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Jasmonate (JA) regulates various plant defense and developmental processes. The F-box protein CORONATINE 
INSENSITIVE 1 (COI1) perceives JA signals to mediate diverse plant responses including male fertility, root growth, antho-
cyanin accumulation, and defense against abiotic and biotic stresses. In this study, we carried out genetic, physiological and 
biochemical analysis on a series of coi1 mutant alleles, and found that different amino acid mutations in COI1 distinctively af-
fect JA-regulated male fertility in Arabidopsis. All the JA responses are disrupted by the COI1 mutations W467* in coi1-1, 
Q343* (coi1-6), G369E (coi1-4), G98D (coi1-5), G155E (coi1-7), D452A (coi1-9) and L490A (coi1-10), though the coi1-5 
mutant (COI1G98D) contains adequate COI1 protein (~60% of wild-type). Interestingly, the low basal level of COI1E543K in the 
coi1-8 mutant (~10% of wild-type COI1 level) is sufficient for maintaining male fertility (~50% of wild-type fertility); the 
coi1-2 mutant with low level of COI1L245F (~10% of wild-type) is male sterile under normal growth condition (22°C) but male 
fertile (~80% of wild-type fertility) at low temperature (16°C); however, both coi1-2 and coi1-8 are defective in the other JA 
responses (root growth, anthocyanin accumulation, and plant response to the pathogen Pst DC3000 infection). 
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Jasmonates (JAs), including jasmonic acid, methyl- 
jasmonate (MeJA), jasmonate-isoleucine (JA-Ile) and their 
oxylipin derivatives [1,2], control various aspects of plant 
development and growth processes, including plant fertility 
[3–5], root growth [6,7], trichome formation [8,9] and leaf 
senescence [10,11], and regulate secondary metabolism [12], 
such as anthocyanin accumulation [8], glucosinolate bio-
synthesis [13] and sesquiterpene accumulation [14]. In ad-
dition, JAs function as defense signals to mediate plant de-
fense responses against abiotic and biotic stresses, such as 
ozone exposure [15], drought [16], wounding [17], herbi-

vore attack [18–20] and necrotrophic pathogen infection 
[21–25]. 

The F-box protein CORONATINE INSENSITIVE1 
(COI1) [26] forms the SCFCOI1 complex with ASK1/ASK2, 
Cullin and Rbx1 [27–29], perceives JA signals [30], and 
recruits Jasmonate-ZIM-domain (JAZ) proteins [3133] for 
ubiquitination and subsequent degradation via the 26S pro-
teasome pathway. The N-terminal tri-helical F-box motif in 
COI1 binds to ASK1 [34], while the COI1 C-terminal 
horseshoe-shaped solenoid, consisting of the 18 LRRs and 
the four loops (loop-2, loop-12, loop-14 and loop-C), binds 
to JA-Ile, the bioactive form of JA [35], generating subse-
quent surface for further interaction with JAZ proteins [34]. 
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JAZ proteins interact with various downstream transcription 
factors, including transcriptional activators MYB21/MYB24 
[3], MYC2/MYC3/MYC4 [36–38], WD-repeat/bHLH/MYB 
complex [8], EIN3/EIL1 [39], and transcriptional repressors 
bHLH subgroup IIId factors [40–42] to regulate their re-
spective JA responses. JA-induced degradation of JAZ pro-
teins releases the downstream transcriptional factors, lead-
ing to antagonistical and coordinated regulation of various 
JA responses.  

The COI1 perceives JA signals to mediate diverse plant 
responses including developmental processes, secondary 
metabolism, and defense against abiotic and biotic stresses. 
In this study, we found that different JA responses require 
different levels of functional COI1 protein through genetic, 
physiological and biochemical analysis on a series of coi1 
mutant alleles which harbored various amino acid mutations 
including G98D in the coi1-5 mutant, G155E (coi1-7), 
L245F(coi1-2), Q343* (coi1-6), G369E (coi1-4), D452A 
(coi1-9), W467* (coi1-1), L490A (coi1-10) and E543K 
(coi1-8). We showed that the amino acid mutations in the 
COI1 gene have distinct effect on COI1 function in regulat-
ing male fertility: (i) the low basal level of COI1E543K pro-
tein (~10% of wild-type) is adequate for maintaining male 
fertility in the coi1-8 mutant (~50% of wild-type fertility), 
but not for other JA responses including JA-regulated root 
growth, anthocyanin accumulation, and plant response to 
the pathogen Pst DC3000 inoculation; (ii) the amino acid 
substitution L245F in coi1-2 significantly attenuates 
JA-regulated male fertility under normal temperature, 
whereas COI1L245F is able to restore male fertility (~80% of 
wild-type fertility) by low temperature treatment without 
affecting the COI1 protein level; (iii) all the JA responses 
including male fertility are completely abolished by 
COI1G98D mutation though adequate COI1G98D protein is 
retained in coi1-5 (~60% of wild-type COI1 level), and the 
other remaining amino acid changes G155E (coi1-7), 
Q343* (coi1-6), G369E (coi1-4), D452A (coi1-9), W467* 
(coi1-1), and L490A (coi1-10) completely abolish the COI1 
stability and disrupt all the JA responses including male 
fertility. 

1  Materials and methods 

1.1  Materials and growth conditions 

The Arabidopsis thaliana Col-0 wild-type, coi1-1, coi1-2, 
coi1-4, coi1-5, coi1-6, coi1-7, coi1-8, coi1-9 and coi1-10 
were described previously [28,30]. The coi1-1 and coi1-2 
mutants were identified by CAPS markers using the primer 
pairs 5′-GGTTCTCTTTAGTCTTTAC-3′ and 5′-GCCA- 
GAGAGTAGTAAGCCAA-3′, and 5′-CTTGAGGTTTTA- 
AACTTCTAC-3′ and 5′-CTCGAGAACTTCCAAATTA- 
GGAC-3′, and restriction endonucleases Xcm I and  
Hyp188 III, respectively. The genotypes of coi1-4, coi1-5, 
coi1-6, coi1-7, coi1-8, coi1-9 and coi1-10 were verified by 

sequencing. The Arabidopsis thaliana seeds were plated on 
Murashige and Skoog (MS) medium (Sigma, St. Louis, MO, 
USA) with 3% sucrose, chilled at 4°C for 3 d, and trans-
ferred to a growth condition under a light/dark photoperiod 
of 16 h/8 h at 16°C or 22°C. 

For observation of male fertility from the primary inflo-
rescences, Col-0, coi1-1, coi1-2, coi1-4, coi1-5, coi1-6, 
coi1-7, coi1-8, coi1-9 and coi1-10 were grown under a 
light/dark photoperiod of 16 h/8 h at 22°C (for normal tem-
perature) for 45 d, or grown under a light/dark photoperiod 
of 16 h/8 h at 22°C for four weeks (for normal bolting), and 
transferred to a growth condition with a light/dark photo-
period of 16 h/8 h at 16°C (for low temperature treatment) 
for another 32 d. The flowers and stamens at floral stage 13 
[43] from the primary inflorescences were presented.  

1.2  RT-PCR and quantitative real-time PCR 

For RT-PCR or quantitative real-time PCR analysis, the 
Arabidopsis seedlings were grown under a light/dark pho-
toperiod of 16 h/8 h at 16°C or 22°C for two weeks, then 
harvested for RNA extraction. Reverse transcription was 
performed using TransScript One-Step gDNA Removal and 
cDNA Synthesis SuperMix Kit (Transgene Biotech, Beijing, 
China). For reverse transcription (RT) PCR, amplifications 
were performed with 25 cycles for both ACTIN1 and COI1. 
Amplified transcripts were detected by ethidium bro-
mide-stained agarose gels. ACTIN1 was used as the nor-
malization control. The primers used for RT-PCR are     
as follows: Actin1: 5′-TGTTGAGAAGAACTACGAGC-3′ 
and 5′-AAGCACTTCCTGTGAACAAT-3′, COI1: 5′-TAG- 
AGGTCCTTGCACAGTACTG-3′ and 5′-CATCTCTAGC- 
TTCTGTAGAT-3′. 

Quantitative real-time (qRT) PCR was performed using 
the ABI7500 real-time PCR system and RealMasterMix 
(SYBR Green I) (TAKARA, Japan). ACTIN8 was used as 
the internal control. All the experiments were repeated three 
times. The primers used for qRT-PCR analysis are as fol-
lows: Actin8: 5′-TCAGCACTTTCCAGCAGATG-3′ and 
5′-CTGTGGACAATGCCTGGAC-3′, COI1: 5′-GTGTCC- 
TAATTTGGAAGTTCTCG-3′ and 5′-CTCCATTCCTTGT- 
TCATCTGC-3′. 

1.3  Immunoblot analysis 

For immunoblot analysis of COI1 protein, the Arabidopsis 
seedlings were grown under a light/dark photoperiod of  
16 h/8 h at 16°C or 22°C for two weeks. The total protein 
was extracted from leaves of each genotype using extraction 
buffer (50 mmol L1 Tris-Cl, pH 7.8, 100 mmol L1 NaCl, 
10% (v/v) glycerol, and 20 mmol L1 β-mercaptoethanol), 
measured by Broadford method, separated by 10% 
SDS-PAGE gel, and transferred to PVDF membrane. 
Membrane was blocked by 5% milk power in PBST solu-
tion (PBST: 8 g L1 NaCl, 0.2 g L1 KCl, 1.44 g L1 
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Na2HPO4, 0.24 g L1 KH2PO4, 0.1% Tween 20) at room 
temperature for 2 h, incubated with the primary antibody 
(1:500 dilution) overnight at 4°C and secondary antibody 

(1:1000 dilution) at room temperature for 2 h. The protein 
bands were detected by chemiluminescence detection rea-
gents (Applygen Technologies Inc., Beijing, China). The 
relative abundance of COI1 was calculated by the software 
from FluorChem M MultiFluor System (Alpha).  

1.4  Measurement of root length and anthocyanin con-
tent 

For measurement of root length and anthocyanin content, 
seeds were grown on MS medium with 0, 1, 5, 10 or 25 
μmol L1 MeJA, chilled at 4°C for 3 d, and transferred to a 
growth condition with a light/dark photoperiod of 16 h/8 h 
at 16°C or 22°C. The 11-day-old seedlings for each geno-
type were used for measurement of root length or anthocya-
nin content with methods as described previously [40]. The 
relative root length was presented as a percentage of root 
length on MS medium. The anthocyanin content was pre-
sented as (A535A650)/g fresh weight. The experiments were 
repeated three times. 

1.5  Infection with bacterial pathogen 

The Pseudomonas syringae pv tomato (Pst) DC3000 bacte-
ria were cultured overnight, harvested at 2000×g for 3 min, 
washed three times using 10 mmol L1 MgCl2, and finally 
suspended in 10 mmol L1 MgCl2. Twenty-four 4-week- old 
plants were sprayed with 1×108 (colony-forming units)/mL 
bacteria with 0.02% Silwet L-77. The infection symptoms 
were observed at three days after infection. The number of 
bacterial population was measured as previously described 
[44]. The experiment was repeated three times.  

2  Results 

2.1  Mutations in COI1 attenuate JA-regulated plant 
responses  

Previous genetic screening identified a series of coi1 mutant 
alleles from ethyl methanesulfonate-mutagenized Ara-
bidopsis seeds [28,30]. The coi1-2, coi1-4, coi1-7, coi1-8, 
coi1-9, coi1-10 and coi1-5 mutant alleles respectively har-
bored an amino acid substitution L245F, G369E, G155E, 
E543K, D452A, L490A and G98D (Figure 1A and B), 
while the amino acid W467 and Q343 of COI1 were respec-
tively replaced by an early stop codon in the coi1-1 and 
coi1-6 mutants (Figure 1A and B). The amino acid changes 
are presented in the different positions of the LRRs or loops 
in the structural ribbon diagram of COI1 (Figure 1B). The 
Xcm I- and Hyp188 III-based CAPS markers were devel-
oped to efficiently identify the coi1-1 and coi1-2 allele re-
spectively (Figure 1C) [26].  

To examine the effect of mutations in COI1 on 
JA-inhibitory root growth, we compared root growth among 
these coi1 mutants and wild-type seedlings grown on Mu-
rashige and Skoog (MS) medium supplied with different 
concentrations of MeJA for 11 d. As shown in Figure 2A 
and B, root length of all the coi1 mutant seedlings was not 
obviously inhibited by MeJA (data not shown), though the 
root length of coi1-2 and coi1-8 was slightly attenuated. 
MeJA exhibited obvious inhibition on the root growth of 
wild-type seedlings, as expected. These results demonstrate 
that all the amino acid changes of W467*, Q343*, L245F, 
G369E, G155E, E543K, D452A, L490A and G98D in COI1 
significantly attenuate the JA-inhibitory root growth. 

To test the effect of mutations in COI1 on JA-induced 
anthocyanin accumulation, we measured the anthocyanin 
content in the 11-day-old seedlings of wild-type and coi1 
mutants grown on MS medium with different concentra-
tions of MeJA. Consistent with previous observations [40], 
the wild-type seedlings significantly accumulated anthocya-
nin (~3, 8, 14 or 20-fold) when treated with MeJA (1, 5, 10 
or 25 μmol L1) (Figure 2C and D). However, MeJA treat-
ment was unable to significantly induce anthocyanin accu-
mulation in all the coi1 mutant seedlings though coi1-2 and 
coi1-8 displayed a weak increase of anthocyanin accumula-
tion in response to JA treatment (Figure 2C and D, data not 
shown). These data suggest that the amino acid changes of 
W467*, Q343*, L245F, G369E, G155E, E543K, D452A, 
L490A and G98D in COI1 severely attenuate the 
JA-induced anthocyanin accumulation. 

A previous study showed that the coi1-16 mutant [45], in 
addition to the L245F mutation in COI1, harbored the 
pen2-4 mutation in the PENETRATION2 (PEN2) gene that 
is closely linked to the COI1 gene, which may alter the 
non-host resistance of the coi1 mutant [46]. We found that 
the coi1-2 mutant (L245F), coi1-5 (G98D) and coi1-8 
(E543K) did not harbor pen2-4 mutation using the pen2-4 
mutation-specific CAPS marker (data not shown). We fur-
ther inoculated the bacterial strain Pseudomonas syringae 
pv tomato (Pst) DC3000 onto four-week-old plants of coi1 
mutants and wild type. We found that three days after spray 
with Pst DC3000, significant bacterial propagation and 
strong disease syndrome occurred in wild-type plants (Fig-
ure 2E and F), which is consistent with previous results [47]. 
All the coi1 mutants displayed much reduced bacterial 
propagation and leaf disease syndrome though coi1-2 and 
coi1-8 exhibited a little more susceptible symptoms (Figure 
2E and F, data not shown). These experiments show that 
JA-mediated plant response to the Pst DC3000 inoculation 
is obviously affected by the amino acid changes of W467*, 
Q343*, L245F, G369E, G155E, E543K, D452A, L490A 
and G98D in COI1.  

Taken together, these results demonstrate that all the 
amino acid changes in COI1, including W467*, Q343*, 
L245F, G369E, G155E, E543K, D452A, L490A and G98D, 
significantly attenuate the COI1 function in regulating the 
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Figure 1  Distribution of the amino acid mutations in COI1. A, Amino acid sequence of COI1. The amino acid mutations are marked by arrows. The aster-
isks indicate the early translation stop. B, The amino acid mutations G98D in loop-2 in coi1-5 mutant, G155E (4th LRR, coi1-7), L245F (7th LRR, coi1-2), 
Q343* (11th LRR, coi1-6), G369E (12th LRR, coi1-4), D452A (15th LRR, coi1-9), W467* (15th LRR, coi1-1), L490A (16th LRR, coi1-10) and E543K 
(18th LRR, coi1-8) are marked by red space fill in the COI1 ribbon diagram that is generated according to previous structural data [34]. The asterisks indi-
cate the early translation stop. C, Verification of coi1-1 and coi1-2 by CAPS markers. The PCR-amplified 810-bp fragment of COI1 from WT and coi1-1, or 
393-bp fragment from WT and coi1-2 was digested respectively by restriction endonucleases Xcm I or Hyp188 III (see Materials and methods for detail). 

JA-inhibitory root growth, JA-induced anthocyanin accu-
mulation, and JA-mediated plant response to the pathogen 
Pst DC3000 inoculation. 

2.2  G98, L245 and E543 in COI1 play distinct roles in 
JA-regulated plant male fertility 

To investigate whether the mutations in COI1 affect the 
JA-regulated male fertility, we compared the filament 
length, anther dehiscence, pollen viability and fertile si-
liques in the primary inflorescence of the wild-type and coi1 

mutant plants grown at 22°C. We found that the coi1-1, 
coi1-4, coi1-5, coi1-6, coi1-7, coi1-9 and coi1-10 plants 
were completely male sterile. All the flowers in these plants 
exhibited unelongated filaments, indehiscent anthers and 
unviable pollen grains (Figure 3C, data not shown). These 
plants were not able to produce siliques with seeds (Figure 
3A and B).  

Interestingly, when grown at 22°C, the coi1-2 mutant 
plants exhibited severe reduction in male fertility. Most of 
the flowers from coi1-2 produced unelongated filaments, 
indehiscent anthers and unviable pollen grains (Figure 3C,  
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Figure 2  JA-mediated root growth, anthocyanin accumulation and plant response to the pathogen Pst DC3000 inoculation in the coi1 mutants. A, Relative 
root length for 11-day-old seedlings of Col-0 (WT), coi1-1, coi1-5, coi1-2 and coi1-8 grown on MS medium with 0, 1, 5, 10 or 25 µmol L1 MeJA at 22°C. 
Relative root length is expressed as a percentage of root length on MS medium. Error bars represent SE (n=15). B, Root phenotypes of 11-day-old seedlings 
for WT, coi1-1 and coi1-2 grown on MS medium without (CK) or with 25 µmol L1 MeJA at 22°C. Scale bar, 5 mm. C, Anthocyanin contents in the 
11-day-old seedlings of WT, coi1-1, coi1-5, coi1-2 and coi1-8 grown on MS medium containing 0, 1, 5, 10 or 25 µmol L1 MeJA at 22°C. FW, fresh weight. 
Error bars represent SE (n=3). D, Seedling phenotypes of 11-day-old seedlings for WT, coi1-1 and coi1-2 grown on MS medium without (CK) or with 25 
µmol L1 MeJA at 22°C. E, Bacterial population of Pseudomonas syringae pv tomato (Pst) DC3000 in the leaves of WT, coi1-1, coi1-5, coi1-2 and coi1-8 at 
day 3 post-spray inoculation with 1×108 colony-forming units mL1 (cfu mL1) of Pst DC3000. Error bars indicate SE (n=3). F, Disease symptoms of leaves 
from WT, coi1-1 and coi1-2 at day 3 after spray inoculation.  

data not shown). Occasionally, few flowers in coi1-2 dis-
played elongated filament and dehiscent anthers with viable 
pollen grains, and less than ~5% siliques from the primary 
inflorescence of coi1-2 could set few seeds (Figure 3A  
and B). 

The coi1-8 mutant plants were partially fertile, in con-
trast to the coi1-1, coi1-2, coi1-4, coi1-5, coi1-6, coi1-7, 
coi1-9 and coi1-10. More than ~50% of the coi1-8 siliques 
could set seeds (Figure 3A and B). About half of the flowers 

in coi1-8 could produce normally elongated filament and 
dehiscent anthers with viable pollen grains (Figure 3C).  

We further verified the COI1 level in these coi1 mutant 
plants grown at 22°C. Immunoblot analysis with anti-COI1 
antiserum revealed that coi1-1, coi1-4, coi1-6, coi1-7, 
coi1-9 and coi1-10 contained no COI1 protein at all (Figure 
3D, data not shown), while the coi1-5 with COI1G98D sub- 
stitution contained ~60% of wild-type COI1 level (Figure 
3D). Both coi1-2 (COI1L245F) and coi1-8 (COI1E543K) re- 
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Figure 3  The phenotypic observation of male fertility in the coi1 mutants. A, Primary inflorescences of WT, coi1-1, coi1-5, coi1-2 and coi1-8 at 22°C. 
White asterisks indicate fertile siliques of coi1-2 and coi1-8. B, Percentage of siliques with seeds in the primary inflorescences of WT, coi1-1, coi1-5, coi1-2 
and coi1-8 at 22°C. Error bars represent SE (n=15). C, Flowers (top panel) and anthers (bottom panel) at floral stage 13 from WT, coi1-1, coi1-5, coi1-2 and 
coi1-8 at 22°C. Scale bar (top panel), 0.5 mm. White arrowheads represent dehiscent anthers, and red arrowheads indicate indehiscent anthers. D, Immunob-
lot (left panel) and quantitative analysis of COI1 protein level (right panel) in coi1 mutants at 22°C. Total proteins were extracted from leaves, separated by 
10% SDS-PAGE, and immunoblotted with COI1 antiserum. The PVDF membrane was stained by Memstain to serve as loading control. The abundance of 
COI1 in wild type was set to 1.0 for calculating the relative abundance of COI1 protein in other coi1 mutants.  

tained very low level of COI1 protein (~10% of the 
wild-type COI1 level) (Figure 3D).  

In summary, our results demonstrate that mutations in the 
COI1 gene have distinct effect on COI1 function in regulat-
ing male fertility: (i) the amino acid changes W467*, 
G369E, G98D, Q343*, G155E, D452A and L490A com-
pletely disrupt the COI1 function in regulating male fertility. 
These mutant plants coi1-1, coi1-4, coi1-5, coi1-6, coi1-7, 
coi1-9 and coi1-10 are male sterile though coi1-5 contains 
adequate COI1G98D (~60% of wild-type); (ii) the amino acid 
substitution L245F significantly attenuates the JA-regulated 
male fertility in coi1-2; (iii) the E543K substitution has less 
influence on plant fertility, and the coi1-8 plants still main-
tain ~50% of wild-type fertility though only ~10% of 
COI1E543K protein is retained. 

2.3  Low temperature treatment restores male fertility 
in coi1-2 (COI1L245F ) 

We next investigated whether treatment of low temperature 
affected JA-regulated root growth and anthocyanin accu-
mulation in coi1-1, coi1-2, coi1-4, coi1-5, coi1-6, coi1-7, 
coi1-8, coi1-9 and coi1-10 mutant plants. We found that 
similar to the seedlings grown at 22°C, these mutants were 
still insensitive to JA-regulated root growth and anthocya-
nin accumulation when grown at 16°C (Figure 4A and B, 
data not shown). 

We next tested whether treatment of low temperature 
was able to enhance male fertility in coi1-1, coi1-2, coi1-4, 
coi1-5, coi1-6, coi1-7, coi1-8, coi1-9 and coi1-10 mutant 
plants (see Materials and methods). We found that the 
coi1-1, coi1-4, coi1-5, coi1-6, coi1-7, coi1-9 and coi1-10  
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Figure 4  The low temperature treatment restores male fertility in coi1-2. A, Relative root length of the 11-day-old seedlings grown on MS medium with 
the indicated concentrations of MeJA at 16°C. Error bars represent SE (n=15). B, Anthocyanin contents in the 11-day-old seedlings grown on MS medium 
containing different concentrations of MeJA at 16°C. FW, fresh weight. Error bars represent SE (n=3). C, Phenotypes of the primary inflorescences of WT, 
coi1-1, coi1-5, coi1-2 and coi1-8 at 16°C. D, Percentage of siliques with seeds in the primary inflorescences of WT, coi1-1, coi1-5, coi1-2 and coi1-8 at 
16°C. Error bars represent SE (n=15). E, Phenotypes of flowers (top panel) and anthers (bottom panel) at floral stage 13 from WT, coi1-1, coi1-5, coi1-2 and 
coi1-8 at 16°C. Scale bar (top panel), 0.5 mm. White arrowheads represent dehiscent anthers, and red arrowheads indicate indehiscent anthers. 

were completely male sterile under treatment of low tem- 
perature (16°C) (Figure 4C, data not shown), similar to the 
phenotypes at 22°C (Figure 3A). Flowers in these mutant 
plants were deficient in filament elongation, anther dehis-
cence and pollen maturation (Figure 4E, data not shown). 

Phenotypic observation of plant fertility revealed that 
treatment of low temperature (16°C) significantly promoted 
male fertility in coi1-2 but not in coi1-8 plants (Figure 4C 
and D). ~80% of siliques in the 16°C-treated coi1-2 plants 
set seeds whereas only ~5% of siliques set seeds at 22°C 
(Figures 3A and B, 4C and D). Consistently, most flowers 
from the 16°C-treated coi1-2 exhibited elongated filaments, 
dehiscent anthers and viable pollen grains (Figure 4E, data 
not shown). However, under treatment of low temperature 
(16°C), male fertility of the coi1-8 plants was not obviously 

enhanced compared with the 22°C-treated coi1-8 plants 
(Figure 3A and B, 4C and D). 

Having demonstrated that low temperature recovered the 
fertility in coi1-2, we investigated whether low temperature 
enhanced the COI1 level in coi1-2 and other coi1 mutants. 
RT-PCR and qRT-PCR analysis showed that the expression 
level of COI1 was similar in the wild type, coi1-1, coi1-2, 
coi1-4, coi1-5, coi1-6, coi1-7, coi1-8, coi1-9 and coi1-10 at 
either 16°C or 22°C (Figure 5A, data not shown). The im-
munoblot analysis using COI1-antiserum displayed that 
COI1 protein level was not obviously increased in the 
16°C-treated coi1-2, coi1-8 and coi1-5 (Figure 5B). Similar 
to the data from the 22°C-treated plants, COI1 protein was 
not detectable in coi1-1, coi1-4, coi1-6, coi1-7, coi1-9 and 
coi1-10 (Figure 5B, data not shown). 
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Figure 5  The low temperature treatment cannot influence the COI1 expression. A, RT-PCR (top panel) and quantitative real-time (qRT) PCR (bottom 
panel) analysis of COI1 transcript level in the indicated seedlings grown at 16°C or 22°C. For RT-PCR analysis, Actin1 was used as the normalization con-
trol. For qRT-PCR analysis, Actin8 was used as the internal control. Error bars represent SE (n=3). B, Immunoblot (top panel) and quantitative analysis of 
COI1 protein level (bottom panel) in WT, coi1-1, coi1-5, coi1-2 and coi1-8 at 16°C or 22°C. The PVDF membrane was stained by Memstain to serve as 
loading control. Error bars represent SE (n=3). The abundance of COI1 in wild type at 16°C was set to 1.0 for calculating the relative abundance of COI1 
protein in the 22°C-treated WT and all the indicated coi1 mutants treated with 16°C or 22°C. 

In summary, we show that JA-regulated root growth and 
anthocyanin accumulation of all these tested coi1 mutants 
are not obviously affected by low temperature, and the 
treatment of low temperature has no obvious influence on 
the COI1 protein level in these coi1 mutants. However, low 
temperature treatment is able to obviously restore male fer-
tility in coi1-2 (COI1L245F), but unable to enhance male fer-
tility in coi1-8. 

3  Discussion 

The structure of the ASK1-COI1-(JA-Ile)-JAZ1 degron 
complex revealed that the COI1 C-terminus consists of 18 
LRRs and four loops (loop-2, loop-12, loop-14 and loop-C) 
forming a binding surface for the bioactive JA-Ile [34]. 
Here, we carried out biochemical analysis on a series of 
coi1 mutant alleles which harbored various amino acid mu-
tations distributed in the COI1 C-terminal LRRs and loops 
(Figure 1B). We found that the different amino acid muta-
tions exhibited different effect on COI1 stability: the 
COI1G98D in the coi1-5 mutant was retained at ~60% of 
wild-type COI1 level (Figure 3D); the COI1L245F in coi1-2 
and COI1E543K in coi1-8 were maintained at ~10% of 
wild-type COI1 level (Figure 3D); the remaining COI1 mu-
tations, including COI1W467* (coi1-1), COI1G369E (coi1-4), 
COI1Q343* (coi1-6), COI1G155E (coi1-7), COI1D452A (coi1-9) 
and COI1L490A (coi1-10), completely abolished COI1 stabil-
ity (Figure 3D, data not shown).  

Further analysis on correlation of the COI1L245F (coi1-2), 
COI1E543K (coi1-8) and COI1G98D (coi1-5) protein level with 
male fertility phenotype revealed that COI1L245F, COI1E543K 
and COI1G98D protein exerted distinct effect on male fertility: 

coi1-5 (COI1G98D) was completely male sterile and the 
COI1G98D was not functional in JA signaling though ~60% 
of COI1G98D protein was retained (Figure 3); male fertility 
in the coi1-8 (COI1E543K) mutant was relatively less affected 
(~50% of wild-type fertility), though only ~10% of protein 
was detectable (Figure 3); the COI1L245F displayed strong 
effect on both the protein stability (similar protein level 
with COI1E543K) and male fertility in the 22°C-grown coi1-2 
plants (less than ~5% of wild-type fertility level) (Figure 3). 
It would be interesting to investigate the molecular mecha-
nism in stabilizing these COI1 proteins COI1L245F (coi1-2), 
COI1E543K (coi1-8) and COI1G98D (coi1-5), and in regulating 
their function in male fertility.  

COI1 was shown to mediate diverse JA responses such 
as root growth, stamen development, anthocyanin accumu-
lation and response to the bacterial pathogen Pst DC3000 
infection. Evidence is limited about whether the various 
COI1-mediated JA responses require different abundance of 
the COI1 protein. In this study, we showed that different 
from other JA responses, JA-regulated male fertility just 
required low level of COI1 protein: the COI1E543K and 
COI1L245F protein (~10% of wild-type COI1 level) was 
enough for maintaining male fertility (~50% of wild-type 
fertility) or temperature-sensitive fertility (~80% of 
wild-type fertility), but not for regulating the JA-inhibitory 
root growth, anthocyanin accumulation and response to the 
bacterial pathogen Pst DC3000 infection (Figures 24). It 
remains to be elucidated which COI1 dosage is required for 
regulating other JA responses, such as leaf senescence, tri-
chome formation and defense against insect attack and ne-
crotrophic pathogen infection. We found that all our   
tested coi1 mutants including coi1-2 (COI1L245F) and coi1-8  
(COI1 E543K) did not contain the pen2-4 mutation (data not 
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shown), which is different from the previously reported 
coi1-16 (COI1L245F) mutant with the additional pen2-4 mu-
tation [45,46]. As the pen2-4 mutation in the PEN2 gene 
may alter the non-host resistance [46], our coi1 mutants 
without the pen2-4 mutation would be useful for the analy-
sis of JA-regulated plant defense responses.  

Low temperature treatment significantly rescued male 
sterility in coi1-2 (COI1L245F), whereas male fertility in 
coi1-8 (COI1E543K) was not affected (Figure 4). Two puta-
tive reasons might account for the dramatic recovery of 
male fertility in coi1-2 by low temperature treatment: firstly, 
low temperature may modulate the function of COI1L245F 
(e.g., configuration change of COI1L245F) for JA-regulated 
stamen development; secondly, low temperature may affect 
the property of the signaling components (e.g., MYB21/ 
MYB24) [48,49] downstream of COI1 for stamen develop-
ment. However, the low temperature did not enhance male 
fertility in coi1-8 (COI1E543K) that regulates the same down-
stream signaling components of coi1-2 (COI1L245F), which 
may exclude the second putative reason. It would be inter-
esting to investigate whether and how low temperature 
modulates the configuration of COI1L245F, generating the 
functional form of COI1L245F for regulation of male fertility.  
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