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Abstract 
Auxin induces rapid gene expression changes throughout plant development. How these 
transcriptional responses relate to changes in protein abundance is not well characterized. 
We have identified auxin regulated proteins in whole seedlings, roots and hypocotyls and 
at three different time points (30 min, 120 min and 3 hours) using an iTRAQ (isobaric 
tags for relative and absolute quantification) based quantitative proteomics approach. 
These profiling experiments detected 4,701 proteins from seedling tissue, 6,740 proteins 
from root tissue and 3,925 proteins from hypocotyl tissue. Comparisons between the 
differentially expressed proteins data sets showed little overlap, suggesting that auxin 
proteomes exhibit both temporal and spatial specificity. Numerous proteins showed 
significant changes in abundance following auxin treatment independent of changes in 
cognate transcript abundance. This includes several well characterized proteins with 
various roles in auxin pathways, suggesting that complex gene regulation mechanisms 
follow auxin signaling events. Specifically, regulation of translation may play a role as 
inferred from MapMan categorization analyses and protein interaction networks 
comprised of auxin regulated proteins. Additionally, functional categorization of auxin 
regulated proteins indicates rapid and complex metabolic changes occur in both roots and 
hypocotyls in response to auxin which are not apparent from transcriptome analyses. 
Altogether these data describe novel auxin-regulated proteomes and are an excellent 
resource for identifying new downstream signaling components related to auxin-mediated 
plant growth and development. 
 
Introduction 
 
Auxin is one of the major phytohormones involved in regulating many aspects of 
seedling development, including cotyledon formation, hypocotyl cell elongation, 
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meristem maintenance and root morphogenesis (Finet and Jaillais, 2012). In land plants, 
the response to auxin is controlled by co-receptors comprised of TIR1/AUXIN F-BOX 
(TIR1/AFB) and Aux/IAA transcriptional regulators. In Arabidopsis there are 6 
TIR1/AFB proteins and 29 Aux/IAA proteins (Strader and Zhao, 2016). The Aux/IAA 
proteins actively repress transcription by interacting with transcription factors called 
AUXIN RESPONSE FACTORS (ARFs) transcription factors and recruiting a co-
repressor protein, TOPLESS (TPL). Auxin acts by promoting the degradation of the 
Aux/IAAs leading to tightly regulated gene expression changes that have been well 
documented (Bargmann et al., 2014; Chapman et al., 2012; Overvoorde et al., 2005; 
Weijers and Wagner, 2016). 
 
One of the outstanding questions in the field is how these auxin-mediated transcriptional 
changes collectively influence proteome composition. Arabidopsis seedlings are an 
excellent model for comparative proteomics because they exhibit tissue-specific auxin 
responses and provide sufficient quantities of plant material for sampling. Additionally, 
transcriptional changes in Arabidopsis seedlings, hypocotyls and roots have been well 
documented (Bargmann et al., 2014; Chapman et al., 2012; Laskowski et al., 2006; Lewis 
et al., 2013; Nemhauser et al., 2006; Overvoorde et al., 2005; Stepanova et al., 2007). 
Initial characterization of auxin responsive proteomes in seedlings and roots identified 
proteins that are responsive 6-24 hours after auxin treatment (Slade et al., 2017; Xing and 
Xue, 2012) and protein phosphorylation events associated with auxin mediated lateral 
root formation (Zhang et al., 2013). Further studies of the auxin-regulated proteome are 
needed to generate a more comprehensive view of auxin mediated gene expression 
(Mattei et al., 2013). 
 
In this study, we characterized the auxin-regulated proteome in Arabidopsis seedlings 
after 3 hrs of auxin treatment as well as in dissected hypocotyls and roots 30 and 120 
minutes after exposure to auxin. These data sets provide a proteomic description of how 
auxin influences gene expression in a temporal and spatial fashion. Comparisons between 
these proteomes showed little-to-no overlap in the differentially expressed proteins, 
suggesting that organ-specific auxin responses are mediated by distinct cellular 
proteomes. Additionally, these data can be used to assess the relevance of auxin mediated 
transcriptional responses and potentially uncover novel proteins downstream of co-
receptor action that may mediate diverse developmental programs. 
 
Material & Methods 
 
Plant Material 
Arabidopsis thaliana plants used in this study were Columbia (Col-0) ecotype. Seeds 
were surfaced sterilized using 50% bleach and 0.01% Triton X-100 for 10 minutes and 
then washed five times with sterile water. Seeds were then imbibed in sterile water for 
two days at 4°C and then transferred to 0.5X Murashige-Skoog medium plates overlaid 
with sterile nylon mesh squares. Seedlings were grown under long day photoperiods (16 
h light/8 h dark) at 23°C. Auxin treatments on hypocotyls were done as previously 
described (Chapman et al., 2012). Five day-old seedlings were treated with DMSO 
(mock), IAA or picloram (auxin) as specified. For seedling profiling, intact seedlings 
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were treated and immediately frozen in liquid nitrogen; seedlings were pooled to reach 1 
g of tissue per biological replicate. For root profiling, intact seedlings were treated and 
roots were carefully dissected from the rest seedling using a scalpel then immediately 
frozen; roots were pooled to reach 1 g of tissue per biological replicate. For hypocotyl 
profiling, intact seedlings were treated and hypocotyls were carefully dissected from the 
rest seedling using a scalpel then immediately frozen into liquid nitrogen; hypocotyls 
were pooled to reach 0.5 g tissue per biological replicate. Four independent biological 
replicates were generated for seedling and root treatments while two replicates were 
collected for hypocotyls due to the limited nature of this tissue. 
 
Preparation and Analysis of Proteins via Mass Spectrometry 
Peptide preparation, and protein abundance profiling by mass spectrometry are based on 
previously described methods (Walley et al., 2013, 2015). Each frozen tissue sample was 
thoroughly ground to a fine powder for 15 min in liquid nitrogen prior to protein 
extraction. Proteins were precipitated and washed with 50 ml of -20 °C methanol three 
times, then 50ml -20 °C acetone three times. Protein pellets were aliquoted into four 2 ml 
Eppendorf tubes and dried in a vacuum concentrator at 4 °C. Protein pellets were 
suspended in 1 ml extraction buffer (0.1% SDS, 1 mM EDTA, 50 mM Hepes buffer, pH 
7). Cysteines were reduced and alkylated using 1 mM Tris (2-carboxyethyl)phosphine 
(Fisher, AC36383) at 95 °C for 5 minutes, then 2.5 mM iodoacetamide (Fisher, 
AC12227) at 37°C in the dark for 15 minutes, respectively. Protein was quantified using 
a Bradford assay with bovine serum albumn used to construct the standard curve (Pierce). 
Proteins were digested with trypsin overnight (Roche, 03 708 969 001, enzyme:substrate 
w:w ratio = 1:100). A second digestion was performed the next day for 4 hours 
(enzyme:substrate w:w ratio = 1:100). Digested peptides were purified on a 500 mg 
Waters Oasis MCX cartridge to remove SDS. Peptides were eluted from the MCX 
column with 4 ml 50% isopropyl alcohol and 400 mM NH4HCO3 (pH 9.5) and then dried 
in a vacuum concentrator at 4 °C. Peptides were resuspended in 0.1% formic acid and 
further purified on a 50 mg Sep-Pak C18 column (Waters). Peptide amount was 
quantified using the Pierce BCA Protein assay kit with bovine serum albumn used to 
construct the standard curve. 
 
Peptides were labeled with iTRAQ reagents (AB SCIEX) and we obtained higher than 
95% iTRAQ labeling efficiency by treating 100 µg of non-modified peptides with one 
tube of iTRAQ reagent for 2 hours at room temperature. Labeled samples were dried 
down in a vacuum concentrator and resuspended in 0.1% formic acid. Samples tagged 
with the four different iTRAQ reagents were pooled together.  
 
An Agilent 1200 HPLC system (Agilent Technologies) was used to deliver a flow rate of 
600 nL min-1 via a 3-phase capillary chromatography column through a splitter to the 
mass spectrometer. The 3-phase capillary chromatography was set up as follows. Using a 
custom pressure cell, 5 µm Zorbax SB-C18 (Agilent) was packed into fused silica 
capillary tubing (200 µm ID, 360 µm OD, 30 cm long) to form the first dimension 
reverse-phase column (RP1). A 5 cm long strong cation exchange (SCX) column packed 
with 5 µm PolySulfoethyl (PolyLC) was connected to RP1 using a zero dead volume 1 
µm filter (Upchurch, M548) attached to the exit of the RP1 column. A fused silica 
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capillary (200 µm ID, 360 µm OD, 20 cm long) packed with 2.5 µM C18 (Waters) was 
connected to SCX as the analytical column (RP2). The electrospray tip of the fused silica 
tubing was pulled to a sharp tip with the inner diameter smaller than 1 µm using a laser 
puller (Sutter P-2000). The peptide mixtures were loaded onto the RP1 column using the 
custom pressure cell. A new set of columns was used for each LC-MS/MS analysis. 
Peptides were first eluted from the RP1 column to the SCX column using a 0 to 80% 
acetonitrile gradient for 150 minutes. The peptides were then fractionated by the SCX 
column using a series of 28 salt steps for non-modified iTRAQ profiling (0, 20, 40, 50 
55, 60, 62.5, 65, 67.5, 70, 72.5, 75, 77.5, 80, 82.5, 85, 87.5, 90, 92.5, 95, 97.5, 100, 120, 
150, 180, 200, 500, 1000 mM ammonium acetate) followed by high-resolution reverse 
phase separation using an acetonitrile gradient of 0 to 80% for 120 minutes. 
 
Spectra were acquired using an LTQ Velos linear ion trap tandem mass spectrometer 
(Thermo Electron Corporation, San Jose, CA) employing automated, data-dependent 
acquisition. The mass spectrometer was operated in positive ion mode with a source 
temperature of 250 °C. The full MS scan range of 400-2000 m/z was divided into 3 
smaller scan ranges (400-800, 800-1050, 1050-2000) to improve the dynamic range. Both 
CID (Collision Induced Dissociation) and PQD (Pulsed-Q Dissociation) scans of the 
same parent ion were collected for protein identification and quantitation. Each MS scan 
was followed by 4 pairs of CID-PQD MS/MS scans of the most intense ions from the 
parent MS scan. A dynamic exclusion of 1 minute was used to improve the duty cycle of 
MS/MS scans.  
 
The raw data were extracted and searched using Spectrum Mill v3.03 (Agilent). The CID 
and PQD scans from the same parent ion were merged together. MS/MS spectra with a 
sequence tag length of 1 or less were considered to be poor spectra and were discarded. 
The remaining MS/MS spectra were searched against the Arabidopsis TAIR10 database. 
The enzyme parameter was limited to fully tryptic peptides with a maximum miscleavage 
of 1. All other search parameters were set to default settings of Spectrum Mill 
(carbamidomethylation of cysteines and iTRAQ modification). A concatenated forward-
reverse database was constructed to calculate the in-situ false discovery rate (FDR). All 
datasets were summarized together to maintain FDR across the datasets. Cutoff scores 
were dynamically assigned resulting in FDR of 0.05%, 0.12%, and 0.66% at the 
spectrum, peptide, and protein level, respectively. Proteins that share common peptides 
were grouped to address the database redundancy issue. The proteins within the same 
group shared the same set or subset of unique peptides. 
 
iTRAQ intensities were calculated by summing the peptide iTRAQ intensities from each 
protein group. Peptides shared among different protein groups were removed before 
quantitation using custom Perl scripts implemented in Spectrum Mill v3.03 (Agilent). 
Isotope impurities of iTRAQ reagents were corrected using correction factors provided 
by the manufacturer (Applied Biosystems). Median normalization was performed to 
normalize the protein iTRAQ reporter intensities in which the log ratios between different 
iTRAQ tags (115/114, 116/114, 117/114) are adjusted globally such that the median log 
ratio is zero. Protein ratios between the mock and each treatment were calculated by 
taking the ratios of the total iTRAQ intensities from the corresponding iTRAQ reporter. 
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Protein ratios were then log2 converted. Proteins that significantly changed in each 
treatment, relative to mock, were determined using t-tests (two-sample heteroscedastic). 
Proteins with a p-value of <0.05 were considered to be significantly differentially 
expressed. 
 
 
GO enrichment and MapMan analysis  
GO enrichment analyses were performed using Gorilla (http://cbl-
gorilla.cs.technion.ac.il/) (Eden et al., 2009). Functional categorization of differentially 
expressed proteins was performed using the Classification SuperViewer Tool with the 
classification source set to MapMan (http://bar.utoronto.ca/) (Provart et al., 2003). 
 
STRING network analyses 
Protein-protein interaction networks were generated using STRING (https://string-
db.org/) (Szklarczyk et al., 2017). Differentially expressed proteins were used as a 
multiple search by protein names/identifiers against Arabidopsis thaliana as the organism.  
 
Results 
 
Quantitative proteomic analysis of seedlings following auxin treatments indicate 
tissues specific responses 
 
The transcriptional response to exogenous auxin in various tissues and species have been 
well characterized. We sought to define rapid proteome changes in young seedlings, roots 
and hypocotyls using peptide mass spectrometry. The organs and time points selected 
have been well characterized transcriptionally and are developmentally relevant. 
Following auxin treatment, light-grown hypocotyls elongate while primary root 
elongation is inhibited. Thus, we hypothesized that we would uncover protein abundance 
changes specific to each organ profiled. Towards this aim we treated seedlings with a 
naturally occurring auxin, indole-3-acetic acid (IAA) and harvested both whole seedlings 
and intact roots for proteome profiling. Additionally, we treated seedlings with a 
synthetic auxin, picloram, and then harvested hypocotyls for proteome profiling. Two 
different auxins were used in our workflow because we wanted to be able to directly 
compare the corresponding proteome datasets to previously published transcriptomic data 
generated in the same fashion (Chapman et al., 2012; Lewis et al., 2013; Nemhauser et 
al., 2006). Following auxin and mock solvent control treatments, total protein was 
extracted from these samples and digested into tryptic peptides.  Peptides were iTRAQ 
labeled and then identified and quantified using tandem mass spectrometry (MS/MS) 
(Figure 1A). For the root and seedling samples, four biological replicates were generated 
for each condition. Because it is difficult to collect large amounts of Arabidopsis 
hypocotyl tissue, only two biological replicates were generated for each condition.  
 
A total of 4,701 proteins were detected in the seedling samples of which 371 changed in 
abundance after auxin treatment (P ≤ 0.05) (Figure 1B; Table S1). From the hypocotyl 
samples 3,925 proteins were detected while 411 proteins were significantly changed at 30 
min and 361 proteins were significantly changed at 120 min (Figure 1B; Table S1). From 
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the root samples 6,740 proteins were detected while 114 proteins were significantly 
changed at 30 min while 87 proteins were differentially expressed at 120 min (Figure 1B; 
Table S1). In order to examine the extent of tissue specificity, we performed hierarchical 
clustering with all of the differentially expressed proteins from all tissues and time points 
sampled (P-value <0.05). Each set of differentially expressed proteins from the different 
tissues that were sampled is fairly discrete and we observed little overlap among these 
datasets (Figure 1C). Very few differentially regulated proteins appear to be in common 
between the seedling, hypocotyl and root proteomes. This may be due to our limited 
sampling of the genome, as we did not detect more than ~6,700 proteins from any run 
(Figure 1B; Table S1). It could also indicate that the observed auxin proteomes have a 
rapid and transient nature. However, there were some proteins that were differentially 
expressed within an organ at both time points sampled and some proteins in common 
between organs at the same time point. For example, within the hypocotyl there are 14 
differentially expressed proteins in common to both time points (Figure 2A). Such 
proteins include RUB1 CONJUGATING ENZYME (RCE1; At4g36800) which has 
known roles in auxin mediated processes (Dharmasiri et al., 2003; Esteve-Bruna et al., 
2013; Pozo, 1998) and SNF7.1 (At4g29160) a member of the ESCRT-III complex 
involved in vesicle formation (Cai et al., 2014). Altogether the observed protein 
abundance profiles following auxin exposure exhibit tissue specific responses.  
 
Auxin regulated transcriptomes do not correspond with proteomes  
 
A number of studies have shown weakly positive correlation between transcriptome and 
proteome changes among eukaryotic organisms (Baerenfaller et al., 2008; 
Ghaemmaghami et al., 2003; Ghazalpour et al., 2011; Ponnala et al., 2014; 
Schwanhausser et al., 2011; Vogel et al., 2010; Walley et al., 2013, 2016; Washburn et 
al., 2003). In order to examine the extent of correspondence between auxin regulated 
transcriptional responses and the proteome changes observed in this study we compiled a 
list of genes for which both mRNA and protein were detected (Chapman et al., 2012; 
Lewis et al., 2013; Nemhauser et al., 2006). From the seedling datasets (Nemhauser et al., 
2006) 4,343 genes were detected at both the mRNA and protein levels. From the 
hypocotyl datasets (Chapman et al., 2012) 3,888 genes were detected at both the mRNA 
and protein levels. From the root datasets (Lewis et al., 2013) 4,929 genes were detected 
at both the mRNA and protein levels.  
 
Specifically, only five genes are decreased in abundance at both the mRNA and protein 
level in seedlings following auxin treatment (Figure 2E). This includes a member of the 
CYP705A family of cytochrome P450 enzymes (AT5G47990) that plays a role in 
gravitropism (Withers et al., 2013). Notably, one gene has increased mRNA but 
decreased protein abundance (AT5G54500). AT5G54500 encodes a flavodoxin-like 
quinone reductase that is annotated as a primary auxin-response gene. One explanation 
for this observed response may be that the AT5G54500 protein is not stable and is rapidly 
degraded following auxin treatment. In the hypocotyl, only five genes are upregulated at 
both the mRNA and protein level while the downregulated genes and proteins are 
discordant (Figure 2A,B). A similar pattern was observed among the root regulated genes 
and proteins (Figure 2 C,D). Overall, these comparisons demonstrate that there is very 
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little overlap between measured auxin mediated transcriptional responses and proteome 
responses (Figure 2).  
 
Key auxin responsive proteins are observed across tissue types 
 
We examined the observed differentially expressed proteins in more detail in order to 
identify particular proteins that may play known roles in auxin biology. Numerous 
proteins with altered abundance levels in auxin-treated seedlings have been previously 
linked to auxin pathways, providing support for these profiling data (Figure 3 and Table 
S1). Such proteins include the auxin-responsive GH3 family protein GH3.17 (Gonzalez-
Lamothe et al., 2012; Staswick, 2005), the auxin influx carrier LIKE AUXIN 
RESISTANT 1 (LAX1) (Swarup et al., 2004; Ugartechea-Chirino et al., 2010), auxin 
efflux carrier PIN-FORMED 3 (PIN3) (Friml et al., 2002; Paponov et al., 2005), AUXIN 
RESPONSE FACTOR 7 (ARF7)/MASSUGU1 (MSG1) (Harper et al., 2000; Watahiki et 
al., 1999), and ARF8 (Tian et al., 2004), PROTEIN PHOSPHATASE 2A A3 (PP2AA3) 
which regulates auxin efflux (Dai et al., 2012) and (RELATED TO UBIQUITIN) RUB1 
which plays a key role in modulating SCF assembly and thus auxin receptor activity by 
altering AtCUL1 modification (del Pozo et al., 2002; Pozo, 1998). Notably, a number of 
these proteins do not have corresponding transcripts that are auxin responsive. 
 
Biological process and function ontologies varied between auxin-regulated 
proteomes 
 
We hypothesized that the functional classification of proteins involved in auxin mediated 
responses may vary between organs. In order to explore this idea further we performed 
GO enrichment analyses by comparing the differentially expressed proteins against all 
the proteins detected (Table S1). These results show different parent terms 
overrepresented among the different tissues and time points sampled but there were no 
striking enrichment terms (Table S2). Using a different approach, we put each list of 
differentially expressed proteins into the classification SuperViewer tool from BAR 
(Waese and Provart, 2016) in order to examine the categorical distribution of 
differentially expressed proteins within each dataset (Figure 4). For each dataset 
examined, we observed several functional classifications with normalized class scores >1, 
consistent with the notion that auxin signaling can affect many downstream cellular 
processes. Examples of common categories include redox, amino acid metabolism, stress 
(both biotic and abiotic), protein, RNA processing, hormone metabolism, lipid 
metabolism, transport, signaling and secondary metabolism. The “proteins” functional 
category is predominantly comprised of proteins associated with translation and 
synthesis. 
 
Notably hormone metabolism is affected differently between organs and time points, with 
auxin being common to most organs and time points and brassinosteroid (BR), abscisic 
acid (ABA), jasmonic acid (JA) and ethylene co-occurring in many instances (Figure 4). 
However, ethylene metabolism appears to specifically be downregulated in both 
hypocotyls and roots. JA metabolism is differentially regulated in hypocotyls but not 
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roots. ABA metabolism was not affected in seedlings but was differentially regulated in 
hypocotyls and roots. 
 
A few other categories exhibit striking patterns across these data sets. Proteins associated 
with mitochondrial electron transport are solely associated with downregulated proteins 
in all the organs/time points. Proteins involved with cell vesicle transport appear to be 
upregulated in hypocotyls at 30 min and roots at 120 min. Proteins falling into the 
“development” functional category are only observed as changing in seedlings.   
 
Protein interaction networks underlying auxin regulated root proteomes 
   
We examined protein interaction networks generated from the tissue-specific datasets in 
order to uncover higher level connections and identify processes that may be relevant to 
auxin signaling (Figure 5 and data not shown). In order to examine interactions among 
proteins exhibiting altered abundance in response to auxin we performed STRING 
analysis (Franceschini et al., 2013) on the differentially expressed seedling, hypocotyl 
and root datasets. STRING networks are generated from known and predicted protein-
protein interactions, which can include direct physical interactions and indirect functional 
associations (Franceschini et al., 2013; Szklarczyk et al., 2015). Shown in Figure 5 are 
the STRING results from the auxin regulated differentially expressed proteins detected in 
roots at both time points. Both datasets displayed a high degree of connectivity, only the 
root protein-protein interaction networks are shown in Figure 5. This high degree of 
connectivity suggests that the differentially expressed proteins identified may be 
biologically connected as a group (Figure 5 and data not shown). At both time points the 
root auxin proteomes consisting of 114 proteins (T30) and 87 proteins (T120) had 
significantly more interactions than expected; 251 edges observed compared to 62 
expected and 93 edges observed compared to 34 expected, for T30 and T120, 
respectively (Figure 5). Notably, the central clusters observed in both root networks were 
dominated by ribosomal subunits and elongation factors; “translation” GO enrichment 
value FDR = 8.79e-09 (T30) and 0.0439 (T120). This is consistent with transcriptional 
and mutant studies indicating that various auxin signaling pathways are under 
translational control (Horiguchi et al., 2012; Nishimura et al., 2005; Rosado et al., 2012; 
Zhou et al., 2010). 
 
Discussion 
 
The effects of auxin on gene regulation have been well appreciated at the transcriptional 
level. In this study, we describe rapid and quantitative auxin-mediated proteome changes 
that occur in Arabidopsis seedlings, roots and hypocotyls using quantitative proteomics. 
These datasets show that auxin regulated proteins belong to diverse functional categories 
such as abiotic stress, amino acid metabolism, RNA and protein regulation and lipid 
metabolism. Additionally, they exhibit tissue and temporal specificity. This is consistent 
with the long-standing notion that auxin drives different developmental outcomes in an 
organ specific context, thus we propose that these morphogenesis events are shaped by 
distinct cellular proteomes.  
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 30, 2017. ; https://doi.org/10.1101/211532doi: bioRxiv preprint 

https://doi.org/10.1101/211532


Tissue specific auxin responsive proteomes 

 9 

Comparisons between auxin regulated transcriptomes with proteomes showed a striking 
lack of overlap, suggesting that these levels of gene regulation are not well integrated. In 
both the root and hypocotyl at T120 min there are 5 proteins in common, including MAP 
KINASE 6 (MAPK6; At2g43790), which is known to be auxin up-regulated and play 
roles in root cell division (Contreras-Cornejo et al., 2015; Smékalová et al., 2014). 
TRYPTOPHAN BIOSYNTHESIS 1 (TRP1; At5g17990) is also observed in this overlap, 
which could suggest a feed-forward loop involving up-regulation of auxin biosynthesis 
following auxin treatment. One of the very few genes that is differentially expressed at 
both levels in the hypocotyl is PECTIN METHYLESTERASE1 (PME1), which has not 
directly been linked to auxin signaling per se, but auxin mediated phyllotaxis involves 
changes in pectin composition in cell walls (Braybrook and Peaucelle, 2013; Peaucelle et 
al., 2011). Overall, these discordant relationships may result from indirect effects of 
auxin on various gene regulation events such as mRNA stability, translational control 
and/or protein degradation. While many of the differentially regulated proteins can be 
grouped into protein and RNA MapMan bins, there is no clear pattern among up- and 
downregulated proteins that could satisfactorily explain this observation. Additionally, 5-
8% of the auxin regulated proteins reported here are encoded by an upstream open 
reading frame (uORF) containing gene (Hu et al., 2016) (Table S1). Future studies aimed 
at examining auxin mediated translational control and protein stability may provide 
further clarity in this area. 
 
Previous proteome studies based on auxin responses in seedlings and roots involved older 
seedlings and later time points compared to this study (Slade et al., 2017; Xing and Xue, 
2012). Slade et. al., Proteomes 2017 looked at auxin mediated proteome changes in 
young seedlings 8, 12 and 24 h after treatment; Xing and Xue examined proteome 
composition in seedlings 6, 12 and 24 h following auxin treatment. Because these are 
later time points than what we sampled here it is difficult to directly compare the results 
between these studies, however we did look for proteins in common between these 
studies and several proteins in common in total that are differentially regulated in the root 
following auxin treatment (Table S3). Altogether these proteins may represent a set of 
auxin biomarkers that are rapidly and stably expressed following auxin treatment and are 
reproducibly detected via peptide mass spectrometry. They include proteins such as 
SORTING NEXIN 1, CULLIN 3 and NITRILASE; collectively these proteins play 
important functional roles in various aspects of auxin transport, signaling and 
biosynthesis (Ambrose et al., 2013; Gusmaroli et al., 2007; Hanzawa et al., 2013; Jaillais 
et al., 2006; Lehmann et al., 2017; Roberts et al., 2011; Zhang et al., 2013). 
 
Metabolic changes associated with auxin signaling are not well understood and cannot be 
accurately predicted from transcriptomic data. Quantitative measurements in protein 
abundance are critical for elucidating what metabolic changes are driven by auxin (Figure 
4). Interactions between redox and auxin have recently been considered to be critical for 
meristem activity (Tognetti et al., 2012, 2017). However, proteins associated with redox 
were differentially regulated in hypocotyls, roots and seedlings in response to auxin 
suggesting that alteration of redox state may be a common rapid signaling mechanism 
that follows early auxin response irrespective of spatial context. Amino acid metabolism 
was a common category observed among all the datasets (Figure 4), which is consistent 
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with several recently described links between Target of rapamycin (TOR) and auxin (Cai 
et al., 2017; Deng et al., 2016; Li et al., 2017; Pu et al., 2017; Salem et al., 2017). 
Proteins associated with lipid metabolism were differentially regulated in hypocotyls, 
roots and seedlings at all time points, including well characterized acyl-Co-A oxidase 
(ACX) enzymes that play roles in auxin mediated growth (Adham et al., 2005; Agarwal 
et al., 2001), suggesting that changes in lipid composition may underlie auxin driven 
growth processes.  
 
This study sought to provide an extensive description of how auxin signaling influences 
cellular proteomes in organ specific context. While hundreds of proteins change rapidly 
in response to auxin in seedlings, we also observed distinct changes within hypocotyl and 
root tissue. These datasets provide a rich resource for mining novel protein function. In 
particular, numerous proteins show significant altered abundance levels in a 
spatiotemporal fashion which makes these excellent candidates for future functional 
studies. Additionally, these datasets can inform new hypotheses of what biological 
processes may govern rapid auxin responses downstream of perception, including 
complex levels of gene regulation and rapid alteration of metabolic states.  
 
Figures 
 
Figure 1.  Quantitative proteomic analysis of seedlings following auxin treatment 
demonstrates tissues specific responses. (A) Schematic of the experimental workflow. 
Five day-old wild-type seedlings were treated with auxin or a mock solution for the 
specified time period. Intact seedlings were harvested after 3 hours of treatment. 
Hypocotyls and roots were dissected away from treated seedlings either 30 minutes or 
120 minutes after treatment. Whole proteome profiling was performed on the samples 
using iTRAQ. (B) The total number of proteins detected in each tissue sampled and the 
number exhibiting differential expression in the auxin treated samples relative to mock 
treated samples, p-value <0.05. (C) Hierarchical clustering of differentially expressed 
proteins shows several distinct clusters between tissue types and time points.  
 
Figure 2. Auxin regulated transcriptomes are discordant with auxin regulated proteomes. 
(A) Venn diagram comparing all of the hypocotyl up-regulated proteins with published 
transcriptome data. (B) Venn diagram comparing all of the hypocotyl down-regulated 
proteins with published transcriptome data. (C) Venn diagram comparing all of the root 
up-regulated proteins with published transcriptome data. (D) Venn diagram comparing all 
of the root down-regulated proteins with published transcriptome data. (E) Venn diagram 
comparing all of the up and down auxin regulated proteins in seedlings with published 
transcriptome data.  
 
Figure 3. Key proteins known to be involved in auxin pathways exhibit discrete protein 
abundance profiles. (A) In the seedling, proteins such as GH3.17, PIN3, ADF2, LAX1, 
PRH75 and Sec8 are upregulated while LUG, ARF7 and APY2 are downregulated in 
response to auxin. (B) In the root, SNX1 is upregulated while SE, TIC, MAPK6 and 
PP2AA3 are downregulated following auxin treatment. (C) In the hypocotyl, ARF8, 
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PYL2 and SNF7.1 are upregulated while RUB1 is decreased in abundance following 
picloram (auxin) treatment. 
 
Figure 4. Auxin regulated proteins can be classified into diverse functional MapMan 
categories and exhibit a common categorical signature. (A) Upon auxin treatment 
differentially expressed proteins detected in seedlings (A), roots (B,C) and hypocotyls 
(D,E) fall into several common functional categories including amino acid metabolism, 
redox and nitrogen metabolism. 
 
Figure 5. Protein interaction networks generated with root specific auxin regulated 
proteins are highly connected and enriched for processes such as translation. (A) 
STRING network of differentially expressed proteins in roots at T30 time point are 
highly connected with a central hub overrepresented by the term ‘translation’. (A) 
STRING network of differentially expressed proteins in roots at T120 time point are 
highly connected but differ in architecture compared to the T30 network.  
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Supplementary Material 
 
Table S1. Auxin responsive proteomes for seedlings, hypocotyls and roots at various 
time points in Arabidopsis. iTRAQ intensities, log2 ratios and p-values for all proteins 
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detected. Proteins with a p-value £ 0.05 were considered to be significant and are listed 
as separate sheets within the file; those with uORF containing genes are indicated. 
 
Table S2. GO enrichment analyses performed on differentially expressed proteins. 
 
Table S3. Proteins in common between this study and other published auxin proteome 
studies. 
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