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Figure 1. Dynamics of ethylene-induced EIN3 binding and transcription supports the role of EIN3 as an activator of the ethylene response. (A) Ethylene
treatment results in an increase of EIN3 binding in three regions of the EBF2 promoter, corresponding to an increase in steady-state mRNA levels.
Binding and transcription levels are indicated by reads per kilobase per million reads in sample (RPKM). Gene model: green (exon), red (UTR), grey
(intron/transposon). (B) Patterns of EIN3 binding and expression of ethylene-regulated targets are strikingly evident over a timecourse of ethylene gas
treatment. EIN3 binding increases with ethylene treatment to a maximum at 4 hr of ethylene treatment for all candidate targets. Each line in the
heatmap represents the RPKM value for the representative EIN3 binding site (left panel) and transcript (right panel). (C) (Upper panel) Equivalent
numbers of genes are up- and down-regulated upon ethylene treatment. (Lower panel) Majority of EIN3 targets differentially expressed upon ethylene

treatment are up-regulated. (D) A subset of EIN3 targets is transcriptionally regulated by ethylene (EIN3-R).
DOI: 10.7554/¢eLife.00675.003
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Figure 1—figure supplement 1. EIN3 antibody reproducibly enriches DNA in chromatin immunoprecipitation.
(A) Enrichment of the known target of EIN3, the promoter of ERF1, using Dynabeads Protein A and Dynabeads
Sheep anti-Rabbit IgG to collect protein-DNA complexes. The average fold change for two technical ChIP
replicates with three QPCR technical replicates each is shown. (B) Reproducibility in the two biological replicates
for EIN3 ChIP performed upon treatment of ethylene gas for 0, 0.5, 1, and 4 hr. (C) Average RPKM of EIN3 binding
sites 0, 0.5, 1, and 4 hr of ethylene gas treatment. (D) EIN3 binding preferentially occurs in the promoter regions of
genes (1000 bp upstream of the TSS).
DOI: 10.7554/eLife.00675.004
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Figure 1—figure supplement 2. Ethylene-regulated genes are induced and repressed. (A) Reproducibility of RNA-Seq experiments. Ethylene-
regulated have a higher reproducibility amongst replicates than non-replicates. (B) Genes that are both up- and down-regulated occur at different
timepoints of ethylene treatment. (C) The majority of EIN3 targets exhibit increased binding upon ethylene treatment, however, changes in steady-state
levels of mRNA do not occur for the majority of these targets. EIN3-NR genes are indicated by the blue rectangle.

DOI: 10.7554/eLife.00675.005
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Figure 1—figure supplement 3. Binding of EIN3 to previously known targets. (A) De novo motif from the top 50 EIN3 binding sites with the best match
to the known EIN3 motif (E-value = 1.12 x 107°). EIN3 binding of the promoters of (B) ERF1, (C) EDF1, and (D) FLS2.

DOI: 10.7554/eLife.00675.006
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Figure 1—figure supplement 4. EIN3 ChIP-Seq identified an additional binding in the EBF2 promoter. (A) Binding of EIN3 to the EBF2 promoter
increases upon ethylene gas treatment. EIN3 binding is strongest in the most proximal site to the TSS, and weakest in the most distal site to the TSS,
which is not called by our stringent analysis. The most distal EIN3 binding site was not detected by our analysis but displays the characteristic ChIP-Seq

binding pattern. (B) Alignment of motifs of the three binding sites in the EBF2 promoter.
DOI: 10.7554/eLife.00675.007
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Figure 1—figure supplement 5. Functional categories are over-represented for EIN3 targets that are ethylene-
regulated (EIN3-R). Network was generated using BINGO (v.2.44) using the GOSlim_Plants ontology, Benjamini and
Hochberg p-value legend is indicated below.

DOI: 10.7554/eLife.00675.008
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Figure 2. The ethylene transcriptional response occurs in four distinct waves of transcriptional induction. (A) Ethylene-regulated EIN3 targets (EIN3-R)
exhibit increased binding at transcription start sites (TSS) upon ethylene treatment (black arrows) in comparison to those not transcriptionally regulated
by ethylene (EIN3-NR and EIN3-ND). Each boxplot represents the distribution of EIN3 ChIP-Seq RPKMs near the TSS. (B) Distribution of gene families

Figure 2. Continued on next page

Chang et al. eLife 2013;2:e00675. DOI: 10.7554/eLife.00675

8 of 17


http://dx.doi.org/10.7554/eLife.00675

eLIFE

Figure 2. Continued
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among EIN3-R targets reveals over-representation of gene families related to hormone responses function. (Inset) Percentage of hormone-related genes
in EIN3 binding and transcription categories. (C) DREM paths representing waves of induction of steady-state levels of transcription by ethylene for
genes that are regulated by EIN3, implicating different modes of transcriptional regulation in the ethylene response. Right panels contain all genes for

each wave.
DOI: 10.7554/elife.00675.009
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Figure 2—figure supplement 1. Quantitative correlation between EIN3 binding and ethylene-regulated
expression. Linear regression revealed that there is no quantitative correlation of changes in EIN3 binding and

ethylene-regulated steady-state levels of transcription.

DOI: 10.7554/eLife.00675.010
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Figure 2—figure supplement 2. Temporal characterization of the ethylene transcriptional response. (A) The
EIN3-modulated ethylene transcriptional response occurs in four waves with various levels of noise. A decrease

in standard deviation correlates to an increase of hormone-related genes. (B) The kinetics of the ethylene
transcriptional response on a linear scale. Approximately 35-50% of the ethylene-regulated genes are
transcriptionally affected by the first 4 hr of ethylene treatment, for all ethylene transcriptional response genes and
EIN3-modulated ethylene transcriptional response genes, respectively.

DOI: 10.7554/eLife.00675.011

Chang et al. eLife 2013;2:e00675. DOI: 10.7554/eLife.00675 10 of 17


http://dx.doi.org/10.7554/eLife.00675
http://dx.doi.org/10.7554/eLife.00675.011

e LI F E Plant biology

Black: p<0.001
Blue: p<0.005
Bold&ltalic: TF from PBM

|

|~

~wATNAC6
| AcLi5 aprd
2 SEP3
BoR1 EIN3 N =
BZO2H4 FLF
BZO2H1 EIN3
RD26 A “WBES1
PIL5
0 _aRD26

5 w RAP2.2 0.5h . l4h 12h 124h

El N PIL —
AP1 FLF
BEST\ GATA4 =
-2
AT3G24120

| &

Figure 2—figure supplement 3. Ethylene transcription and associated transcription factor regulation kinetics from DREM analysis. This dynamic
regulatory map contains major bifurcation or convergence events in temporal expression data and determines the transcription factors potentially
responsible for these events. EIN3-modulation is significant (1079 in the expression trajectories labeled EIN3 (teal, dark brown, purple, green-blue; first
four endpoint trajectories from the top of the figure). The EIN3-associated trajectories represent the four waves of ethylene-regulated expression
regulated by EIN3, as further discussed in the main text. The TF associations are based on motifs from AGRIS and the PBM data in this paper. There are
two caveats based on the TF association annotation: (1) It is possible the TF controlling these RNA is not represented in the database, and (2) Genes may
not be regulated by the specific TF indicated, but instead by a homolog or other TF that has a similar target sequence not in the database.

DOI: 10.7554/eLife.00675.012
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Figure 3. Functional classification of EIN3 candidate targets reveals genes involved in hormone responses. (A) Feedback (ethylene signaling
components, above) of the ethylene response and feedforward (downstream effectors, below). Downstream effectors in green are transcriptionally
induced by ethylene. Known EIN3 targets are noted by asterisks; all other EIN3 candidate targets were discovered by this study. (B and C) EIN3
candidate targets are involved in hormone co-regulation. Node color represents hormone annotation, as indicated in B; large nodes are EIN3 candidate
targets. Dark grey edges represent protein-protein interactions (PPI) and light grey edges are protein-DNA interactions (PDI). Hormone annotation

legend: abscisic acid (ABA), brassinosteroid (BR), cytokinin (CK), ethylene (ETH), gibberellin (GA), auxin (IAA), methyl jasmonate (MJ), salicyli

c acid (SA),

>1, more than one hormone. (D) EIN3-mediated ethylene co-regulation occurs at many different levels. PPIs are from the Arabidopsis Interactome

Mapping Consortium, and EIN3 PDls are from this study.
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Figure 3—figure supplement 1. Motifs of EIN3 targets that are transcriptionally regulated by ethylene were determined in vitro using protein binding

microarrays.
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Figure 4. EIN3 binding facilitates HLS1 ethylene-auxin hormone co-regulation. (A) (Top panel) EIN3 targets HLST and HLH2. Temporal EIN3 binding and
expression patterns are shown with known EIN3 targets as a control. HLH1 and HLH3 are not expressed in etiolated seedlings. (B) Binding of EIN3 to
HLS1/HLH2 promoters is dependent on presence of EIN3. (C)-(F) Mutations in HLST and its homologs reveal severe growth and developmental defects.
(C) Tri-cotyledon phenotypes in apical hook of quadruple mutants. Images were taken at the same magpnification. (D) HLS1 gene family has a role in
embryo patterning. SEM image scale bar, 50 pm. (E) Adult three-week-old plants displayed dwarfed phenotypes similar to axr1. (F) Quadruple mutants
display floral defects similar to arf3/ettin. Inset and panels on the right show abnormal guard cell patterning. SEM scale bars, 100 pm.
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Figure 4—figure supplement 1. HLST, HLH1, and HLH2 are targets of EIN3. (A) EIN3 binding in HLS1, HLH1, HLHZ2 promoters. (B) EIN3 binding motifs

in HLS1, HLHZ2 reveal a consensus. ERF1 and EBF2 motifs are shown as a reference.
DOI: 10.7554/eLife.00675.016

. [ ]

Col-0 ein3-1

T
ein3-1/eil1-1

Figure 4—figure supplement 2. HLST expression is
decreased in ein3-1, and ein3-1/eil1-1 mutants.
DOI: 10.7554/eLife.00675.017

Chang et al. eLife 2013;2:e00675. DOI: 10.7554/eLife.00675

15 of 17


http://dx.doi.org/10.7554/eLife.00675
http://dx.doi.org/10.7554/eLife.00675.016
http://dx.doi.org/10.7554/eLife.00675.017

Plant biology
—7AAT1 Sc
HLST 1 (GVEDV DIGDP(@R 'R 55P 5 SMLVA S Gj
EilR D GDP[E R RSP 5  EMLVA =G QN RS E- N Y.\ ¥
E S GDP m R'SP IMLVAZ G - )
E3 DHQT D GDP. 5P “MLvAS GN 2 Riml Ec
GLRV P SRR SGIG ——*——RimJ Ec
GLRV:P
M' IG ng ——*—— GCN5 At3g54610
GLRV P IR JGIG I e 146 GCN5 Sc
AYSY NTE \DNOAS INLF |6/ @GYS=FR (1P S SLVNPV /=R AE_LYR GCNS5 Hs
A=Y SYZTE \'DNEASINLF [[€4€GY =FRUP3LLVNPV /\:R AERLYR 145
-uYY“TE DNJAS /A F U JeYSER 1P VNPV - iR KL EPAESLYR p300
SHN AR AALEK 1Y XHcI 3 YWUER P FLVNPV NeR KL AT AESLYR
., [Ard1 At5g13780
TTEFFP ;DI 8 L \NKLS “GT AA SWA'/ES AN
L ANKLS IGT /A SWAVES /M 14 2 Ard1 Zm
. LINKLS IGT A DN POIESWAT S WS 9 Ard Sc
QYA TTEFFP LNKLS “GT  VARDIYBIN S SKV L'
91
HLST 269 P FAF CIU3F )G [CIEGP LCH HNIA Ard1 5
HLH1 279 PN F F NG e EGP LC "HOHNEA |1 Ard1 At1g03650
HLH2 256 >N F ANLEIGGE ZeJRARE | vg LC FH:HNEA s g
HLH3 247 PLSYL GNF L ] Py F YG ZFEGP mATamY SINWALNDG o “2_Nat3 At1g03150
HLST 339 L ;G €IPHWK DEWCK ;L S IFVDPRE 5 Nat3 Sc
HLH1 349 L ;G [EIPHWK LS DEWC K ;I S KS 755 | FVDPRE
HLH2 326 L {WEIPHWK YIS GEEDRWC KL g sl IcR KS 32 FVDPRE ™ Mak3 At2938130
HLH3 319 KGSN J S {@PHWK LS @0 D WKL K WG Y 3 KS SSMmS FVDPRE Maka Sc
n
C [ HLST At4g37580
47 22 HLS1 Bn
HLH1 hlhi-1 . 2 HIH1 At2g23060
65
. ?—_—
7 L% HLH2 At5g67430
HLH2 hlh2-1 LE'LS“OS
] = _HLS5 Os
b o W EHLS20s
HLH3 hlh3-1 HLS3 0s
L7 HLH3 At2g30090
L L——— HLS1 Os

Figure 4—figure supplement 3. HLS1-like homologs (HLHs) are similar to HLS1 in protein sequence and domain structure. (A) Conservation of HLS1
and HLHs proteins. Amino acid sequence alignment of HLS1 and its three homologs are shown. Gaps are represented as '.". Shading indicates identical
sequences (black), conserved changes (gray), similar residues (light gray). (B) Phylogeny of HLS1 and HLHs and proteins from other organisms containing
acetyltransferase domains. Amino acid sequences were aligned using Clustal, then a bootstrap 50% majority-rule consensus tree was constructed using
PAUP. Abbreviations for species are as follows: Hs, Homo sapiens; Sc, Saccharomyces ceravisiae; Mm, Mus musculus; At, Arabidopsis thaliana; Bn,
Brassica napus; Zm, Zea mays; Os, Oryza sativa; Ps, Pisum sativum; Ec, E. coli. (C) Location of T-DNA insertions in HLH genes. Boxes represent the exons
of each HLH gene. Triangles represent the T-DNA alleles that are characterized in detail. Not all T-DNA insertion alleles in the HLH genes are shown.
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Figure 4—figure supplement 4. Arabidopsis thaliana EIN3, EIL1, EIL3, and Physcomitrella patens EIN3 DNA-binding motifs from protein binding
microarray experiments. EIN3 ChIP-Seq DNA binding motif is shown for comparison. EIN3 ChIPSeq and protein binding motif alignment was performed
with STAMP (E-value = 1.59 x 107).
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