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Arabidopsis antibody resources 
for functional studies in plants
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Here we report creation of a unique and a very valuable resource for Plant Scientific community 
worldwide. In this era of post-genomics and modelling of multi-cellular systems using an integrative 
systems biology approach, better understanding of protein localization at sub-cellular, cellular and 
tissue levels is likely to result in better understanding of their function and role in cell and tissue 
dynamics, protein–protein interactions and protein regulatory networks. We have raised 94 antibodies 
against key Arabidopsis root proteins, using either small peptides or recombinant proteins. The 
success rate with the peptide antibodies was very low. We show that affinity purification of antibodies 
massively improved the detection rate. Of 70 protein antibodies, 38 (55%) antibodies could detect a 
signal with high confidence and 22 of these antibodies are of immunocytochemistry grade. The targets 
include key proteins involved in hormone synthesis, transport and perception, membrane trafficking 
related proteins and several sub cellular marker proteins. These antibodies are available from the 
Nottingham Arabidopsis Stock Centre.

The availability of full genome sequences and detailed RNA and protein expression databases has greatly 
increased our understanding of biological processes and functions at cellular, tissue and organ levels and has 
been extremely crucial in modelling multi-cellular systems using an integrative systems biology approach1–3. 
However, these models are based very often on assumptions regarding localization and sub cellular localization 
of key proteins, and refinement of these models will come from better understanding of their actual localization. 
This is likely to result in deeper understanding of both their function and their role in cell and tissue dynamics, 
including elucidating protein regulatory networks.

Many bioinformatics approaches have been developed to infer localization of a protein in a given cellular 
compartment4–8. Despite these methods, the prediction does not always fully match the experimental data9, so 
localization of the proteins in vivo must be confirmed. Biochemical and proteomic approaches to investigate 
protein localization by subcellular fractionation have also been proposed10 but cross-contamination very often 
is unavoidable. Localization of proteins by isotope tagging (LOPIT)11,12 attempts to address these issues, but 
these methods are based on statistical probability and still require confirmation of localization by alternative 
approaches. Proximity tagging methods13 identify proteins associated with a given cellular compartments but 
are not ideal for proteins localised in more than one compartment.

The two most popular methods for investigating localization are use of antibodies14–16 or protein fusions with 
fluorescent tags17–19. Antibodies are extremely powerful tools for protein localization studies and are widely used 
for a variety of other applications including western immunodetection, affinity purification, pull downs, chro-
matin immunoprecipitation (ChIP), ChIP-Chip, ChIP-Seq, enzyme-linked immunosorbent assays (ELISA) and 
fractionation studies. Alternative methods such as fusing small epitope tags (such as HA or FLAG) or fluorescent 
proteins (such as GFP or RFP) with the protein of interest are not ideal for a number of reasons: (a) they require 
the creation of transgenic organisms and thus may not truly represent endogenous protein levels because of the 
random nature of the integration of the transgene in the genome (position effect), (b) protein function may be 
affected by fusion to the tag, (c) sub-cellular protein localization may be affected due to the artificial nature of 
the fusion protein, and (d) protein abundance can be relatively hard to determine in their mis-sense mutants 
(because the wild type protein will rescue the mutant phenotype). Besides, investigating protein function in 
mutant backgrounds can be labour intensive and time consuming, as it will require crossing transgenic lines 
into those backgrounds.

Despite the usefulness and importance of antibodies, very often the availability of good quality antisera can 
be a limiting factor as they are time consuming and costly to produce. The Centre for Plant Integrative Biology 
(CPIB) has a big focus on root-related research (https​://pubme​d.ncbi.nlm.nih.gov/?term=centr​e%20for​%20pla​
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nt%20int​egrat​ive%20bio​logy%5BAff​iliat​ion%5D&sort=&pos=2) including the major aim of creating an atlas of 
key root proteins in the model plant Arabidopsis. Better understanding of expression, abundance and sub cel-
lular localization of key root proteins in various mutant backgrounds, conditions and treatments will contribute 
towards a holistic understanding of their role in root development.

Here we summarise the results of the CPIB antibody project. We have raised 94 antibodies using either small 
peptides (up to 15 amino acids) or recombinant proteins using a simple pipeline. We compare the quality of the 
antibodies raised using these two approaches and show that many of the recombinant protein antibodies are able 
to detect correct target proteins. Thus, CPIB antibody resource is an extremely valuable communal resource for 
plant scientific community worldwide.

Results and discussion
Antibody pipeline.  The overall pipeline of antibody production is summarized in Fig. 1. It involved target 
selection, bioinformatic analysis of the target protein, identification of the antigenic regions within the protein, 
and probability analysis of chances of cross reactivity of the antigenic regions against non-target proteins. This 
was followed by cloning of the target region, antibody production and purification, quality control and valida-
tion.

Target selection.  The key root–protein targets were selected based on their role in root development, as 
judged by either root related developmental phenotype(s) or the importance of a given pathway in root devel-
opment. The emphasis has been on plant hormones due to their importance in regulating several aspects of 
plant growth and development, including primary and lateral root development. Thus, some targets included 
proteins involved in plant hormone biosynthesis, transport and signaling. In addition, we have also raised anti-
bodies against key cell-wall and cytoskeleton-related proteins, and 4 popular subcellular marker proteins BIP 
(endoplasmic reticulum), γ-cop (golgi), PM-ATPase (plasma membrane), and MDH (plastid) to facilitate co-
localization studies. A complete list of all the target proteins used for antibody production can be seen in Table 1 
and Supplementary Tables S1 and S2.

Peptide v native or recombinant protein approach.  There are two common approaches for antibody 
production, where animals are immunised against: (1) complete native protein or some parts thereof, or (2) 
small approximately 12–15 amino acid synthetic peptide (conjugated to an inert carrier protein)20. In addition, 
in a slight variation of the latter approach, short (3–5 amino acids) C-terminal-peptides have also been used 
successfully21,22. Despite their small size, Edwards et al.21 discovered that antibodies raised against these peptides 
were highly specific to their target protein and did not cross react with the similar internal sequences, suggesting 
that C terminal peptides may have a specific structure that can be exploited for antibody production.

The advantages of the peptide approach are that it is simple, convenient, and less likely to show non-specific 
cross reactivity. In comparison, the native or recombinant protein approach is more time consuming but increases 
the chances of a good immune response, due to the increased diversity and number of available epitopes.

Peptide antibodies.  Because of its simplicity and less chance of non-specific cross reactivity, both standard 
peptide and short C terminal peptide approaches were tried initially. Surprisingly, this did not work very well 
in our hands with a very poor success rate. Even after affinity purification against the peptide, the detection 
rate remained very low and only one out of 24 antibodies worked satisfactorily (Supplementary Table S1). The 
only antiserum that worked well was affinity purified LAX2 (LIKE AUX1-2). It appears to be very specific as it 
detected a strong signal in the root apex in wild type Columbia roots but not in null lax2 mutants (Fig. 2).

For the 23 remaining antibodies, it is difficult to pinpoint why the success rate was so low, but one main reason 
could be the epitope prediction. The prediction methods identify individual stretches of amino acids (continuous 
epitopes), whereas epitopes are very often discontinuous, involving distant subsequences brought together by 
the protein’s tertiary structures23. However, prediction methods for the latter are not well developed and have 
met with little success. Also, a synthetic continuous (or even discontinuous epitope) peptide may still not fold 
correctly and hence not generate antibodies that recognize the native protein structure23.

Because of the low success rate of anti-peptide antibodies (from three different companies), this approach 
was abandoned, and efforts were turned to the recombinant-protein approach.

Recombinant‑protein antibodies.  70 antibodies were raised against Arabidopsis root proteins using the 
recombinant protein approach (Supplementary Table S2). Bioinformatic analysis was used to identify potential 
antigenic regions and then the largest antigenic subsequence was checked for potential cross-reactivity by data-
base searches using blastX24 (Fig. 3). A cut off of 40% similarity score (at amino acid level) was used as a guide 
to accept a given antigenic region for antibody production. In cases where blast results exceeded the cut off, we 
either chose another antigenic region or used a sliding window to obtain a smaller region that showed less than 
40% sequence similarity. However, in cases of multi-gene families where it was not possible to obtain a reason-
ably large (~ 100 amino-acid) unique sequence, a more generic family-specific antibody was raised. Where pos-
sible, antibody cross reactivity was tested in the corresponding mutant backgrounds by either western immune 
detection and/or by in situ localization.

Initial quality control using dot blots against the recombinant protein revealed that most crude antisera 
could detect the target proteins in the picogram range, indicating a good titre (Supplementary Fig. S2). However, 
most of the crude antibodies did not show any signal when tested by in situ immunolocalization, the excep-
tions were PIN1, PIN2, PIN3, PIN4, PIN7 and PM-ATPase. Generic purification methods such as Caprylic 
acid precipitation25, Protein A or Protein G purification26 and signal amplification methods27 did not improve 
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the detection rate. Whereas affinity purification with the purified recombinant protein (Supplementary Fig. S3) 
resulted in significant improvement in detection rate: 38 (55%) antibodies could detect a signal with high con-
fidence either by in situ immunolocalization (22 out of 38) or Westerns (20 out of 32 tested) or both (Figs. 4, 5, 
6, 7).

A complete list of useful antibodies is given in Table 1. As can be seen, successful targets include several key 
proteins involved in hormone synthesis, transport and perception (LAX2, PIN proteins, AXR1, TIR1, GA3, GAI, 
RGA, GID, SLY1, ACO1), membrane trafficking related proteins (AXR4, GNOM, AtSYP21, AtSYP41) and other 
important root proteins including SHR, RSW1, RSW3 and WXR3. In several cases, the validity of the signal 
was checked against the respective mutant backgrounds by in situ immunolocalization (Fig. 5) or by detecting a 
single band, usually of the expected size, on Western blots (Fig. 6 and Supplementary Fig. S4). As evident in Fig. 5 
(and also Fig. 2; Supplementary Fig. S3), all the antibodies that were checked against their mutant background 
for cross reactivity by in situ immunolocalization gave no detectable signal in the mutants except for anti-PIN3 
where a faint signal was detected. This suggests that the bioinformatics approach that we used for our antibody 
pipeline is a robust approach and can be used as a guide for other antibody projects.

Target Identification
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Mutant
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Experts
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Cloning of target genes

Expression trials in E.coli
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Peptide conjugation
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Figure 1.   CPIB antibody pipeline. Targets for antibody production were identified and highly antigenic regions 
were determined by bioinformatics analysis. The proteins were then expressed in E. coli, purified by affinity 
chromatography and used for immunisation. Antibodies were then checked by dot blots, Westerns and in situ 
immuno-localisation and affinity purified if necessary.
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Despite significant improvement in detection rates, several antisera still could not detect a signal by in situ 
immunolocalization. In some cases, this could be attributed to poor immune response in animals as the quality 
of the affinity purification was not very good, resulting in low levels of the IgG. But in other cases, despite good 
quality of affinity purification, no signal was detected. We cannot rule out the possibility that the target proteins 
are low abundant and hence are below the limits of our in-situ detection. Similarly, for westerns, in some cases, 
we did not detect a correct size band (Fig. 6; Supplementary Fig. S4). It is likely that some of this can be attrib-
uted to degradation or post-translational modifications or for some membrane proteins could be attributed to 
poor migration on the gel due to hydrophobic nature of these proteins. For most other proteins, we did detect a 
single correct size band (Fig. 6; Supplementary Fig. S4). Like in situ immunolocalisation (Figs. 2, 5, Supplemen-
tary Fig. S3), validation for a few antibodies (AXR4, ACO2, AtBAP31 and ARF19) have also been validated by 
westerns against their respective mutant backgrounds (data not shown). We envisage that with the help of the 
community, as more researchers use this resource, other antibodies will also be validated, and this information 
will be constantly reviewed and updated on Arabidopsis Stock Centre pages.

Sub-cellular markers are an extremely useful tool and are used for several applications including colocaliza-
tion or fractionation studies3,9,18. As part of the CPIB antibody project, we also have raised antibodies against 4 
popular sub-cellular markers (BiP, γ-cop, PM-ATPase and MDH), and also α-AXR4 (endoplasmic reticulum), 

Table 1.   List of successful antibodies raised in CPIB antibody project. a Single correct size bands are indicated 
as ‘OK’. Where bands do not match the correct size or there are multiple bands, approximate band sizes (kDa) 
are indicated. NT not tested. b Peptide antibody.

NameReference AGI code Animal Affinity purification In situ IL Protein mass (Kd) Band detected in Westerna

ACO230 At1g62380 Sheep Yes Positive 36.2 OK

AXR131 At1g05180 Sheep Yes Positive 60  ~ 72, 55, 43, 10

AXR49 At1g54990 Sheep Yes Positive 52.4 OK

AtBAP3132 At5g42570 Sheep Yes Positive 24.6 OK

BIM133 At5g08130 Sheep Yes Positive 45.5 OK

BIP134 At5g28540 Rabbit Yes Positive 73.6 OK

BRI135 At4g39400 Sheep Yes Negative 130.5  ~ 140,55,43

Catalase236 (G) At4g35090 Sheep Yes Positive 56.9 OK

AtCOB37 At5g60920 Sheep Yes Negative 51.2 OK and a few faint bands

γ-COP38 At4g34450 Rabbit Yes Positive 98.5 OK

GA339 At5g25900 Sheep Yes Positive 58.2  ~ 45, 50, 72, 130

GAI40 At1g14920 Sheep Yes Negative 58.9 OK

GNOM41 At1g13980 Sheep Yes Positive 162.6 OK

AtMDH42 At3g47520 Rabbit Yes Positive 42.4 OK
bLAX216 At2g21050 Rabbit Yes Positive 54.6 NT

PIN143 At1g73590 Sheep No Positive 67  ~ 95, 120 and larger

PIN143 At1g73590 rabbit No Positive 67 NT

PIN244 At5g57090 Sheep No Positive 69.3  ~ 95 kDa

PIN244 At5g57090 rabbit No Positive 69.3 NT

PIN345 At1g70940 Sheep No Positive 69.5 No band

PIN345 At1g70940 rabbit No Positive 69.5 NT

PIN446 At2g01420 Sheep No Positive 66.7  ~ 84 kDa

PIN647 At1g77110 Sheep Yes Positive 62  ~ 115,30 k

PIN647 At1g77110 rabbit No Positive 62 NT

PIN748 At1g23080 Sheep Yes Positive 67.6  ~ 62 kDa

PM-ATPase49 At2g18960 Rabbit No Positive 104.2 OK

RCN150 At1g25490 Sheep Yes Negative 65.5 OK

RGA​51 At2g01570 Sheep Yes Negative 64 OK

RSW1/CesA6/IRX252 At5g64740 Sheep Yes Negative 122.5 OK?

RSW353 At5g63840 Sheep Yes Negative 104.3 OK

SHR54 At4g37650 Sheep Yes Positive 59.5  ~ 75 kDa

SLY155 At4g24210 Sheep Yes Positive 17.5  > 130, 95

AtSYP21/AtPEP1256 At5g16830 Rabbit Yes Positive 31.1 OK and ~ 150 faint

AtSYP41/TLG57 At5g26980 Rabbit Yes Positive 36.1 OK

TIR158,59 At3g62980 Sheep Yes Negative 66.8 OK

TWD60 At3g21640 Sheep Yes Negative 41.8 OK

V Invertase61 At1g12240 Sheep Yes Positive 73.8  ~ 50, 30

WXR3y62 At3g45890 Sheep Yes Positive 66.4  ~ 50, 45, 43
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α-AtBIM1/AtbHLH046 (nucleus), α-CATALASE (peroxisome) and α-GNOM (endosome) because of their high 
expression in almost all cell files in the roots (Fig. 7).

In conclusion, we have raised 94 antibodies against key root-proteins using either small peptides (up to 15 
amino acids) or recombinant proteins. Thirty-eight of these antibodies appear to be of good quality and 22 are of 
immunocytochemistry grade. CPIB antibodies form an extremely valuable communal resource for plant scientific 
community worldwide and will be available from Nottingham Arabidopsis Stock Centre (NASC).

Materials and methods
Cloning, expression and purification.  The target sequences for antibody production were chosen based 
on antigenicity plots (DNASTAR) and blastX24. The target sequences were PCR amplified from a 5-day-old 
root-cDNA library, using gene specific primers and cloned into linearized pENTR/Directional-TOPO vector 
(Thermofisher Scientific) as per manufacturer’s instructions. Positive clones were identified by colony PCR and 
further confirmed by sequencing. These entry vectors were then recombined into the gateway destination vec-
tor pDEST17 to create N terminal translation fusions with a 6 × Histidine tag (6xHis) as per manufacturer’s 
instructions. Positive colonies were identified by colony PCR and plasmid DNA was further validated by PCR 
and restriction digestion. Finally, these recombinant plasmids were transformed into E. coli expression strains 
Rosetta or BL21-AI (Thermofisher Scientific).

Three or four colonies were initially tested in a small-scale expression trial. For BL21-AI, small-scale induc-
tion trials were run as per manufacturer’s instructions. In short, overnight cultures were used to inoculate (1:100 
dilution) fresh growth media (Luria broth) containing appropriate antibiotics and allowed them to grow to an 
OD600 of about 0.4. The expression of the target protein was induced by Arabinose (0.2%) and 0.5 ml samples 
were withdrawn at 0, 2, 4 and 24 h after induction. Samples were centrifuged and the pellet was heated in sample 
buffer at 95C for five minutes and separated by SDS-PAGE. For Rosetta, the auto-induction method28 was used 
and pelleted cells were heated in sample buffer as above and subjected to SDS-PAGE.

For large scale protein production, single colonies were grown for 16 h at 37 °C in 3 ml LB. 1 ml of this culture 
was then used to inoculate 400 ml of auto induction medium and grown for 16 h at 37 °C. The cells were harvested 
at 6000 rpm for 5 min and were resuspended in 10 ml of Binding Buffer (8 M Urea/40 mM Sodium Phosphate 
Buffer, pH7.4/0.3 M NaCl/20 mM Imidazole), then solubilized for 1 h at room temperature with gentle shaking. 
The lysate was sonicated for 30 min in ice using a water-bath sonicator and centrifuged at 8000 rpm for 45 min. 
The supernatant was then passed through 0.45 µm sterile filter and purified straightaway using the ÄKTAxpress 
protein-purification system (GE Healthcare, UK).

Figure 2.   C-terminal antipeptide LAX2 antibody detects strong signal in wildtype Columbia (but not lax2 
mutant) roots upon immunolocalization. Affinity purified LAX2 anti peptide antibody was used for in situ 
immunodetection of LAX2 (green) in 4-day old wild type Columbia or lax2 mutant roots. Primary and 
Alexafluor 488 coupled secondary antibodies were used at 1:200 dilutions. Seedlings were counter stained using 
propidium iodide (red). Scale bar 20 μm.
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A two-column purification strategy was used that combined affinity purification (HisTrap nickel columns-GE 
Healthcare, UK) with desalting. A typical purification protocol involved equilibration of the HisTrap column 
with 2 column volumes of binding buffer; passage of the cleared lysate through the equilibrated column; washing 
of the column with five column volumes of binding solution; followed by elution of the recombinant His-tagged 
protein using a 20–500 mM continuous imidazole gradient. The machine was programmed to pass the largest 
peak on to a 2 × Sephadex G25 column assembly and 2 ml fractions were collected through a built-in fraction 
collector. Peak protein fractions were then used for protein assay by the Bradford method29, and the extent of 
purification was subsequently checked by SDS-PAGE.

Antibody production.  One milligram of protein was sent to Scottish National Blood Transfusion Services 
(Edinburgh, UK) for immunization, which consisted of a primary injection and two booster injections 4 weeks 
apart, with test bleeds were taken at 4, 8 and 12 weeks after the initial injection.

Affinity purification of antibody.  One ml of Sulfo-Link Coupling Resin (Thermo Scientific, UK) was 
placed into a disposable 5  ml polypropylene column (Thermo Scientific, UK) and equilibrated with 5  ml of 
coupling buffer (50 mM Tris–HCl, pH8.5/5 mM EDTA). Five hundred micrograms of the recombinant protein 
were added to the column and incubated with rotation for 30 min at room temperature. The column was placed 
upright for 30 min without mixing, followed by washing with 3 ml of coupling buffer. Two mls of 50 mM of 
Cysteine in coupling buffer was added to the column and rotated for 15 min at room temperature, followed by 
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Figure 3.   Bioinformatics approach used for identification of protein segments used for antibody production.
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washing with 6 ml of 1 M NaCl. The column was washed with 20 ml of 10 mM Tris–HCl, pH7.5/0.5 M NaCl, 
10 ml of 100 mM Glycine (pH2.5), and 20 ml of 10 mM Tris–HCl, pH7.5. Fifty mls of 1 M Tris–HCl, pH7.5 were 
added to 5 ml of crude antiserum and filtered through with 0.45 µm filter. The buffered antiserum was added to 
the column and incubated with rotation overnight at 4 °C. On the next day, the antiserum was allowed to drain 
out, and flow-through was passed over the column twice at room temperature. The column was washed with 
20 ml Tris–HCl, pH7.5 and 10 ml of 10 mM Tris–HCl (pH7.5)/0.5 M NaCl. Two-hundred and fifty mls of anti-
body were collected into 1.5 ml Eppendorf tubes containing 50 µl of 1 M Tris–HCl, pH8.0 with 2 ml of 100 mM 
Glycine, pH2.5. Each fraction was used for measurement of protein concentration and SDS-PAGE. Fractions 
were stored at − 80 °C.

Dot blot.  As a measure of the antibody titre, antisera were tested on dot blots. These were prepared by spot-
ting 10 ng to 100 pg of expressed recombinant proteins on nitrocellulose or PVDF membranes which were used 
for western immunodetection. In short: blocking (5% Non-fat milk-1 h); primary antibody (1:200 dilution-1 h); 
washing (3 × 5 min in TBST (Tris buffered saline; 0.1% Tween20); secondary antibody (alkaline phosphatase 
conjugate—1:5000-1  h); washing ((3 × 5  min in TBST) and detection using NBT/BCIP substrate solution in 
0.1 M Tris–HCl buffer pH 9.5 containing 0.1 M NaCl and 0.05 M MgCl2.

Plant protein extraction.  Five to 7 day old Arabidopsis seedlings or 4 week old root cultures were ground 
using liquid nitrogen and homogenized in homogenization buffer (50 mM HEPES, pH7.5/0.5 M sucrose/0.1% 
sodium ascorbate/1 mM DTT/0.5% polyvinyl polypyrolidone, insoluble/protease inhibitor), centrifuged and the 
crude extracts were used for protein estimation by the Bradford method29. For membrane proteins, microsomal 
fractions were prepared as described previously18.

Figure 4.   In situ immunodetection of root proteins. Crude (A–D) or affinity purified (E–L) antisera were used 
for in situ immunodetection of the target proteins (green) in 4-day old Columbia roots. Primary and Alexafluor 
488 coupled secondary antibodies were used at 1:200 dilutions. Seedlings were counter stained using propidium 
iodide (red). Scale bar 20 μm.
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Western immunodetection.  Proteins (25  µg) were separated by SDS-PAGE and transferred to PVDF 
membrane using Trans-Blot Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). These membranes were probed 
as described above for dot blots with some modification. Primary antibodies were normally used at a dilution of 
1:200–1:5000 (37 °C 12–16 h) whereas secondary antibodies were routinely used at a dilution of 1:5000 (37 °C 
2–3 h).

In situ immunolocalization.  This was carried out on three to 4-day old Arabidopsis roots as described 
previously3,14,16. Crude or affinity-purified antisera were used at 1:50–1:400 dilutions (37C 5 h) whereas second-

Figure 5.   Typically, CPIB antibodies do not show non-specific cross reactivity upon in situ 
immunolocalization. Crude (A–I) or affinity purified (J–U) antisera were used for in situ immunodetection 
of the target proteins (green) in 4 day old wild type Columbia (A,B,D,E,G,H,J,K,M,N,P,Q,S,T) or respective 
mutant roots (C,F,I,L,O,R,U). Primary and Alexafluor 488 coupled secondary antibodies were used at 1:200 
dilutions. Seedlings were counter stained using propidium iodide (red). Middle panel (B,E,H,K,N,Q,T) is close 
ups of the expression domain. Scale bar top and bottom panels 20 μm, middle panel 10 μm.
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ary antibodies were used normally at 1:200 dilutions (37C 5 h). The images were captured using Leica SP2 confo-
cal laser scanning microscope (Leica Microsystems UK Ltd).

Ethical statements.  As the animals were involved in the antibody production through several companies, 
we have enquired with the companies and we can confirm that (1) all experimental protocols were approved by a 
named institutional and/or licensing committee/s. (IACUC committee; PTU/BS has a project licence under the 
Animals (Scientific Procedures) Act 1986, which permits contract immunisation of animals and (2) all methods 
were carried out in accordance with relevant guidelines and regulations (USDA guidelines; PTU/SB work is car-
ried out in compliance with the requirements of ISO9001).

Figure 6.   Typically, CPIB antibodies show single correct size band upon western immunodetection. Twenty-
five microgram of Arabidopsis total proteins were separated by SDS-PAGE and transferred to PVDF membranes. 
The blots were then used for Western immunodetection of target proteins using affinity-purified primary 
antibodies and HRP conjugated secondary antibodies. Marker sizes are indicated on the left of the bands 
whereas expected band sizes are indicated below the images.
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Figure 7.   CPIB antibody project has raised antibodies against several popular sub-cellular markers: BiP (ER), 
γ-cop (golgi), PM-ATPase (PM) and malate dehydrogenase (plastid). Antibodies were raised against popular 
sub cellular marker proteins (A–H) and other root proteins (AXR4 (ER), BIM1 (nucleus), catalase (peroxisome) 
and GNOM (endosome) that potentially can be used as subcellular markers (I–P). The antibodies were used 
for immunodetection of the targets (green) in 4-day old wild type Columbia roots. Primary and Alexafluor 488 
coupled secondary antibodies were used at 1:200 dilutions. Seedlings were counter stained using propidium 
iodide (red). Scale bar 20 μm.
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Data availability
All the antibodies will be available from Nottingham Arabidopsis Stock Centre (NASC).

Received: 31 July 2020; Accepted: 20 November 2020

References
	 1.	 Moore, S., Liu, J. L., Zhang, X. X. & Lindsey, K. A recovery principle provides insight into auxin pattern control in the Arabidopsis 

root. Sci. Rep. 7, 43004 (2017).
	 2.	 Band, L. et al. Systems analysis of auxin transport in the Arabidopsis root apex. Plant Cell. 26, 862–875 (2014).
	 3.	 Swarup, R. et al. Root gravitropism requires lateral root cap and epidermal cells for transport and response to a mobile auxin signal. 

Nat. Cell Biol. 7, 1057–1065 (2005).
	 4.	 Kaleel, M. et al. SCLpred-EMS: Subcellular localization prediction of endomembrane system and secretory pathway proteins by 

Deep N-to-1 convolutional neural networks. Bioinformatics 36, 3343–3349 (2020).
	 5.	 Almagro Armenteros, J., Sønderby, C., Sønderby, S., Nielsen, H. & Winther, O. DeepLoc: Prediction of protein subcellular localiza-

tion using deep learning. Bioinformatics 33, 3387–3395 (2017).
	 6.	 Hooper, C., Castleden, I., Aryamanesh, N., Jacoby, R. & Millar, A. Finding the subcellular location of barley, wheat, rice and maize 

proteins: The compendium of crop proteins with annotated locations (cropPAL). Plant Cell Physiol. 57, e9 (2016).
	 7.	 Kaundal, R., Saini, R. & Zhao, P. Combining machine learning and homology-based approaches to accurately predict subcellular 

localization in Arabidopsis. Plant Physiol. 154, 36–54 (2010).
	 8.	 Heazlewood, J., Verboom, R., Tonti-Filippini, J., Small, I. & Millar, A. SUBA: The Arabidopsis subcellular database. Nucleic Acids 

Res. 35, D213–D218 (2007).
	 9.	 Dharmasiri, S. et al. AXR4 is required for localization of AUX1. Science 312, 1218–1220 (2006).
	10.	 Quail, P. H. Plant cell fractionation. Ann. Rev. Plant Physiol. 30, 425–484 (1979).
	11.	 Geladaki, A. et al. Combining LOPIT with differential ultracentrifugation for high-resolution spatial proteomics. Nat. Commun. 

10, 331 (2019).
	12.	 Dunkley, T. et al. Mapping the Arabidopsis organelle proteome. Proc. Natl. Acad. Sci. USA 103, 6518–6523 (2006).
	13.	 Han, S., Li, J. & Ting, A. Y. Proximity labeling: Spatially resolved proteomic mapping for neurobiology. Curr. Opin. Neurobiol. 50, 

17–23 (2018).
	14.	 Sauer, M., Paciorek, T., Benková, E. & Friml, J. Immunocytochemical techniques for whole-mount in situ protein localization in 

plants. Nat. Protoc. 1, 98–103 (2006).
	15.	 Bhosale, R. et al. A mechanistic framework for auxin dependent Arabidopsis root hair elongation to low external phosphate. Nat. 

Commun. 9, 1409 (2018).
	16.	 Peret, B. et al. AUX/LAX genes encode a family of auxin influx transporters that perform distinct function during Arabidopsis 

development. Plant Cell 24, 2874–2885 (2012).
	17.	 Swarup, R. et al. The auxin influx carrier LAX3 promotes lateral root emergence. Nat. Cell Biol. 10, 946–954 (2008).
	18.	 Swarup, R. et al. Structure-function analysis of the presumptive Arabidopsis auxin permease AUX1. Plant Cell 16, 3069–3083 

(2004).
	19.	 Tsien, R. Y. The green fluorescent protein. Ann. Rev. Biochem. 67, 509–544 (1998).
	20.	 Geysen, H., Barteling, S. & Meloen, R. Small peptides induce antibodies with a sequence and structural requirement for binding 

antigen comparable to antibodies raised against the native protein. Proc. Natl. Acad. Sci. USA 82, 178–182 (1985).
	21.	 Edwards, R., Singleton, A., Murray, B., Davies, D. & Boobis, A. Short synthetic peptides exploited for reliable and specific targeting 

of antibodies to the C-termini of Cytochrome P450 enzymes. Biochem. Pharmacol. 49, 39–47 (1995).
	22.	 Edwards, R., Boobis, A. & Davies, D. Strategy for investigating the CYP superfamily using targeted antibodies is a paradigm for 

functional genomic studies. Drug Metabol. Dispos. 13, 1476–1480 (2003).
	23.	 Ponomarenko, J. & van Regenmortel, M. B-cell epitope prediction. In Structural Bioinformatics 2nd edn (eds Jenny, G. & Philip, 

E. B.) 849–879 (Wiley, New York, 2009).
	24.	 Altschul, F., Gish, W., Miller, W., Myers, W. & Lipman, J. Basic local alignment search tool. J. Mol. Biol. 215, 403–410 (1990).
	25.	 Harlow, E. & Lane, D. Antibodies: A Laboratory Manual (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 1988).
	26.	 Hober, S., Nord, K. & Linhult, M. Protein A chromatography for antibody purification. J. Chromatogr. B Analyt. Technol. Biomed. 

Life Sci. 848, 40–47 (2007).
	27.	 Chao, J., DeBiasio, R., Zhu, Z., Giuliano, K. & Schmidt, B. Immunofluorescence signal amplification by the enzyme-catalyzed 

deposition of a fluorescent reporter substrate (CARD). Cytometry 23, 48–53 (1996).
	28.	 Studier, F. W. Protein production by auto-induction in high-density shaking cultures. Protein Exp. Purif. 41, 207–234 (2005).
	29.	 Bradford, M. M. Rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 

protein–dye binding. Anal. Biochem. 72, 248–254 (1976).
	30.	 Linkies, A. et al. Ethylene interacts with abscisic acid to regulate endosperm rupture during germination: A comparative approach 

using Lepidium sativum and Arabidopsis thaliana. Plant Cell 21, 3803–3822 (2009).
	31.	 Leyser, H. et al. Arabidopsis auxin-resistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme-E1. Nature 364, 

161–164 (1993).
	32.	 Wakana, Y. et al. Bap31 is an itinerant protein that moves between the peripheral endoplasmic reticulum (ER) and a juxtanuclear 

compartment related to ER-associated degradation. Mol. Biol. Cell 19, 1825–1836 (2008).
	33.	 Chandler, J., Cole, M., Flier, A. & Werr, W. BIM1, a bHLH protein involved in brassinosteroid signalling, controls Arabidopsis 

embryonic patterning via interaction with DORNROSCHEN and DORNORSCHEN-LIKE. Plant Mol. Biol. 69, 57–68 (2009).
	34.	 Snowden, C., Leborgne-Castel, N., Jan Wootton, L., Hadlington, J. & Denecke, J. In vivo analysis of the luminal binding protein 

(BiP) reveals multiple functions of its ATPase domain. Plant J. 52, 987–1000 (2007).
	35.	 Li, J. & Chory, J. A putative leucine-rich repeat receptor kinase involved in brassinosteroid signal transduction. Cell 90, 929–938 

(1997).
	36.	 Alam, N. B. & Ghosh, A. Comprehensive analysis and transcript profiling of Arabidopsis thaliana and Oryza sativa catalase gene 

family suggests their specific roles in development and stress responses. Plant Physiol. Biochem. 123, 54–64 (2018).
	37.	 Schindelman, G. et al. COBRA encodes a putative GPI-anchored protein, which is polarly localized and necessary for oriented 

cell expansion in Arabidopsis. Genes Dev. 15, 1115–1127 (2001).
	38.	 Movafeghi, A., Happel, N., Pimpl, P., Tai, G. & Robinson, D. Arabidopsis Sec21p and Sec23p homologs. Probable coat proteins of 

plant COP-coated vesicles. Plant Physiol. 119, 1437–1446 (1999).
	39.	 Helliwell, C. et al. Cloning of the Arabidopsis ENT-KAURENE OXIDASE gene GA3. Proc. Natl. Acad. Sci. USA 95, 9019–9024 

(1998).
	40.	 Peng, J. & Harberd, N. Derivative alleles of the Arabidopsis gibberellin-insensitive (gai) mutation confer a wild-type phenotype. 

Plant Cell 5, 351–360 (1993).



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21945  | https://doi.org/10.1038/s41598-020-78689-1

www.nature.com/scientificreports/

	41.	 Liu, C., Xu, Z. & Chua, N. Auxin polar transport is essential for the establishment of bilateral symmetry during early plant embryo-
genesis. Plant Cell 5, 621–630 (1993).

	42.	 Berkemeyer, M., Scheibe, R. & Ocheretina, O. A novel, non-redox-regulated NAD-dependent malate dehydrogenase from chlo-
roplast of Arabidopsis thaliana L. J. Biol. Chem. 273, 27927–27933 (1998).

	43.	 Galweiler, L. et al. Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue. Science 282, 2226–2230 (1998).
	44.	 Müller, A. et al. AtPIN2 defines a locus of Arabidopsis for root gravitropism control. EMBO J. 17, 6903–6911 (1998).
	45.	 Friml, J., Wisniewska, J., Benkova, E., Mendgen, K. & Palme, K. Lateral relocation of auxin efflux regulator PIN3 mediates tropism 

in Arabidopsis. Nature 415, 806–809 (2002).
	46.	 Friml, J. et al. AtPIN4 mediates sink-driven auxin gradients and root patterning in Arabidopsis. Cell 108, 661–673 (2002).
	47.	 Bender, R. et al. PIN6 is required for nectary auxin response and short stamen development. Plant J. 74, 893–904 (2013).
	48.	 Friml, J. et al. Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature 426, 147–153 (2003).
	49.	 Palmgren, M. Plant plasma membrane H+-ATPase: Powerhouses for nutrient uptake. Ann. Rev. Plant Physiol. Plant Mol. Biol. 52, 

817–845 (2001).
	50.	 Deruere, J., Jackson, K., Garbers, C., Soll, D. & DeLong, A. The RCN1-encoded A subunit of protein phosphatase 2A increases 

phosphatase activity in vivo. Plant J 20, 389–399 (1999).
	51.	 Silverstone, A., Ciampaglio, C. & Sun, T. The Arabidopsis RGA​ gene encodes a transcriptional regulator repressing the gibberellin 

signal transduction pathway. Plant Cell 10, 155–169 (1998).
	52.	 Arioli, T. et al. Molecular analysis of cellulose biosynthesis in Arabidopsis. Science 279, 717–720 (1998).
	53.	 Burn, J. et al. The cellulose-deficient Arabidopsis mutant rsw3 is defective in a gene encoding a putative glucosidase II, and enzyme 

processing N-glycans during ER quality control. Plant J. 32, 949–960 (2002).
	54.	 Nakajima, K., Sena, G., Nawy, T. & Benfey, P. Intercellular movement of the putative transcription factor SHR in root patterning. 

Nature 413, 307–311 (2001).
	55.	 Steber, C., Cooney, S. & McCourt, P. Isolation of the GA-reponse mutant sly1 as a suppressor of ABI-1 in Arabidopsis thaliana. 

Genetics 149, 509–521 (1998).
	56.	 Bassham, D., Gal, S., da Silva, C. & Raikhel, N. An Arabidopsis syntaxin homologue isolated by functional complementation of a 

yeast pep12 mutant. Proc. Natl. Acad. Sci. USA 92, 7262–7266 (1995).
	57.	 Sanderfoot, A., Kovaleva, V., Bassham, D. & Raikhel, N. Interactions between syntaxins identify at least five SNARE complexes 

within the Golgi/prevacuolar system of the Arabidopsis cell. Mol. Biol. Cell 12, 3733–3743 (2001).
	58.	 Dharmasiri, N., Dharmasiri, S. & Estelle, M. The F-box protein TIR1 is an auxin receptor. Nature 435, 441–445 (2005).
	59.	 Kepinski, S. & Leyser, O. The Arabidopsis F-box protein TIR1 is an auxin receptor. Nature 435, 446–451 (2005).
	60.	 Geisler, M. et al. TWISTED DWARF1, a unique palsma membrane-anchored immunophilin-like protein, interacts with Arabi-

dopsis multidrug resistance-like transporters AtPGP1 and AtPGP19. Mol. Biol. Cell 14, 4238–4249 (2003).
	61.	 Xiang, L. & Van den Ende, W. Trafficking of plant vacuolar invertases: From a membrane-anchored to a soluble status. Understand-

ing sorting information in their complex N-terminal motifs. Plant Cell Physiol. 54(8), 1263–1277 (2013).
	62.	 Yu, H. et al. Root ultraviolet B-sensitive1/weak auxin response3 is essential for polar auxin transport in Arabidopsis. Plant Physiol. 

162, 965–976 (2013).

Acknowledgements
This work was supported by the awards from the Biotechnology and Biological Sciences. Research Council [Grant 
number BB/D019613/1]. J.O gratefully acknowledges the support of the R&D program of “Plasma Advanced 
Technology for Agriculture and Food (Plasma Farming)” through the National Fusion Research Institute of 
Korea (NFRI) funded by government funds and “Cooperative Research Program for Agriculture Science and 
Technology Development (Project no. PJ01505201)” Rural Development Administration, Republic of Korea.

Author contributions
J.O., M.W., K.H., N.L. and R.S. performed experiments and contributed experimental data; J.O., M.J.B. and R.S. 
designed experiments; J.O., C.H. and R.S. wrote and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-020-78689​-1.

Correspondence and requests for materials should be addressed to R.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-78689-1
https://doi.org/10.1038/s41598-020-78689-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Arabidopsis antibody resources for functional studies in plants
	Results and discussion
	Antibody pipeline. 
	Target selection. 
	Peptide v native or recombinant protein approach. 
	Peptide antibodies. 
	Recombinant-protein antibodies. 

	Materials and methods
	Cloning, expression and purification. 
	Antibody production. 
	Affinity purification of antibody. 
	Dot blot. 
	Plant protein extraction. 
	Western immunodetection. 
	In situ immunolocalization. 
	Ethical statements. 

	References
	Acknowledgements


