showed a considerable number of differen-
tially expressed genes related to abiotic stimulus, many of 
them also associated with two or more stress inductors. Thus, 
many upregulated genes related to the response of wounding 
and cold were also included in the group of genes involved in 
the response to biotic agents. This observation indicates the 
occurrence of cross-talk between different signaling pathways 
implicated in the biotic and abiotic response of the plant to the 
environment. Transgenic plants overexpressing OsGH3.1, 
however, did not show differential response to both cold and 
desiccation treatments, indicating that factors other than auxin 
content are involved in the tolerance to these specific stresses. 

Transcriptomic analyses also revealed a considerable num-
ber of induced defense response genes, another pivotal obser-
vation of this work because it links IAA content depletion with 
enhanced defense response. It is well established that several 
plant hormones such as SA, JA, and ethylene are main regula-

tors of the signal pathways that activate defense responses in 
several plant species (Anderson et al. 2004; McConn et al. 
1997; Ryals et al. 1996). However, the role of SA in rice re-
mains elusive because rice contains high basal levels of SA 
compared with Arabidopsis or tobacco and appears to be insen-
sitive to exogenous SA treatment (Yang et al. 2004). In rice, 
SA does not appear to act as an effective signal molecule to 
activate disease resistance although it has been suggested that 
it could play an antioxidative role to protect rice plants from 
oxidative stress (Yang et al 2004). Recent investigations have 
pointed out that auxin homeostasis might also be one of the 
components participating in the regulation of plant defense. 
Recently, it has been reported that virulence factors from 
pathogenic bacteria P. syringae modulate host auxin physiol-
ogy to promote disease in Arabidopsis (Chen et al. 2007; 
Navarro et al. 2006). More recently, a role in bacterial resis-
tance was proposed for OsGH3.8, an IAA-amino synthetase, 
that would act as an activator of disease resistance by inducing 
a transient and cell-specific suppression of auxin signaling 
(Ding et al. 2008). In the case of viral agents, other relevant 
examples can be found in the literature relating auxin depletion 
and pathogen resistance (Mayda et al. 2000; Padmanabhan et 
al. 2005, 2006). On the other hand, the transcription factor 
OsWRKY31 has been proposed as a common component in the 
signal transduction pathways of auxin response and defense in 
rice (Zhang et al. 2008). These previous works strongly sug-
gested the occurrence of an interactive cross-talk system be-
tween auxin homeostasis and pathogen elicitation in both 
monocot and dicots. 

Plant defense is a costly event and plants have evolved to 
minimize this effort by integrating growth responses to envi-
ronmental and pathogen signals. In this context, coevolution of 
pathogen and plants led to an interplay in which the pathogen 
tries to manipulate its host by unbalancing the hormonal ho-
meostasis, increasing auxin signaling to promote disease and, 
meanwhile, the plants respond by downregulating auxin sig-
naling that could act as an immune response by inhibiting cell 
wall loosening and activating defense genes. In this regard, the 
ability of several members of the OsGH3 family to conjugate 
free IAA may contribute to plant defense. In the work reported 
here, OsGH3.1 overexpression produced a depletion of auxin 
signaling leading to the activation of a plethora of defense 
genes, including those related to phenylpropanoid and terpe-
noid metabolism. The transcriptomic profile also revealed 
downregulation of genes implicated in loosening and biosyn-
thesis of cell walls, two processes that may debilitate the func-
tion of these natural barriers against fungal and bacterial attack. 
Moreover, the results presented in this work showed that ex-
ogenous auxins cannot restore or increase susceptibility in tol-
erant transgenic or wild-type plants, indicating that the auxin 
content per se may not be ultimately responsible for the toler-
ance observed in the transgenic plants. Rather, the results sug-
gest that the cause of the loss of susceptibility is likely associ-
ated with one or several initial effects of auxin deficiency. The 
inhibition of cell wall loosening, linked here to the dwarf phe-
notype, which was not restored by exogenous auxins, for in-
stance, might contribute to the defense of the plant against 
pathogens. 

In conclusion, data reported in this article extend and com-
plement the concept developed in previous work that suggests 
that auxin homeostasis participates in the regulation of plant-
induced immune response by activating defense genes. These 
OsGH3.1-overexpressing lines offered an opportunity to fur-
ther investigate the role of auxin in triggering defense against a 
fungal pathogen (M. grisea) in a monocot species (rice). It is 
shown that OsGH3.1 overexpression in rice reduces free auxin 
content and activates defense response genes. Resistant assays 
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with the fungal pathogen M. grisea demonstrated that these 
auxin-deficient plants also showed enhanced fungal resistance. 
This observation provides correlative evidence among auxin 
homeostasis and the mechanism of defense response in rice. 

MATERIALS AND METHODS 

Plant material and growth conditions. 
Rice (Oryza sativa subsp. japonica) cv. Bomba was used in 

all studies. Plants were grown in summer in the greenhouse 
under natural daylight at 25°C. For microarray expression 
analysis, the aerial parts of 6-week-old plants were frozen in 
liquid nitrogen and stored at –80°C until RNA isolation. For 
physiological experiments, T2 seed were germinated during 2 
days in water and selected in agar dishes in the presence of 
hygromicin (40 mg/liter), then transferred to nutrient solution 
(Yoshida et al. 1976) and grown in growth chambers at 25°C 
during a 12-h photoperiod with relative humidity of 75%. 

The height of adult plants was determined by measuring the 
length of the main tiller of each transgenic plant from the 
crown of the roots to the flag leaf. 

Auxin extraction, purification, and quantitation. 
Indolacetic extraction from leaf samples was performed 

with 80% methanol. After purification with SS-Sax and C18 
Sep-Pak cartridges, samples were dried to vacuum and further 
fractionation performed with reverse-phase high-performance 
liquid chromatography. Fractions containing IAA were evapo-
rated to dryness, then methylated with ethereal diazomethane 
and tri-methyl-silylated at room temperature for at least 1 h 
with 5 to 10 μl of bis-trimethylsilyl-trifluoroacetamide. 

Analysis of IAA was performed by GC-MS using a gas 
chromatograph (Star 3400 CX; Varian, Sunnyvale, CA, 
U.S.A.) coupled to an ion trap mass spectrometer (Saturn 3; 
Varian) in the splitless mode into a fused silica capillary column. 
The He inlet pressure was 60 kPa and the injector, interface 
and manifold temperatures were 250, 250, and 200°C, respec-
tively. For quantitation purposes, [2H2]-IAA was added to the 
extracts as an internal standard. Abundance of IAA was moni-
tored through calculation of the area ratio of ions at m/z 202 
and 204 of IAA and [2H2]-IAA, respectively, in the chroma-
tographic profiles. In preliminary analyses, various amounts of 
internal standards were added to the extracts in consecutive ex-
tractions and the produced IAA amounts were initially esti-
mated. This strategy was repeated until the amount of internal 
standards and the amount of endogenous IAA was similar. All 
quantitations were independently repeated on at least three dif-
ferent samples from leaves of T1 adult plants or from leaves of 
six different plants of each T2 line. 

Rice transformation. 
OsGH3.1 was amplified by PCR from genomic DNA from 

cv. Bomba using the primers 5′-CCCATGGCGGAAGCAC 
CGACCGCC and 5′-GACTAGTCGACCAATGACCATATGC 
ATG. The PCR product was digested with NcoI and SpeI and 
cloned under the 35S promoter in pCAMBIA1305.1 (Cambia, 
Australia) to generate p35S:OsGH3.1. The resultant plasmid 
was transformed into Agrobacterium tumefaciens EHA105 by 
electroporation, and used for the transformation of Bomba rice 
(subsp. japonica). Rice transformation was performed accord-
ing to Hiei and associates (1994). 

RNA extraction, RNA amplification, and  
microarray hybridization. 

Total RNA was isolated with Trizol (Invitrogen, Carlsbad, 
CA, U.S.A.) and further purified with the RNeasy midi kit 
(Qiagen, Valencia, CA, U.S.A.). RNA samples were treated 

with RNase free DNase I (Invitrogen). Aliquots of RNA were 
kept to perform semiquantitative and Q-RT-PCR analysis. The 
RNA amplification and labeling were performed with the Ami-
noAllyl MessageAmp II aRNA Amplification kit (Ambion, 
Austin, TX, U.S.A.) according to the manufacturer’s instruc-
tions. Total RNA of each sample (1 μg) was used for the am-
plification. The final concentration of obtained amplified RNA 
(aRNA) was determined with a NanoDrop ND1000 Spectro-
photometer. For the dye-coupling reaction, 10 μg of aRNA of 
each sample were used following the “Dye Coupling and La-
beled aRNA Cleanup” protocol (Ambion). aRNA of each sam-
ple (2 μg) was fragmented with the Ambion’s RNA fragmenta-
tion reagents (Ambion). 

The Rice NSF oligonucleotide microarray 20K (50 to 70 
mers), containing 20,230 TIGR version 2.0 gene models, was 
used for gene expression detection. Additional information 
about this array is available at the NSF Rice Oligonucleotide 
Array Project web page. The probes for the hybridizations 
consisted of aRNA of three distinct individuals from the trans-
genic line 31 and three other distinct individuals from wild-type 
plants. Each sample was labeled twice, once with Cy3 and the 
other time with Cy5, and, therefore, was directly compared 
against two samples of the other genotype (Kerr and Churchill 
2001). Hybridization overnight at 42°C, washing, and scanning 
(ScanArray Gx; Perkin Elmer, Wellesley, MA, U.S.A.) was 
carried out exactly as described at the NSF Rice Oligonucleotide 
Array Project website. All microarray data described in this 
study were deposited into the ArrayExpress database (accession 
number A-MEXP-1386 and E-MEXP-1773). 

Microarray data analysis. 
Image analysis was performed using GenePix 4.1 Pro soft-

ware (Axon Instruments, Foster City, CA, U.S.A.). Quality 
control, normalization, and determination of differentially ex-
pressed genes were performed in R using the Limma package 
(Smyth 2005) of Bioconductor. Background intensity in each 
spot was subtracted from foreground intensity using the “nor-
mexp” method and the normalization step was carried out using 
the “vsn” method (Smyth and Speed 2003). Because each indi-
vidual was represented on two different arrays, the hybridiza-
tions were not independent. This circumstance was taken into 
account to obtain the list of differential expressed genes, fol-
lowing the procedures previously described in Smyth (2004). 
The list was filtered to select candidate genes with P value < 
0.001 and a ratio of intensities between transgenic and wild-
type plants of –1 < M > 1 (M = log2 [35S:OsGH3.1/Bomba)]). 
For determining the false discovery rate (FDR), P values were 
adjusted by multiple testing using Benjamini and Hochberg’s 
method (Benjamini and Hochberg 1995). An adjusted P value 
greater than 0.001 (FDR = 0.1%) was obtained for all genes. 
Functional category classifications were grouped using the 
Blast2GO software (Conesa et al. 2005). 

Real-time Q-RT-PCR experiments. 
Aliquots of RNA prepared for the microarray analysis were 

subjected to real-time Q-RT-PCR. The RNA concentration was 
determined by a fluorometric assay with the kit Quant-iT Ribo-
Green RNA assay (catalog number R11490; Molecular Probes 
Inc., Eugene, OR, U.S.A.) following the manufacturer’s instruc-
tions. The one-step Q-RT-PCR assays were performed on a 
LightCycler 2.0 (Roche Applied Science, GE, Mannheim Ger-
many) using the LightCycler Fast Start DNA MasterPlus Sybr 
Green I kit (cat. no. 03515885001; Roche Applied Science). 
To each reaction was added 2.5 units of MultiScribe Reverse 
Transcriptase (cat. no. N8080018; Applied Biosystems, Foster 
City, CA, U.S.A.), 1 unit of RNase Inhibitor (cat. no. 
N8080119; Applied Biosystems), 2 μl of LC Fast Start DNA 
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MasterPlus Sybr Green I, 0.5 μl of each primer (0.25 μM final 
concentration), and 100 ng of total RNA in a total volume of 
10 μl. The RT-PCR procedure consisted in an incubation at 
48°C for 30 min, followed of 45 cycles at 95°C 2 s, 60°C 8 s, 
and 72°C 8 s. The identities of the amplicons and the specific-
ity of the reaction were verified by melting curve analysis and 
by sequencing the reaction product, respectively. To transform 
fluorescent intensity measurements into relative mRNA levels, 
a 10-fold dilution series of a RNA sample was used as standard 
curve. Relative mRNA levels were then normalized to total 
RNA amounts as previously described (Cercós et al. 2006). 
The values presented are the mean of the two biological 
replicates, each with three technical replicates. The error bars 
indicate the standard deviation from the mean. 

Histological analysis. 
Sheath segments from second leaves of adult plants immersed 

in 80% (wt/wt) lactic acid were autoclaved for 20 min at 
121°C. Samples were mounted in fresh 80% (wt/wt) lactic acid 
and viewed with a Leica ASLMD microscope. Images were 
processed using Adobe Photoshop 5.5 (Adobe Systems, Moun-
tain View, CA, U.S.A.). Leaves from three different T2 plants 
were examined and 20 cells from each one were measured. 

Cold and drought treatments and evaluation  
of resistance to blast disease. 

Seedlings of both control and transgenic plants were grown 
hydroponically in nutrient solution for 20 days. Then, for cold 
treatment, plants were transferred to and kept at 4°C for either 
48 or 60 h. For dehydration treatment, nutrient solution was 
removed; roots were dried onto filter paper and then kept dried 
for 12 h. After each treatment, plants were transferred to nor-
mal growth condition for 9 days to allow plant recovery. Then, 
plants were collected and dried in a 60°C oven for 2 days, and 
leaves and stems were weighted. Each treatment was inde-
pendently performed twice and 12 seedlings per treatment and 
line were analyzed. 

Plants were grown in the greenhouse as previously described 
(Roumen et al. 1997). Three-week-old plants were inoculated 
with a M. grisea spore suspension calibrated at 50,000 
spores/ml. The two M. grisea strains (IT10 and PR14) used to 
evaluate resistance correspond to two different European races 
of the blast pathogen (Roumen et al. 1997). Symptoms were 
observed 1 week post inoculation, leaves were collected for 
storage, and the size of 15 different lesions per plant was 
measured. For analysis of the effect of IAA on disease, 3-
week-old plants were sprayed with 100 μM IAA, 100 μM 2,4-
D, or water 3 h before they were inoculated with M. grisea. 
Lesion number was scored 7 days post inoculation. 

Parameters were statistically tested by analyses of variance 
and comparisons of means were determined through the least 
significant difference method. Statistical analyses were per-
formed with StatGraphics Plus for Windows (version 2.1; Sta-
tistical Graphics, Englewood Cliffs, NJ, U.S.A.). 
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