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An ABA-increased interaction of 
the PYL6 ABA receptor with MYC2 
Transcription Factor: A putative link 
of ABA and JA signaling
Fernando Aleman1,†, Junshi Yazaki2,‡, Melissa Lee1, Yohei Takahashi1,3, Alice Y. Kim2, 
Zixing Li1, Toshinori Kinoshita3,4, Joseph R. Ecker2,5 & Julian I. Schroeder1

Abscisic acid (ABA) is a plant hormone that mediates abiotic stress tolerance and regulates growth 
and development. ABA binds to members of the PYL/RCAR ABA receptor family that initiate signal 
transduction inhibiting type 2C protein phosphatases. Although crosstalk between ABA and the 
hormone Jasmonic Acid (JA) has been shown, the molecular entities that mediate this interaction have 
yet to be fully elucidated. We report a link between ABA and JA signaling through a direct interaction 
of the ABA receptor PYL6 (RCAR9) with the basic helix-loop-helix transcription factor MYC2. PYL6 
and MYC2 interact in yeast two hybrid assays and the interaction is enhanced in the presence of 
ABA. PYL6 and MYC2 interact in planta based on bimolecular fluorescence complementation and 
co-immunoprecipitation of the proteins. Furthermore, PYL6 was able to modify transcription driven 
by MYC2 using JAZ6 and JAZ8 DNA promoter elements in yeast one hybrid assays. Finally, pyl6 
T-DNA mutant plants show an increased sensitivity to the addition of JA along with ABA in cotyledon 
expansion experiments. Overall, the present study identifies a direct mechanism for transcriptional 
modulation mediated by an ABA receptor different from the core ABA signaling pathway, and a putative 
mechanistic link connecting ABA and JA signaling pathways.

Environmental stresses affect plant growth and crop yield worldwide, and consequently, threaten food supply for 
a growing population. To cope with the deleterious effects of abiotic stresses, plants respond with the synthesis of 
hormones, which mediate changes in gene expression1. The plant hormone abscisic acid (ABA) is a major player 
in abiotic stress tolerance, and is involved in regulating plant growth and development2–5. The PYL/RCAR ABA 
receptor family comprises 14 members in the reference plant Arabidopsis thaliana, and they have been subdi-
vided into 3 subgroups based on sequence similarity6,7. Members of the subgroup III (PYR1, PYL1, PYL2 and 
PYL3) have a higher probability of forming receptor dimers8–13. This subgroup of ABA receptors displays a lower 
ABA affinity compared with members of the family that have a higher probability of residing in the monomeric 
form11,12,14.

The receptors interact with the clade A PP2C protein phosphatases6,7,15–17. Some ABA receptors are able to 
interact in yeast with some PP2Cs even in the absence of ABA6,7,18. In the presence of ABA, PP2C activity is inhib-
ited. However, the interaction observed between the ABA receptors and PP2Cs in yeast, in the absence of ABA, 
does not always result in the inhibition of PP2C protein phosphatase activity in vitro6,7,12,19–21.

No longer inhibited by the PP2C protein phosphatases in the presence of ABA, SnRK2 Serine/Threonine 
protein kinases are able to phosphorylate diverse downstream targets that include the ion channels SLAC1 or 
KAT1 22–26, and transcription factors (TFs) such as ABI5 or AREB1 4. Other ABA signaling pathways that diverge 
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from this traditional signaling module remain to be identified and the molecular entities that mediate crosstalk of 
ABA signal transduction with other hormones27 remain to a large degree unknown.

PYL6/RCAR9 belongs to the subgroup II of ABA receptors along with PYL4/RCAR10 and PYL5/RCAR8 6,7,16. 
Similar to other ‘monomeric’ ABA receptors, PYL6/RCAR9 displays high-affinity for ABA binding11. This sub-
group of ABA receptors is up- or down-regulated at the mRNA level by JA28. In addition, Arabidopsis pyl4 and 
pyl5 T-DNA single mutants have been shown to be more sensitive to JA in shoot growth assays28. However, the 
mechanisms underlying the interaction of PYR/RCAR receptors with jasmonate signaling remain unknown.

The Arabidopsis genome comprises over 2000 TFs harboring some of the largest protein families29. MYC2 is 
a basic helix-loop-helix (bHLH) leucine zipper TF also known as jin1/jai1 30. MYC2 was first isolated in a screen-
ing for proteins that bind to the promoter of RD22, which was one of the first Arabidopsis genes described to be 
ABA-induced31. MYC2 was further characterized as a positive regulator of ABA signaling through knock-out and 
overexpression mutants32. Then, MYC2 emerged as a central regulator in JA signaling30,33–36. But the genes and 
mechanisms involved in ABA-JA crosstalk have not yet been identified.

In this study, we have identified and characterized a key interaction between the ABA receptor PYL6 and the 
TF MYC2. Both proteins interact in yeast two hybrid assays and the interaction is further increased in the pres-
ence of ABA. Furthermore, PYL6-MYC2 interaction was confirmed in planta through co-immunoprecipitation 
of the proteins, and BiFC analyses suggest a nuclear localization of the interaction. Additionally, mutant plants 
lacking a functional PYL6 showed altered sensitivity to ABA compared to control plants in a cotyledon greening 
assay, and the effect was further increased when JA was added with ABA. Finally, PYL6 was able to modify the 
transcriptional activity of MYC2 in a yeast one hybrid assays using promoter elements of the JAZ6 and JAZ8 
genes containing the G-box sequence.

Results
PYL6 can interact with MYC2 in yeast two hybrid assays. We performed a study of protein-protein 
interactions using a high-density protein array, where 12,000 Arabidopsis proteins were synthetized on glass 
slides and tested for interactions with 38 Transcription Factors (TF) proteins that function in diverse plant hor-
mone regulatory pathways (Yazaki et al., Mapping transcription factor interactome networks using HaloTag 
protein arrays, PNAS in press). A putative interaction between the ABA receptor PYL6 with the TF MYC2 was 
further investigated by yeast two hybrid analyses (Fig. 1A). Interestingly, when ABA was present in triple drop-
out media, the interaction between PYL6 and MYC2 was enhanced (Fig. 1A). To test for the specificity of this 
interaction in yeast, we investigated the closest homologue of PYL6, PYL5, and the closest homologue of MYC2, 
MYC3, and did not observe PYL5 interaction with MYC2 or MYC3, nor PYL6 interaction with MYC3 (Fig. 1A). 
As a positive control, ABI1 was used and interactions of PYL6 and PYL5 with ABI1 were observed in the presence 
and absence of ABA (Fig. 1A)12,16.

We further pursued yeast two hybrid analyses to gain insight into the regions of MYC2 necessary for the inter-
action with PYL6 (Fig. 1B). A truncated MYC2 (141–623) lacking the first 140 amino acids was able to interact 

Figure 1. PYL6 interacts with MYC2 in yeast and the interaction is enhanced by ABA. (A) Drop test assays 
show growth of yeast after 3 days in the presence of 10 μ M ABA for the PYL6-MYC2 interaction pair and the 
positive control PYL6-ABI1 (presence of ABA (+ ABA) is indicated on top of the panel; number of days of 
plate growth is indicated on the bottom). No interaction was found with the closest homologues of MYC2 
(MYC3-PYL6) and PYL6 (MYC2-PYL5), suggesting a specific interaction. After 10 days of growth (right panel) 
PYL6-MYC2 interaction can be observed in the absence of ABA. (B) Using truncated versions of MYC2, the 
required region for MYC2-PYL6 interaction was mapped. Left side shows a cartoon with the different MYC2 
truncated versions investigated in Y2H experiments. Only the truncated version MYC2 141–623 (amino acid 
numbers) was able to interact with PYL6. The enhancement by ABA was also observed for the truncated MYC2 
(141–623). Negative controls with empty vector are shown in Figure S1.
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with PYL6 (Fig. 1B; Figure S1). ABA also enhanced the interaction of PYL6 with truncated MYC2 (141–623), as 
it did with full length MYC2 (Fig. 1B).

PYL6-MYC2 interaction also occurs in planta. Whether PYL6-MYC2 interaction occurs in planta was 
investigated by co-immunoprecipitation assays in N. benthamiana. HF-MYC2 was co-expressed in N. benthamiana  
leaves with Venus-PYL6 or Venus alone. An anti-Flag antibody was used to pull down MYC2 (Fig. 2A). The 
protein expression levels of MYC2 were not sufficient to be detected in the input samples of the Western blot, but 
became detectable after immunoprecipitation suggesting low MYC2 protein expression (Fig. 2A; IP lanes). An 
anti-YFP antibody was used to detect either Venus-PYL6 (~50 kDa) or Venus as control (~25 kDa; Fig. 2B). Both 
were detected in the input samples, while only Venus-PYL6 and not Venus was detected after MYC2 purification 
(Fig. 2B). The presence or absence of ABA did not have an observable effect under the imposed conditions (see 
Discussion).

PYL6-MYC2 interaction occurs in the nucleus. The subcellular localization of Venus-PYL6 and 
Venus-MYC2 along with the subcellular localization of any PYL6-MYC2 interaction were investigated 
(Fig. 3). Venus-PYL6 was localized in the cytoplasm and nucleus as are other ABA receptors6,7,15,37,38 (Fig. 3A). 
Venus-MYC2 was targeted only to the nucleus (Fig. 3B), while Venus only localized to the cytoplasm and nucleus 
(Fig. 3C). In control BiFC experiments, the N-terminal half of YFP fused to ABI1 (YFPc-ABI1) was able to inter-
act with the C-terminal half of YFP fused to PYL6 (YFPn-PYL6) in the cytoplasm and the nucleus (Fig. 3D). An 
interaction between YFPn-PYL6 and YFPc-MYC2 was detected, and only occurred in the nucleus (Fig. 3E).

pyl6 T-DNA mutants are more sensitive to JA + ABA. In order to test the putative biological relevance 
of the interaction of PYL6 and MYC2, Arabidopsis mutants were isolated. We tested ~200 T1 35S::YFP-PYL6 
overexpression lines selected on hygromycin plates coming from 2 independent transformations of 6 T0 
plants. 15 of those hygromycin-resistant T1 plants were selected to obtain T2 seeds in case homozygosity of the 
35S::YFP-PYL6 transgene would improve expression Only one seedling showed fluorescence in the T2 generation 
and that plant had severe growth and developmental defects and died without producing offspring. These data 
suggest a unique or possible detrimental function of PYL6 compared to other successfully over-expressed ABA 
receptors6,7,38–40.

A pyl6 T-DNA insertion mutant was isolated and sequenced. The T-DNA is inserted in the 3′  terminus of 
the PYL6 ORF, truncating the last 11 amino acids of the last α -helix and introducing an asparagine before a 
stop codon. Thus, a putative truncated version of the PYL6 protein with an asparagine residue added at the 

Figure 2. MYC2 and PYL6 co-immunoprecipitate in planta. N. benthamiana leaves were co-infiltrated with 
Flag-MYC2 and Venus-PYL6 or Venus alone. Protein extractions from leaves were split in 2 halves and either 
ABA-treated or mock-treated (indicated at the bottom of the panels). Immunoprecipitation was performed with 
anti-Flag beads against MYC2 (IP lanes indicated on the top right of each panel). (A) Left panel shows MYC2 
detection with anti-Flag antibody suggesting low MYC2 expression levels before the purification. (B) Venus or 
Venus-PYL6 protein were detected using an anti-YFP antibody, and both can be observed in the input samples. 
Venus-PYL6, and not Venus alone, was co-immunoprecipitated with MYC2 (IP lanes).

Figure 3. PYL6 interacts with MYC2 in the nucleus. (A,B) Subcellular localization of (A) PYL6 and  
(B) MYC2 tagged with Venus fluorescence protein. Venus-PYL6 was localized in the cytoplasm and nucleus  
and Venus-MYC2 was localized exclusively in the nucleus. (C,D) BiFC experiments show that (C) Yc-PYL6 
interacts with Yn-ABI1 in the cytoplasm and nucleus of N. benthamiana leaves cells while (D) the interaction  
of Yc-PYL6 with Yn-MYC2 was only observed in the nucleus.
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N-terminus was cloned and analyzed in yeast two hybrid assays with MYC2 and ABI1 (Figure S2). This potential 
truncated PYL6∆ C protein that may be encoded in the pyl6 mutant did not interact with MYC2 in the pres-
ence or absence of ABA (Figure S2). Furthermore, ABI1 only interacted with this PYL6∆ C truncated version 
in the presence of ABA and not in the absence of ABA (Figure S2). The C-terminal α –helix has several critical 
residues that affect ABA binding10 and a PYL4 A194T substitution located in this C-terminal α -helix also mod-
ified the interaction pattern and ABA affinity with PP2CA but not with HAB1 in Y2H experiments39. Using the 
adapter ligation-mediated PCR method41 with whole genomic DNA of pyl6 mutant plants we could only amplify 
a fragment corresponding to PYL6 from the Arabidopsis genome, strongly suggesting the presence of only one 
T-DNA insertion. Therefore, the pyl6 T-DNA line was selected for further germination, post-germination and 
root growth analyses. We found no germination differences, as defined by radicle emergence, between Col-0 and 
pyl6 in control MS media or media supplemented with 0.5 μ M ABA, 10 μ M JA nor a combination of ABA and 
JA (Figure S3). However, after 5 days of growth, pyl6 seedlings showed an enhanced sensitivity to ABA and to 
ABA +  JA (Fig. 4A; Figure S4). While 66% of Col-0 seeds were able to develop green cotyledons in the presence 
of ABA, only 17% of pyl6 seeds did. When both ABA and JA were added only 45% of Col-0 and 8% of pyl6 plants 
developed green cotyledons (Fig. 4A). This accounts for a 35% and 52% further reduction due to the addition of 
JA for Col-0 and pyl6 respectively. After 11 days of growth, only small differences were found for Col-0 between 
ABA and ABA +  JA treatments, however pyl6 mutant plants showed an increased sensitivity to ABA +  JA com-
pared with ABA alone (Fig. 4B).

PYL6 modifies the transcriptional activity of MYC2 in yeast. We further investigated the effects of 
the PYL6-MYC2 interaction on transcriptional control. We used a yeast one hybrid approach using a JA-induced 
DNA fragment from the JAZ8 promoter and an additional JA-induced fragment from the JAZ6 promoter42. Both 
promoters contain the G-box sequence to which MYC2 binds43. MYC2 alone activated transcription driven by 
the JAZ6 promoter in the presence or absence of ABA (Fig. 5A left columns). The addition of PYL6 in the absence 
of ABA had no effect, but interestingly the addition of PYL6 and ABA reduced the transcriptional activity by 
41% (Fig. 5A; right columns). MYC2 alone did not induce above background the activity of the JAZ8 promoter 

Figure 4. pyl6 mutant plants are more sensitive to JA + ABA. pyl6 seedlings are more sensitive to ABA and 
to the combination of ABA and JA than WT (Col-0). (A) 5 days after sowing expanded and green cotyledons 
were quantified per number of plants analyzed (%). Data are represented as mean ±  SD and * * Indicates p-value 
< 0.01 after a two-tailed t-test. Images of the seedlings at this stage can be found in Supplementary Figure S4. 
(B) In 11 day-old seedlings, the synergistic action of JA over the ABA effect was enhanced in pyl6 mutants 
compared to WT. Right panels show 0.5 μ M ABA plus 10 μ M Me-JA.
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(Fig. 5B, left columns). However, interestingly the addition of PYL6 caused a sharp increase in transcription of the 
β-galactosidase (Fig. 5B, right columns). ABA did not produce a significant effect probably due to the saturation 
of the system. Other promoter fragments, RD22 32 and TPS21 44, without a G-box sequence, did not produce any 
MYC2 transcriptional activity under our experimental conditions.

MYC2 does not affect the ABI1 inhibition by PYL6. In additional experiments, we investigated 
whether the inhibitory effect of PYL6 on the protein phosphatase activity of ABI1 was impaired by the presence 
of MYC2 in vitro. Recombinant proteins were used in a protein phosphatase activity assay using 60 nM ABI1 and 
10 μ M ABA (Figure S5). ABI1 protein phosphatase activity in the presence of ABA was not altered after the addi-
tion of 90 nM of MYC2 protein or the same concentration of BSA. In contrast, 90 nM of PYL6 in the presence of 
ABA inhibited 50% of the PP2C activity. This inhibition by PYL6 was not significantly altered after the addition 
of 90 nM of MYC2 or BSA (Figure S5).

Discussion
Signal transduction pathways are based on protein-protein interactions and protein-ligand interactions that 
transduce information to produce specific cellular outputs. Moreover, environmental and developmental signals 
often require changes in gene expression to adapt to abiotic stress conditions45–47. Therefore, a key determinant 
of a cell’s ability to modulate environmental and developmental cues lies in the interaction of TFs with other 
proteins that regulate their transcriptional activity or stability29,48. High-throughput protein arrays offer a valu-
able resource to probe the protein interactome, and like all high-throughput methods, require validation of the 
protein interactions found49–52. Here we report a direct interaction of the Arabidopsis ABA receptor PYL6 and 
the bHLH transcription factor MYC2. We observed that in yeast two hybrid experiments, PYL6 can interact with 
MYC2, and this interaction was enhanced when ABA was present in the media (Fig. 1A). We further tested the 
closest homologues to PYL6 and MYC2: PYL5 and MYC3, respectively. PYL6 did not interact with MYC3, nor 
did MYC2 with PYL5. These results suggest a molecular specificity of the MYC2-PYL6 interaction.

Furthermore, using an array of truncated versions of MYC2, we determined that the only mutated MYC2 
version (amino acids 141-623) that interacted with PYL6 also showed an ABA-enhanced interaction in yeast 
(Fig. 1B). Previously Y2H assays have been used to identify ABA receptors6,7, to isolate ABA transporters53, to 
screen for ABA analogues14, and Y2H has been used to define the interaction of specific PP2C-ABA receptor 
pairs15,18,37 including in tomato21 and grape54.

In Y2H experiments, MYC2 residues 93-160 have been shown to be sufficient for the interaction with most 
JAZ proteins55, and also with some MYB TFs that regulate glucosinolate biosynthesis56. However, the residues 
1–373 of MYC2, did not interact with PYL6 (Fig. 1B), and the complete JAZ interaction domain (amino acids 
93–160) was not required for the interaction of MYC2 with PYL6 in Y2H experiments (amino acids 141–623; 
Fig. 1B; Figure S2). The interaction between MYC2 and PYL6 required almost the full MYC2 protein suggesting 
that different motifs of MYC2 or a proper folding are required for the PYL6-MYC2 interaction. However, the 
MYC2 region required for the interaction between MEDIATOR 25 (MED25) and MYC2 (residues 149–188) cor-
responding to the Transcriptional Activation Domain42 was included in the PYL6-MYC2 (141–623) interaction 
constructs. These data indicated that PYL6 may have the capacity to modify the transcriptional activity of MYC2 
upon protein-protein interaction, and that ABA might affect gene expression driven by MYC2 through PYL6.

We further confirmed the PYL6-MYC2 interaction through in planta co-immunoprecipitation. After MYC2 
purification with anti-Flag magnetic beads, Venus-PYL6 but not Venus alone was co-purified with MYC2 
(Fig. 2B). Leaf expression levels of MYC2 were low and the protein could only be visualized after immunopre-
cipitation (Fig. 2A). A difference in the PYL6-MYC2 co-immunoprecipitation with or without ABA was not 
observed. With the dynamic range of detection of Western blots, it is difficult to account for differences in inter-
action affinities. Moreover, the basal ABA concentrations in Agrobacterium transformed N. benthamiana leaves 

Figure 5. PYL6 modifies the transcriptional activity of MYC2 in yeast one hybrid (Y1H) analyses.  
(A) MYC2 alone induced transcription driven by JAZ6 promoter. The presence of PYL6 and ABA reduced 
MYC2 transcriptional activity. (B) MYC2 alone did not induce transcription driven by JAZ8 promoter 
fragment. PYL6 strongly activates MYC2 transcription activity with a JAZ8 promoter fragment. Error bars 
indicate standard deviation of at least 3 independent transformants. * * * Indicate the results of a two-tailed t-test 
with p values ≤ 0.001 and * * Represent p value ≤ 0.01. BD indicates the empty vector where PYL6 was cloned.
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may be elevated, impairing the ability to detect ABA-dependent differences for high-affinity ABA-binding pro-
teins such as PYL6 and other monomeric ABA receptors11,12.

Most ABA-regulated genes contain ABA-responsive elements (ABRE; PyACGTGG/TC) in their promot-
ers57–59. The G-box sequence (CACGTG) is included in this cis-element which has been associated with a wide 
variety of gene expression changes in plants60–62. Since MYC2 binds the G-box sequence33,43,55, we investigated 
whether MYC2-dependent transcriptional activity may be modulated by the PYL6 receptor (Fig. 5). JAZ6 has two 
G-box sequences in its promoter, and JAZ8 has one close to the ATG42. MYC2 alone was transcriptionally active 
when using the JAZ6 promoter fragment (Fig. 5A; left two columns). PYL6 addition by its own did not have an 
effect, however, addition of PYL6 and ABA inhibited MYC2 activity driven by the JAZ6 promoter. On the other 
hand, using a JAZ8 promoter fragment, MYC2 alone could not activate transcription, but the addition of PYL6 
greatly enhanced MYC2 activity (Fig. 5B). In planta gene expression analysis showed that Col-0 reduced JAZ6 
expression after ABA treatment which correlates with the yeast observation, and the effect on pyl6 mutants was 
not evident in planta suggesting additional regulatory pathways may play a role in vivo (Figure S6). In addition, 
ABA enhances JAZ8 expression in Col-0 plants, and this enhancement was reduced in pyl6 mutants which also 
correlates with the transcriptional activity of MYC2 observed in yeast one hybrid assays (Figure S6).

JAZ promoter activity analyses suggest that PYL6 may modify the affinity of MYC2 for different promoters 
which ultimately may control gene expression changes in plants in response to ABA (Fig. 6). Many TFs have been 
shown to activate or repress gene expression depending on posttranslational modifications or interaction part-
ners (e.g. ABI4 63). MYC2 has been postulated as a master regulator that modulates many signals36. For example, 
DELLA proteins, the main repressors of GA signaling, have been shown to repress JAZ proteins, which function 
in inhibiting MYC2 and JA-signaling, thus releasing and activating MYC2 64. Ethylene signaling has also been 
linked to MYC2 through interaction with EIN365. Likewise the circadian-clock component Time for Coffee (TIC) 
interacts with MYC2 and prevents MYC2 protein accumulation66. Dark and shade also prevent MYC2 accumu-
lation, while light and JA stabilize MYC2 protein67. Genetic experiments have also shown that MYC2 represses 
photomorphogenesis along with SPA1 68. All of these links among different signal transduction pathways require 
a versatile TF that activates or represses gene expression according to the target gene and a given stimulus30,32,69–71. 
However, the mechanisms have remained unclear how MYC2 functions as a positive regulator of ABA signaling32. 
The present findings provide a direct link between ABA signaling and MYC2, and indicate that the ABA receptor 
PYL6 could modulate MYC2 activity, supporting a direct pathway for ABA-induced gene expression control.

ABA and JA appear to function synergistically or antagonistically depending on the developmental stage, tis-
sue type and response70,72–74. It has been reported that ABA and JA have synergistic effects on seed germination, 
and seedling cotyledon expansion and establishment71. Our results support this model (Fig. 4; Figures S3 and S4). 
Furthermore, pyl4 and pyl5 mutant plants, the two other ABA receptors from the same subgroup as PYL6, were 
described as hypersensitive to JA treatment, and the expression levels of this subgroup of ABA receptors change 
upon JA treatment28. We further identified a specific JA phenotype in the presence of ABA. The effect of JA with 
ABA on cotyledon greening was more pronounced in pyl6 mutant plants (Fig. 4).

The putative truncated PYL6 protein that may be expressed in the pyl6 T-DNA insertion mutant, did not inter-
act with MYC2, but did show an ABA-induced ABI1 interaction (Figure S2). This indicates that in pyl6 mutant 
plants, there may be a truncated PYL6 protein with an altered response to ABA. With MYC2 functioning as a 
positive regulator of ABA signaling32, the absence of PYL6-MYC2 interaction in the T-DNA mutant seedlings in 
the presence of ABA, may impair a PYL6-mediated direct regulation of specific MYC2 targets. This hypothesis 
will require future investigation. The direct interaction of the ABA receptor PYL6 with MYC2 characterized here 
may represent an ABA-receptor pathway with direct influence on TF activity.

There are few examples of reported ABA-receptor interactions with proteins different from clade A PP2Cs. 
High-throughput studies indicated some putative interactions of ABA receptors with other partners apart from 
the core signaling through PP2Cs75. Truncated PYL4 (RCAR10) and PYL9 (RCAR1), and full-length PYL8 

Figure 6. Proposed working model. Thick arrows indicate active transcription and dashed arrows weak 
transcription. Left: In the absence of ABA, PYL6 weakly interacts with MYC2, allowing the TF to bind a 
set of gene promoters such as JAZ6. When ABA is present, PYL6 strongly binds to MYC2 modifying its 
transcriptional activity, promoting the expression of JAZ8, whereas transcription via pJAZ6 is reduced. We 
propose that PYL6 acts as a transcriptional modulator upon interaction with MYC2.
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(RCAR3) were able to interact, in an ABA-independent manner, with DDA1 to target PYL8 for ubiquitination 
and degradation76. Other TFs, MYB44 and MYB77, interact with the ABA receptor PYL8 77,78. MYB44 interacts 
with PYL8 in the absence of ABA to regulate leaf senescence77, and MYB77 and MYB44 interacted in yeast with 
PYL8 both in the absence or presence of ABA and the interaction was correlated with regulation of lateral root 
growth78. Conversely, tandem affinity purifications of PYL8 (RCAR3) in Arabidopsis cell cultures only identified 
interactors from clade A PP2Cs, but not any TF79. It was also reported that PYL8 could modify the transcriptional 
activity of MYB77 using the auxin reporter IAA19 in Arabidopsis protoplasts, and this modification of the activity 
was ABA-enhanced78. On the other hand, it was reported previously that PYL8 on its own can induce expression 
changes in Arabidopsis protoplasts through ABI1 37. To our knowledge, only two full-length ABA receptors, PYL8 
and PYL6 as shown here, have been found to interact with transcription factors.

In summary, we report here the interaction of an ABA receptor PYL6 with the transcription factor MYC2 that 
provides a possible mechanistic link between ABA signaling and JA signaling. PYL6 and MYC2 interact in yeast 
and in planta, and we speculate that upon ABA binding to PYL6, MYC2 promoter affinity is changed to modulate 
gene expression changes during adaptation to environmental changes (Fig. 6). Further research will be needed to 
determine to which degree the PYL6-MYC2 interaction contributes to the regulation of biotic responses.

Materials and Methods
Yeast Two Hybrid (Y2H). The PYL6 cDNA was cloned in frame by USER cloning80 in the pGBT9.BS vec-
tor backbone (BD-PYL6), and MYC2 cDNA was cloned in frame in pGAD.GH vector backbone (AD-MYC2). 
Plasmids were co-transformed into the yeast strain PJ69-4A81 and transformants were selected on SD double 
dropout media without Leucine and Tryptophan (SD-LW). Drop tests were done with 5 μ L of 1/10 dilutions start-
ing at OD600 of 1 until 0.001 in media without Leucine, Tryptophan and Histidine (SD-LWH) with the addition 
of 2.5 mM 3-Amino-1,2,4-triazole (3-AT). When indicated (± ) ABA was added to a final concentration of 10 μ M. 
Plates were grown at 30 °C for 10 days and photos were taken at days 3, 5, and 10.

Bimolecular Fluorescence Complementation (BiFC). The PYL6 cDNA was cloned in frame by USER 
cloning80 in pSPYCE(MR) vector backbone (Yc-PYL6)82, and MYC2 in pSPYNE(R)173 (Yn-MYC2). These con-
structs were transformed into the agrobacterium GV3101 strain by electroporation. Agrobacteria were grown 
at 28 °C overnight along with the p19 strain83, and they were centrifuged at 4,000xg for 15 min. Cell pellets 
were resuspended with infiltration buffer (10 mM MES, 10 mM MgCl2 and 0.15 mM acetosyringone), and were 
adjusted to OD600 =  0.5, except for p19 that was adjusted at OD600 =  0.3. Cell suspensions were kept at RT for 
2 hours and then infiltrated into N. benthamiana leaves and incubated for 3–5 days. Leaves were observed by 
confocal microscopy (Nikon Eclipse TE2000-U microscope with Nikon Plan 20x/0.40 ∞ /0.17 WD; 1.3 and Plan 
Apo 60x/1.20 WI ∞ /0.15–0.18 WD; 0.22 objectives. The confocal microscope included a CL-2000 diode pumped 
crystal laser (LaserPhysics Inc.), and a LS 300 Kr/Ar laser (Dynamic Laser), a Photometrics CascadeII 512 camera 
and a QLC-100 spinning disc (VisiTech international)). Metamorph software was used to acquire the images (ver-
sion 7.7.7.0; Molecular Devices). All fluorescence images were taken as 17 single optical sections and Z-stacked 
using maximum projections with FIJI software84.

Co-immunoprecipitation (Co-IP). The PYL6 cDNA was cloned in a pGPTVII-Bar vector backbone with 
N-terminal Venus (PYL6-Venus) and MYC2 in a 6xHIS-3XFlag vector (HF-MYC2) both driven by the Ubiquitin 
10 promoter. They were transformed into the agrobacterium GV3101 strain by electroporation and infiltrated 
in N. benthamiana as mentioned above. After 4 days, transformed leaves were harvested and frozen in liquid 
nitrogen. Total protein was extracted by grinding the tissue in extraction buffer (3 mL/g of leaf; 100 mM sodium 
phosphate pH 8.0, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1% TX-100, 1 mM PMSF, 1x phosphatase inhib-
itors II and III (Sigma) and protease inhibitor cocktail (Roche)). The samples were split and 50 μ M ±  ABA was 
added to one sample and the corresponding amount of ethanol to the other samples. Samples were sonicated 
2 ×  10 seconds on ice and cell debris was spun down by centrifugation. The samples were filtered in a 45 μ m filter 
and the input sample was collected. After equilibrating magnetic beads (Sigma, M2) with the extraction buffer, 
sample and beads were incubated at 4 °C for 2 hours. Then, the beads were washed with extraction buffer first and 
then with FLAG to His buffer (100 mM sodium phosphate pH 8, 150 mM NaCl and 0.05% TX-100). Finally, the 
HF-MYC2 was eluted in FLAG to His buffer +  500 μ g/mL of 3x FLAG peptide. The protein samples were sepa-
rated in a SDS 10% polyacrylamide gel and transferred to a PVDF membrane for Western blots.

Yeast one hybrid. A 195 bp DNA fragment from the JAZ6 promoter (− 975 to − 779 42) was cloned in a 
pLacZi vector backbone with a USER cassette. This fragment contained 2 G-box sequences. The construct was 
digested with NcoI and integrated into the genome of the yeast strain YM4271. Using the vectors described for the 
Y2H, this yeast strain was co-transformed either with AD-MYC2 and empty BD vector, or with AD-MYC2 and 
BD-PYL6. After isolation of transformants in triple dropout media SD-Ura-Leu-Trp, 3 colonies were selected for 
liquid culture assays using ONPG (Sigma) as substrate (following Clontech Yeast Protocols Handbook instruc-
tions). The same procedure was followed for JAZ8 promoter fragments (− 237 to − 24 42) with the difference that 
6 copies of the same 213bp DNA sequence were cloned in tandem in pLacZi.

Plant growth. Columbia-0 wild type Arabidopsis plants and pyl6 (SALK_206633C) mutant plants were used. 
Synchronized seeds were sterilized by incubation in sterilization medium (70% Ethanol, 0.1% SDS and 0.1% 
bleach) for 15 min followed by 3 washes in 100% Ethanol. After drying, the seeds were sowed on 1% phytoagar, 
1% sucrose, ½ strength Murashige and Skoog (MS) medium, MS +  0.5 μ M ABA, MS +  10 μ M Methyl-Jasmonate 
or both hormones, MS+  0.5 μ M ABA +  10μ M Methyl-Jasmonate. Plates were then stored at 4 °C for > 3 days 
and subsequently transferred to a growth cabinet (16/8 light/dark and 22 °C). Seed germination was measured as 
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radicle emergence during the first 3 days, and cotyledon greening as number of expanded green cotyledons per 
number of sowed plants at the indicated time points.

Protein Overexpression and Purification. The MYC2-StrepII fusion was cloned in a USER-modified 
pGEX-6P-1 vector. Overexpression of recombinant proteins was performed with Rosetta (EMD Millipore) E. coli 
cells after the addition of 0.5 mM of IPTG for 4 hours at room temperature. For the isolation of ABI1, additional 
5 mM MgCl2 was added to the buffer in which the bacterial pellet was resuspended (buffer W in IBA manual). 
Also, proteins were eluted in elution buffer supplemented with 20% Glycerol and stored at − 80 °C. To assess pro-
tein concentrations, several volumes of the eluates were loaded on a gel together with increasing bovine serum 
albumin (BSA) protein amounts (as concentration ladder). After separating the proteins by SDS-PAGE, the pro-
teins were stained with coomassie brilliant blue R-250, dried between two sheets of cellophane, and then scanned. 
BSA and recombinant protein band intensities were measured using Fiji. After subtracting the background signal, 
BSA band signal intensities were used to plot a standard curve. Concentrations of isolated recombinant proteins 
were then calculated based on the equation resulting from the linear regression of the BSA standard curve.

References
1. Finkelstein, R. Abscisic Acid synthesis and response. The Arabidopsis book / American Society of Plant Biologists 11, e0166,  

doi: 10.1199/tab.0166 (2013).
2. Lopez-Molina, L., Mongrand, S. & Chua, N. H. A postgermination developmental arrest checkpoint is mediated by abscisic acid and 

requires the ABI5 transcription factor in Arabidopsis. Proceedings of the National Academy of Sciences of the United States of America 
98, 4782–4787, doi: 10.1073/pnas.081594298 (2001).

3. Finkelstein, R. R., Gampala, S. S. L. & Rock, C. D. Abscisic acid signaling in seeds and seedlings. The Plant Cell 14 Suppl, S15–45,  
doi: 10.1105/tpc.010441 (2002).

4. Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R. & Abrams, S. R. Abscisic Acid: Emergence of a Core Signaling Network. Annual 
Review of Plant Biology 61, 651–679, doi: 10.1146/annurev-arplant-042809-112122 (2010).

5. Raghavendra, A. S., Gonugunta, V. K., Christmann, A. & Grill, E. ABA perception and signalling. Trends Plant Sci 15, 395–401,  
doi: 10.1016/j.tplants.2010.04.006 (2010).

6. Ma, Y. et al. Regulators of PP2C phosphatase activity function as abscisic acid sensors. Science 324, 1064–1068, doi: 10.1126/
science.1172408 (2009).

7. Park, S.-Y. et al. Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins. Science 324, 
1068–1071, doi: 10.1126/science.1173041 (2009).

8. Santiago, J. et al. The abscisic acid receptor PYR1 in complex with abscisic acid. Nature 462, 665–668, doi: nature08591 10.1038/
nature08591 (2009).

9. Nishimura, N. et al. Structural mechanism of abscisic acid binding and signaling by dimeric PYR1. Science 326, 1373–1379,  
doi: 1181829 10.1126/science1181829 (2009).

10. Melcher, K. et al. A gate-latch-lock mechanism for hormone signalling by abscisic acid receptors. Nature 462, 602–608,  
doi: nature08613 10.1038/nature08613 (2009).

11. Dupeux, F. et al. A thermodynamic switch modulates abscisic acid receptor sensitivity. The EMBO Journal 30, 4171–4184,  
doi: 10.1038/emboj.2011.294 (2011).

12. Hao, Q. et al. The molecular basis of ABA-independent inhibition of PP2Cs by a subclass of PYL proteins. Mol Cell 42, 662–672,  
doi: S1097-2765(11)00376-5 10.1016/j.molcel.2011.05.011 (2011).

13. Zhang, X. et al. Structural insights into the abscisic acid stereospecificity by the ABA receptors PYR/PYL/RCAR. Plos One 8, e67477, 
doi: 10.1371/journal.pone.0067477 (2013).

14. Okamoto, M. et al. Activation of dimeric ABA receptors elicits guard cell closure, ABA-regulated gene expression, and drought 
tolerance. Proc Natl Acad Sci USA 110, 12132–12137, doi: 10.1073/pnas.1305919110 (2013).

15. Santiago, J. et al. Modulation of drought resistance by the abscisic acid receptor PYL5 through inhibition of clade A PP2Cs. The Plant 
Journal 60, 575–588, doi: 10.1111/j.1365-313X.2009.03981.x (2009).

16. Nishimura, N. et al. PYR/PYL/RCAR family members are major in-vivo ABI1 protein phosphatase 2C-interacting proteins in 
Arabidopsis. The Plant Journal 61, 290–299, doi: TPJ4054 10.1111/j.1365-313X.2009.04054.x (2010).

17. Fuchs, S., Grill, E., Meskiene, I. & Schweighofer, A. Type 2C protein phosphatases in plants. FEBS Journal 280, 681–693,  
doi: 10.1111/j.1742-4658.2012.08670.x (2013).

18. Bhaskara, G. B., Nguyen, T. T. & Verslues, P. E. Unique drought resistance functions of the highly ABA-induced clade A protein 
phosphatase 2Cs. Plant Physiol 160, 379–395, doi: 10.1104/pp.112.202408 (2012).

19. Mosquna, A. et al. Potent and selective activation of abscisic acid receptors in vivo by mutational stabilization of their agonist-bound 
conformation. Proc Natl Acad Sci USA 108, 20838–20843, doi: 10.1073/pnas.1112838108 (2011).

20. Antoni, R. et al. Selective inhibition of clade A phosphatases type 2C by PYR/PYL/RCAR abscisic acid receptors. Plant Physiol 158, 
970–980, doi: 10.1104/pp.111.188623 (2012).

21. Gonzalez-Guzman, M. et al. Tomato PYR/PYL/RCAR abscisic acid receptors show high expression in root, differential sensitivity 
to the abscisic acid agonist quinabactin, and the capability to enhance plant drought resistance. Journal of Experimental Botany, doi: 
10.1093/jxb/eru219 (2014).

22. Geiger, D. et al. Activity of guard cell anion channel SLAC1 is controlled by drought-stress signaling kinase-phosphatase pair. 
Proceedings of the National Academy of Sciences of the United States of America 106, 21425–21430, doi: 0912021106 10.1073/
pnas.0912021106 (2009).

23. Lee, S. C., Lan, W., Buchanan, B. B. & Luan, S. A protein kinase-phosphatase pair interacts with an ion channel to regulate ABA 
signaling in plant guard cells. Proceedings of the National Academy of Sciences of the United States of America 106, 21419–21424,  
doi: 0910601106 10.1073/pnas.0910601106 (2009).

24. Brandt, B. et al. Reconstitution of abscisic acid activation of SLAC1 anion channel by CPK6 and OST1 kinases and branched ABI1 
PP2C phosphatase action. Proceedings of the National Academy of Sciences of the United States of America 109, 10593–10598,  
doi: 10.1073/pnas.1116590109 (2012).

25. Osakabe, Y., Yamaguchi-Shinozaki, K., Shinozaki, K. & Tran, L.-S. P. ABA control of plant macroelement membrane transport 
systems in response to water deficit and high salinity. New Phytologist 202, 35–49, doi: 10.1111/nph.12613 (2014).

26. Brandt, B. et al. Calcium specificity signaling mechanisms in abscisic acid signal transduction in Arabidopsis guard cells. eLife 4, 
e03599, doi: 10.7554/eLife.03599 (2015).

27. Nemhauser, J. L., Hong, F. & Chory, J. Different Plant Hormones Regulate Similar Processes through Largely Nonoverlapping 
Transcriptional Responses. Cell 126, 467–475, doi: 10.1016/j.cell.2006.05.050 (2006).

28. Lackman, P. et al. Jasmonate signaling involves the abscisic acid receptor PYL4 to regulate metabolic reprogramming in Arabidopsis 
and tobacco. Proceedings of the National Academy of Sciences, doi: 10.1073/pnas.1103010108 (2011).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:28941 | DOI: 10.1038/srep28941

29. Mitsuda, N. & Ohme-Takagi, M. Functional analysis of transcription factors in Arabidopsis. Plant Cell Physiol 50, 1232–1248,  
doi: 10.1093/pcp/pcp075 (2009).

30. Lorenzo, O., Chico, J. M., Sanchez-Serrano, J. J. & Solano, R. JASMONATE-INSENSITIVE1 encodes a MYC transcription factor 
essential to discriminate between different jasmonate-regulated defense responses in Arabidopsis. The Plant Cell 16, 1938–1950,  
doi: 10.1105/tpc.022319 (2004).

31. Abe, H. et al. Role of arabidopsis MYC and MYB homologs in drought- and abscisic acid-regulated gene expression. The Plant Cell 
9, 1859–1868, doi: 10.1105/tpc.9.10.1859 (1997).

32. Abe, H. et al. Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling. 
Plant Cell 15, 63–78 (2003).

33. Boter, M., Ruiz-Rivero, O., Abdeen, A. & Prat, S. Conserved MYC transcription factors play a key role in jasmonate signaling both 
in tomato and Arabidopsis. Genes & Development 18, 1577–1591, doi: 10.1101/gad.297704 (2004).

34. Chini, A. et al. The JAZ family of repressors is the missing link in jasmonate signalling. Nature 448, 666–671, doi: 10.1038/
nature06006 (2007).

35. Pauwels, L. & Goossens, A. The JAZ proteins: a crucial interface in the jasmonate signaling cascade. The Plant Cell 23, 3089–3100, 
doi: 10.1105/tpc.111.089300 (2011).

36. Kazan, K. & Manners, J. M. MYC2: the master in action. Molecular Plant 6, 686–703, doi: 10.1093/mp/sss128 (2013).
37. Szostkiewicz, I. et al. Closely related receptor complexes differ in their ABA selectivity and sensitivity. The Plant Journal 61, 25–35, 

doi: 10.1111/j.1365-313X.2009.04025.x (2010).
38. Saavedra, X. et al. The nuclear interactor PYL8/RCAR3 of Fagus sylvatica FsPP2C1 is a positive regulator of abscisic acid signaling 

in seeds and stress. Plant Physiol 152, 133–150, doi: 10.1104/pp.109.146381 (2010).
39. Pizzio, G. A. et al. The PYL4 A194T mutant uncovers a key role of PYR1-LIKE4/PROTEIN PHOSPHATASE 2CA interaction for 

abscisic acid signaling and plant drought resistance. Plant Physiol 163, 441–455, doi: 10.1104/pp.113.224162 (2013).
40. Menges, M., Hennig, L., Gruissem, W. & Murray, J. A. Cell cycle-regulated gene expression in Arabidopsis. The Journal of Biological 

Chemistry 277, 41987–42002, doi: 0110.1074/jbc.M207570200 (2002).
41. O’Malley, R. C., Alonso, J. M., Kim, C. J., Leisse, T. J. & Ecker, J. R. An adapter ligation-mediated PCR method for high-throughput 

mapping of T-DNA inserts in the Arabidopsis genome. Nature protocols 2, 2910–2917, doi: 10.1038/nprot.2007.425 (2007).
42. Chen, R. et al. The Arabidopsis mediator subunit MED25 differentially regulates jasmonate and abscisic acid signaling through 

interacting with the MYC2 and ABI5 transcription factors. The Plant Cell 24, 2898–2916, doi: 10.1105/tpc.112.098277 (2012).
43. Dombrecht, B. et al. MYC2 differentially modulates diverse jasmonate-dependent functions in Arabidopsis. The Plant Cell 19, 

2225–2245, doi: 10.1105/tpc.106.048017 (2007).
44. Hong, G. J., Xue, X. Y., Mao, Y. B., Wang, L. J. & Chen, X. Y. Arabidopsis MYC2 interacts with DELLA proteins in regulating 

sesquiterpene synthase gene expression. The Plant Cell 24, 2635–2648, doi: 10.1105/tpc.112.098749 (2012).
45. Brocard, I. M., Lynch, T. J. & Finkelstein, R. R. Regulation and Role of the Arabidopsis Abscisic Acid-Insensitive 5 Gene in Abscisic 

Acid, Sugar, and Stress Response. Plant Physiology 129, 1533–1543, doi: 10.1104/pp.005793 (2002).
46. Takahashi, S. et al. Monitoring the expression profiles of genes induced by hyperosmotic, high salinity, and oxidative stress and 

abscisic acid treatment in Arabidopsis cell culture using a full-length cDNA microarray. Plant Molecular Biology 56, 29–55,  
doi: 10.1007/s11103-004-2200-0 (2004).

47. Nakashima, K., Yamaguchi-Shinozaki, K. & Shinozaki, K. The transcriptional regulatory network in the drought response and its 
crosstalk in abiotic stress responses including drought, cold, and heat. Frontiers in Plant Science 5, 170, doi: 10.3389/fpls.2014.00170 
(2014).

48. Lindemose, S., O’Shea, C., Jensen, M. K. & Skriver, K. Structure, function and networks of transcription factors involved in abiotic 
stress responses. Int J Mol Sci 14, 5842–5878, doi: 10.3390/ijms14035842 (2013).

49. Yang, L., Guo, S., Li, Y., Zhou, S. & Tao, S. Protein microarrays for systems biology. Acta biochimica et biophysica Sinica 43, 161–171, 
doi: 10.1093/abbs/gmq127 (2011).

50. Arabidopsis Interactome Mapping Consortium. Evidence for network evolution in an Arabidopsis interactome map. Science 333, 
601–607, doi: 10.1126/science.1203877 (2011).

51. Manzano-Roman, R. et al. Protein arrays as tool for studies at the host-pathogen interface. Journal of proteomics 94, 387–400,  
doi: 10.1016/j.jprot.2013.10.010 (2013).

52. Jones, A. M. et al. Border control–a membrane-linked interactome of Arabidopsis. Science 344, 711–716, doi: 10.1126/
science.1251358 (2014).

53. Kanno, Y. et al. Identification of an abscisic acid transporter by functional screening using the receptor complex as a sensor. Proc Natl 
Acad Sci USA 109, 9653–9658, doi: 10.1073/pnas.1203567109 (2012).

54. Boneh, U., Biton, I., Zheng, C., Schwartz, A. & Ben-Ari, G. Characterization of potential ABA receptors in Vitis vinifera. Plant Cell 
Rep 31, 311–321, doi: 10.1007/s00299-011-1166-z (2012).

55. Fernandez-Calvo, P. et al. The Arabidopsis bHLH transcription factors MYC3 and MYC4 are targets of JAZ repressors and act 
additively with MYC2 in the activation of jasmonate responses. The Plant Cell 23, 701–715, doi: 10.1105/tpc.110.080788 (2011).

56. Schweizer, F. et al. Arabidopsis basic helix-loop-helix transcription factors MYC2, MYC3, and MYC4 regulate glucosinolate 
biosynthesis, insect performance, and feeding behavior. Plant Cell 25, 3117–3132, doi: 10.1105/tpc.113.115139 (2013).

57. Leonhardt, N. et al. Microarray expression analyses of Arabidopsis guard cells and isolation of a recessive abscisic acid hypersensitive 
protein phosphatase 2C mutant. The Plant Cell 16, 596–615, doi: 10.1105/tpc.019000 (2004).

58. Yamaguchi-Shinozaki, K. & Shinozaki, K. Organization of cis-acting regulatory elements in osmotic- and cold-stress-responsive 
promoters. Trends Plant Sci 10, 88–94, doi: 10.1016/j.tplants.2004.12.012 (2005).

59. Fujita, Y., Fujita, M., Shinozaki, K. & Yamaguchi-Shinozaki, K. ABA-mediated transcriptional regulation in response to osmotic 
stress in plants. J Plant Res 124, 509–525, doi: 10.1007/s10265-011-0412-3 (2011).

60. Kim, S. R., Choi, J. L., Costa, M. A. & An, G. Identification of G-Box Sequence as an Essential Element for Methyl Jasmonate 
Response of Potato Proteinase Inhibitor II Promoter. Plant Physiol 99, 627–631 (1992).

61. Meier, I. & Gruissem, W. Novel conserved sequence motifs in plant G-box binding proteins and implications for interactive 
domains. Nucleic Acids Res 22, 470–478 (1994).

62. Menkens, A. E., Schindler, U. & Cashmore, A. R. The G-box: a ubiquitous regulatory DNA element in plants bound by the GBF 
family of bZIP proteins. Trends Biochem Sci 20, 506–510 (1995).

63. Wind, J. J., Peviani, A., Snel, B., Hanson, J. & Smeekens, S. C. ABI4: versatile activator and repressor. Trends Plant Sci 18, 125–132, 
doi: 10.1016/j.tplants.2012.10.004 (2013).

64. Hou, X., Lee, L. Y., Xia, K., Yan, Y. & Yu, H. DELLAs modulate jasmonate signaling via competitive binding to JAZs. Developmental 
cell 19, 884–894, doi: 10.1016/j.devcel.2010.10.024 (2010).

65. Song, S. et al. Interaction between MYC2 and ETHYLENE INSENSITIVE3 modulates antagonism between jasmonate and ethylene 
signaling in Arabidopsis. Plant Cell 26, 263–279, doi: 10.1105/tpc.113.120394 (2014).

66. Shin, J., Heidrich, K., Sanchez-Villarreal, A., Parker, J. E. & Davis, S. J. TIME FOR COFFEE represses accumulation of the MYC2 
transcription factor to provide time-of-day regulation of jasmonate signaling in Arabidopsis. Plant Cell 24, 2470–2482, doi: 10.1105/
tpc.111.095430 (2012).

67. Chico, J. M. et al. Repression of Jasmonate-Dependent Defenses by Shade Involves Differential Regulation of Protein Stability of 
MYC Transcription Factors and Their JAZ Repressors in Arabidopsis. Plant Cell 26, 1967–1980 (2014).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:28941 | DOI: 10.1038/srep28941

68. Gangappa, S. N., Prasad, V. B. & Chattopadhyay, S. Functional interconnection of MYC2 and SPA1 in the photomorphogenic 
seedling development of Arabidopsis. Plant Physiology 154, 1210–1219, doi: 10.1104/pp.110.163717 (2010).

69. Anderson, J. P. et al. Antagonistic interaction between abscisic acid and jasmonate-ethylene signaling pathways modulates defense 
gene expression and disease resistance in Arabidopsis. The Plant Cell 16, 3460–3479, doi: 10.1105/tpc.104.025833 (2004).

70. Adie, B. A. et al. ABA is an essential signal for plant resistance to pathogens affecting JA biosynthesis and the activation of defenses 
in Arabidopsis. The Plant Cell 19, 1665–1681, doi: 10.1105/tpc.106.048041 (2007).

71. Fernandez-Arbaizar, A., Regalado, J. J. & Lorenzo, O. Isolation and characterization of novel mutant loci suppressing the ABA 
hypersensitivity of the Arabidopsis coronatine insensitive 1–16 (coi1-16) mutant during germination and seedling growth. Plant & 
Cell Physiology 53, 53–63, doi: 10.1093/pcp/pcr174 (2012).

72. Munemasa, S. et al. The coronatine-insensitive 1 mutation reveals the hormonal signaling interaction between abscisic acid and 
methyl jasmonate in Arabidopsis guard cells. Specific impairment of ion channel activation and second messenger production. Plant 
Physiol 143, 1398–1407, doi: 10.1104/pp.106.091298 (2007).

73. Kazan, K. & Manners, J. M. Jasmonate signaling: toward an integrated view. Plant Physiol 146, 1459–1468, doi: 10.1104/
pp.107.115717 (2008).

74. Nahar, K., Kyndt, T., Nzogela, Y. B. & Gheysen, G. Abscisic acid interacts antagonistically with classical defense pathways in 
rice–migratory nematode interaction. New Phytologist 196, 901–913, doi: 10.1111/j.1469-8137.2012.04310.x (2012).

75. Lumba, S. et al. A mesoscale abscisic acid hormone interactome reveals a dynamic signaling landscape in Arabidopsis. Dev Cell 29, 
360–372, doi: 10.1016/j.devcel.2014.04.004 (2014).

76. Irigoyen, M. L. et al. Targeted degradation of abscisic acid receptors is mediated by the ubiquitin ligase substrate adaptor DDA1 in 
Arabidopsis. Plant Cell 26, 712–728, doi: 10.1105/tpc.113.122234 (2014).

77. Jaradat, M. R., Feurtado, J. A., Huang, D., Lu, Y. & Cutler, A. J. Multiple roles of the transcription factor AtMYBR1/AtMYB44 in ABA 
signaling, stress responses, and leaf senescence. BMC Plant Biol 13, 192, doi: 10.1186/1471-2229-13-192 (2013).

78. Zhao, Y. et al. The ABA receptor PYL8 promotes lateral root growth by enhancing MYB77-dependent transcription of auxin-
responsive genes. Science Signaling 7, ra53, doi: 10.1126/scisignal.2005051 (2014).

79. Antoni, R. et al. PYRABACTIN RESISTANCE1-LIKE8 plays an important role for the regulation of abscisic acid signaling in root. 
Plant Physiol 161, 931–941, doi: 10.1104/pp.112.208678 (2013).

80. Nour-Eldin, H. H., Geu-Flores, F. & Halkier, B. A. USER cloning and USER fusion: the ideal cloning techniques for small and big 
laboratories. Methods Mol Biol 643, 185–200, doi: 10.1007/978-1-60761-723-5_13 (2010).

81. James, P., Halladay, J. & Craig, E. A. Genomic libraries and a host strain designed for highly efficient two-hybrid selection in yeast. 
Genetics 144, 1425–1436 (1996).

82. Waadt, R. et al. The Plant JournalMulticolor bimolecular fluorescence complementation reveals simultaneous formation of 
alternative CBL/CIPK complexes in planta. The Plant Journal 56, 505–516, doi: 10.1111/j.1365-313X.2008.03612.x (2008).

83. Voinnet, O., Rivas, S., Mestre, P. & Baulcombe, D. An enhanced transient expression system in plants based on suppression of gene 
silencing by the p19 protein of tomato bushy stunt virus. The Plant Journal 33, 949–956 (2003).

84. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods 9, 676–682, doi: 10.1038/nmeth.2019 
(2012).

Acknowledgements
We would like to thank Dmitri Nusinow and Steve Kay for providing the 6xHIS-3XFlag vector, and 
Allison K. Greene for technical assistance. This study was supported by the National Institutes of Health 
(GM060396-ES010337) and by the National Science Foundation (MCB1414339) grants to J.I.S. This work was 
also supported by grants from the NSF Plant Genome Research Program (DBI-0703905 to J.R.E.), and the Gordon 
and Betty Moore Foundation (GBMF 3034 to J.R.E.). J.R.E. is an investigator of the Howard Hughes Medical 
Institute. Y.T. was supported by a JSPS fellowship. F.A. was supported by a Caja Madrid Foundation Fellowship.

Author Contributions
Conceptualization, F.A. and J.I.S.; Methodology, F.A., J.Y. and J.I.S.; Validation, F.A., J.Y., M.L. and Y.T.; 
Investigation, F.A., J.Y., M.L., Y.T., A.Y.K. and Z.L.; Writing–Review & Editing, F.A., J.Y., M.L., Y.T., A.Y.K., T.K., 
J.R.E. and J.I.S.; Funding Acquisition, T.K., J.R.E. and J.I.S.

Additional Information
Accession Numbers: PYL6 (At2g40330), PYL5 (AT5G05440), PYL4 (At2g38310), ABI1 (AT4G26080), MYC2 
(Atg32640), MYC3 (At5g46760), JAZ6 (At1g72450), JAZ8 (At1g30135).
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Aleman, F. et al. An ABA-increased interaction of the PYL6 ABA receptor with MYC2 
Transcription Factor: A putative link of ABA and JA signaling. Sci. Rep. 6, 28941; doi: 10.1038/srep28941 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	An ABA-increased interaction of the PYL6 ABA receptor with MYC2 Transcription Factor: A putative link of ABA and JA signaling
	Introduction
	Results
	PYL6 can interact with MYC2 in yeast two hybrid assays
	PYL6-MYC2 interaction also occurs in planta
	PYL6-MYC2 interaction occurs in the nucleus
	pyl6 T-DNA mutants are more sensitive to JA + ABA
	PYL6 modifies the transcriptional activity of MYC2 in yeast
	MYC2 does not affect the ABI1 inhibition by PYL6

	Discussion
	Materials and Methods
	Yeast Two Hybrid (Y2H)
	Bimolecular Fluorescence Complementation (BiFC)
	Co-immunoprecipitation (Co-IP)
	Yeast one hybrid
	Plant growth
	Protein Overexpression and Purification

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                An ABA-increased interaction of the PYL6 ABA receptor with MYC2 Transcription Factor: A putative link of ABA and JA signaling
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28941
            
         
          
             
                Fernando Aleman
                Junshi Yazaki
                Melissa Lee
                Yohei Takahashi
                Alice Y. Kim
                Zixing Li
                Toshinori Kinoshita
                Joseph R. Ecker
                Julian I. Schroeder
            
         
          doi:10.1038/srep28941
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28941
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28941
            
         
      
       
          
          
          
             
                doi:10.1038/srep28941
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28941
            
         
          
          
      
       
       
          True
      
   




