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Abstract  

Receptor-like cytoplasmic kinases (RLCKs) are essential for internal communication in plant cells. 

Multiple examples of RLCKs that functioning downstream of receptor like kinases (RLKs) and receptor 

like proteins (RLPs) are known. However, hardly anything is known about the possible function of 

RLCKs downstream of the RLP Cf-4. It is known that SOBIR1, a RLK, constitutively interacts with Cf-4 

for downstream defence signalling and structural support. CST, a RLCK, has been found to interact 

with SOBIR1 and is required for development yet no RLCKs required for defence in the Cf-4/SOBIR1 

complex has been described. This study focuses on the role of RLCKs, specifically the well described 

RLCK BIK1 and its homologs, in the Cf-4/SOBIR1 complex. We performed a co-immunoprecipitation 

(Co-IP) of BIK1, with SOBIR1 to determine whether BIK1 constitutively interacts with SOBIR1, as it 

does with FLS2. An immunoprecipitation was performed of GFP tagged BIK1 or SOBIR1, they in turn 

co-immunoprecipitated HA-tagged SOBIR1 and BIK1, respectively. This indicates that BIK1 is 

constitutively associated with SOBIR1. Next to that, a subset of 18 BIK1 homologs of N. benthamiana 

was selected out of 49 candidates for virus-induced gene silencing (VIGS). 16 VIGS fragments of BIK1 

homologs were successfully cloned and used to silence the target gene in Cf-4-transgenic N. 

benthamiana by means of VIGS. The silenced plants were subsequently induced with the C. fulvum 

elicitor Avr4 to investigate whether the RLCKs play a role in the hypersensitive response. Ten BIK1 

homologs showed a reduced HR compared to the GUS silenced plants of which NbS00045149g0002 

showed the most reduced HR. The initial putative BIK1 homolog in N. benthamiana, 

NbS00042854g0003, appeared not to be involved in Avr4-elicited HR. We propose that 

NbS00009691g0004 is the N. benthamiana BIK1 homolog. This study has set the basis for a better 

understanding on the function of BIK1 homologs downstream of the Cf-4/SOBIR1 complex. 
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1. Introduction  

For many cultures worldwide Solanaceous crops are of extreme importance to ensure nutritional, 

balanced diets and cultural usage. Potato, tomato (Solanum spp.), chilli/sweet peppers (Capsicum 

spp.) and tobacco (Nicotiana spp.) are such cultural important crops that are constantly threatened 

by abiotic stresses like salinity and drought but also have to endure biotic stresses like pests and 

diseases. Plants have a diverse set of receptor proteins anchored in their membrane that can 

perceive those stresses. Scientists try to understand how these receptors function to utilize these 

properties for breeding programs to develop stress tolerant or resistant cultivars 

 

1.1 RLKs and RLPs 

Plant receptors perceive the extracellular space for the presence of microbes, environmental stress 

signals and own molecules like hormones (Chow & McCourt 2006; Zipfel 2014). Microbial associated 

molecular patterns (MAMPs) are recognized by so called pattern recognition receptors (PRRs). PRR 

proteins are distinguished in two classes, the receptor like kinases (RLKs) and receptor like proteins 

(RLPs). Receptor like kinases comprise of an extracellular domain, a transmembrane domain and a 

cytoplasmic kinase domain (Robatzek & Wirthmueller 2013). The extracellular domain of RLK 

proteins consists of several leucine-rich repeat (LRR) motifs, a lectin motif or a lysine motif (Macho & 

Zipfel 2014). The LRR domain is a polymorphic part of the protein specialized in detection of specific 

regions from peptides (Chinchilla et al. 2006; Zipfel et al. 2006). Lectin and lysine motifs are 

specialized in the detection of inter alia extracellular ATP or microbial carbohydrates like fungal chitin 

or bacterial peptidoglycan (Choi et al. 2014; Miya et al. 2007). Upon recognition, the kinase domain 

transphosphorylates downstream interacting protein for initiation of immune responses (Colcombet 

& Hirt 2008). 

RLPs have an extracellular domain and a transmembrane domain like RLKs, but lack the cytoplasmic 

signalling domain. In order to initiate downstream signalling, the RLP needs a receptor-like 

cytoplasmic kinase (RLCK) or an adaptor molecule for signal transduction. An RLCK is morphologically 

similar to an RLK but lacks the transmembrane domain and is therefore completely cytoplasmic  (Shiu 

et al. 2004). RLCKs are required for intracellular signalling, downstream of both RLKs and RLPs. 

Examples of RLCKs involved in immune signalling are Botrytis Induced Kinase1 (BIK1) and RPM1-

induced protein kinase (RIPK) (Liu et al. 2011; Lu et al. 2010). Adaptor molecules interact with RLPs 

for signal transduction such as the LRR-RLKs Suppressor of BIR 1 (SOBIR1) and BRI1- associated kinase 

1 (BAK1) (Bar et al. 2010; Liebrand et al. 2013). As described above, an RLK can function as a receptor 

or in association with a receptor. The precise role cannot be elucidated with regard to their structure 

or their evolutionary history of RLKs (Dardick et al. 2012). 

 

1.2 FLS2 receptor complex  

RLKs and RLPs can perceive different ligands like MAMPs. A well-studied example of a MAMP is flg22, 

a conserved 22 amino acid domain from bacterial flagellin. Flg22 interacts with the LRR domain of 

the RLK flagellin-sensitive 2 (FLS2) in Arabidopsis thaliana; hereafter referred to as Arabidopsis 

(Figure 1A). Bacterial genera as Agrobacterium and Rhizobium have a divergence in the conserved 

flg22 domain and therefore do not induce a rapid immune response in Arabidopsis or tomato cells 

(Solanum lycopersicum) (Chinchilla et al. 2006; Felix et al. 1999; Gómez-Gómez & Boller 2000). FLS2 is 
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associated with BIK1 (Lu et al. 2010; Zhang et al. 2010). Upon recognition of flg22 by FLS2 the LRR-

RLK BAK1 forms a complex with FLS2 (Chinchilla et al. 2007; Lin et al. 2014; Lu et al. 2010; Zhang et al. 

2010). During FLS2-BAK1 complex formation, BIK1 is first phosphorylated by BAK1 and subsequently 

BIK1 transphosphorylates both intracellular kinase domains of FLS2 and BAK1. They in turn 

transphosphorylate BIK1 again, followed by dissociation of BIK1 from the complex for downstream 

signalling transduction to accomplish immunity.  

1.3 Cf-4 receptor complex  

Besides MAMPs, there are also RLP and RLK proteins that can recognize pathogen effectors. Effectors 

are race specific proteins secreted by the pathogen and essential for virulence (Thomma et al. 2011). 

Cladosporium fulvum Avr4 is such an effector. Avr4 binds to the chitin in the fungal cell wall to 

protect the chitin against chitinases produced by the plants. (van den Burg et al. 2006). The well-

studied pathosystem tomato/C. fulvum has shown that Cf-4, a tomato specific RLP, specifically 

recognize Avr4 (Figure 1B)(Thomas 1997). Cf-4 is constitutively associated with the RLK SOBIR1, 

which enables downstream signalling and provides structural support to Cf-4 (Liebrand et al. 2013). 

Upon recognition of Avr4 by Cf-4, BAK1 is recruited to the Cf-4/SOBIR1 complex (Postma et al. 2015; 

article send for review). This complex might require an additional protein that mediates downstream 

defence signalling which is not jet identified. It is hypothesised that as the FLS2/BAK1 complex, an 

RLCK like BIK1 might be recruited for phosphorylation of both BAK1 and SOBIR1 kinase domains. Cf-

4/Avr4-induced defence responses result in rapid local cell death known as hypersensitive response 

(HR).  

In contrast to Cf-4, SOBIR1 is not only present in tomato but appears to be present throughout the 

plant kingdom (Liebrand, van den Burg, et al. 2014). Although BAK1 and SOBIR1 both have auto-

phosphorylation activity and are involved in plant immunity, they belong to two distant clades (Leslie 

et al. 2010; Sakamoto et al. 2012; Schwessinger et al. 2011).  

Besides playing a role in immune related responses, both BAK1 and SOBIR1 are also involved in 

developmental processes. Approximately 10% of brassinosteroid insensitive 1 (BRI1), the main 

brassinosteroid receptor in Arabidopsis, forms a heterooligomer with BAK1, in the presence and 

Figure 1 :  The hypothesised composition 
of receptor complexes. The receptors are 
integrated in the plasma membrane with the 
LRR domain extended in the apoplast and the 
kinase domain in the cytoplasm. (A) The FLS2 
receptor complex in which FLS2 constitutively 
interacts with BIK1. Upon flg22 perception 
BAK1 is recruited which subsequently triggers 
immune responses. (B) The Cf-4 receptor 
complex in which SOBIR1 constitutively 
interacts with the RLP Cf-4. It is hypothesised 
that an RLCK constitutively interacts with the 
kinase domain of SOBIR1. Upon Avr4 
perception BAK1 is recruited followed by 
immune responses leading to HR. (C) The 
BRI1 receptor complex in which BIK1 
constitutively interacts with the RLK BRI1. 
BIK1 negative regulate BRI1. Upon 
brassinosteroid perception BIK1 is dissociated 
from the complex and BAK1 is recruited to 
the complex to enable developmental 
processes. (Figure inspired by Liebrand et al. 
2014) 
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absence of brassinosteroid (Bücherl et al. 2013). Model prediction suggests that the BAK1 increases 

the magnitude of BRI1 signalling after brassinosteroid perception and that only a small amount of 

BRI1-BAK1 complexes are required for brassinosteroid signalling (van Esse et al. 2013).  

Leslie et al. 2010 hypothesised that SOBIR1 (in developmental processes referred to as EVERSHED) is 

associated with the LRR-RLKs HAESA (HAE) and HAESA-like 2 (HSL2), receptors that control floral 

organ abscission and fruit development. They also described that knockout mutants of 

SOBIR1/EVERSHED in Arabidopsis prevents premature organ abscission in fruit development. 

 

1.4 RLCKs 

The earlier mentioned RLKs and RLCKs belong to the large RLK/Pelle gene family and play a role in 

plant development and defence (Shiu et al. 2004). Arabidopsis, for example, contains more than 600 

protein kinase coding genes and rice has double that amount. The RLK/Pelle superfamily can be 

divided in two distinct groups; the RLCKs, which have a cytoplasmic configuration, and the RLKs 

which have a transmembrane domain. In Arabidopsis, the RLCK group comprises of approximately 

200 genes. The RLCK group can, based on their structural properties, be divided in 13 different 

subfamilies. It is thought that multiple members per subfamily have overlapping functions 

(Yamaguchi et al. 2013). Zhang et al. (2010) demonstrated that BIK1, PBS1, PBL1 and PBL2, all 

belonging to the RLCKVII subfamily, constitutively interact with FLS2. The RLCKVII subfamily contains 

46 members in Arabidopsis of which most are N-myristolated. N-myristoylation is the attachment of 

a fatty acid to an amino acid at the N terminal side of the protein and is essential for membrane 

targeting. In the presence of flg22, all the above mentioned RLCKs dissociate from FLS2. Knockout 

studies indicated that mainly BIK1, and to lesser extend PBS1, PBL1 and PBL2, are required for signal 

transduction which results in immune responses. Besides playing a role in defence related pathways, 

BIK1 is also involved in developmental processes. BIK1 is a negative regulator of BRI1 in the 

brassinosteroid pathway (Figure 1C)(Lin et al. 2013). BRI1 phosphorylates BIK1 upon brassinosteroid 

perception resulting in the dissociation of BIK1 from the receptor complex. Arabidopsis bik1 mutant 

plants show brassinosteroid hypersensitive phenotypes resulting in early flowering, elongated and 

curling petioles and reduced primary root elongation.  

Cast away (CST) is an Arabidopsis RLCK belonging to the RLCKVII subfamily. CST is, just like many 

other members of the RLCKVII subfamily, membrane associated by means of N-myristolation (Burr et 

al. 2011). CST interacts with SOBIR1/EVERSHED and is hypothesised to be involved in cell separation 

signalling; indicating that it transduces SOBIR1 signalling. Transcriptomic studies and knockdown 

studies identified that the N. benthamiana RLCK ACIK1 is required for Cf4/Avr4-mediated 

hypersensitive response (Rowland et al. 2005). Arabidopsis homolog of ACIK1 is RIPK, with 75% 

amino acid identity. RIPK is an N-myristolated RLCK that phosphorylates RIN4 which in turn activates 

the resistance protein resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) (Liu et al. 2011). 

 

1.5 Aim of study  

So far it is unknown how the RLP Cf-4 mediates downstream signalling upon Avr4 perception. It is 

known that SOBIR1 associates with Cf-4 and that BAK1 is recruited upon Avr4 recognition (Postma et 

al. 2015, article send for review). Also the RLCK ACIK1 plays a role in Avr4/Cf-4-mediated response in 

the C. fulvum/tomato pathosystem but the exact location of ACIK1 in the downstream pathway is 

unknown (Rowland et al. 2005). Furthermore, CST interacts with SOBIR1/EVERSHED but whether it is 

also required for defence signalling is not investigated. It is hypothesised that BIK1 is constitutively 
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associated with SOBIR1 and that upon Avr4 perception by Cf-4, BIK1 is dissociated and initiates 

defence responses. A study needs to be done to identify whether BIK1 or other RLCKs are required in 

the Cf-4/Avr4-mediated downstream signalling, similar as is described for FLS2/flg22. To provide an 

answer to this research question, multiple experiments have been performed.  

A co-immunopercipitation (Co-IP) was performed to observe whether AtBIK1 constitutively interacts 

with AtSOBIR1. In another experiment, different BIK1 homologs from N. benthamiana were silenced 

in Cf-4-transgenic N. benthamiana by means of VIGS and subsequently infiltrated with Avr4 to 

observe whether they play a role in Avr4 triggered signal transduction. 
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2. Experimental procedure  

2.1 Agrobacterium transient transformation assay (ATTA)  

For the ATTA, Agrobacterium liquid cultures were started in Lysogeny Broth (LB) (10 g/L Bacto 

tryptone, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L agarose (when making plates)) containing 

appropriate antibiotics and incubated for two days at 28 °C (see for list of Agrobacterium constructs 

Supplemental Data Table 1). After two days of incubation the Optical Density (OD) 600 was measured. 

For the different experiments the amount of culture was calculated by the formula: final OD (Table 

1)* final volume / OD of culture. During the Co-IP experiment, Agrobacterium containing the P19 

gene was used to prevent RNA interference. For the VIGS experiment, Agrobacterium containing 

pTRV1 (Sol5009) was used for successful gene silencing. The calculated volumes of the construct 

combinations were pooled and centrifuged for 15 min at 3500*g. The obtained pellet was 

resuspended in the final volume MMAi (20 g/L sucrose, 1 M MES buffer pH 5.6, 5 g/L MS salt without 

vitamins, 200 mM acetosyringone) to obtain the specific OD. The cultures were incubated for 1-2 

hours at room temperature prior to infiltration. ATTA for the Co-IP experiments was performed on 

the most upper fully expanded leafs of 4-6 weeks old wild type N. benthamiana plants. For the VIGS 

assay, ATTA was performed on the 2 biggest leafs of ±2 weeks old Cf-4-transgenic N. benthamiana 

plants. The elicitors were infiltrated in each quadrant of the most upper fully expended leaf of the 

VIGS plants. All plant experiments were done in a climate room with set conditions. 

 

Table 1. Final OD per Agrobacterium construct 

Experiment Samples Final OD600 per construct Final volumes 

Co-IP Constructs  0.66 10ml 

P19 0.66 

VIGS VIGS construct 0.80 5ml 

pTRV1 0.80 

Elicitors  NRC1D481V 0.1  

50ml BAX 0.5 

Avr4 0.03 

Avr9 0.03 

 

2.2 Co-Immunoprecipitation ( Co-IP)  

An optimized version of the protein identification by mass spectrometry protocol described in 

(Liebrand, Kombrink, et al. 2014) was used. The specific alterations are described in 3.2 BIK1 co-

immunoprecipitates with FLS2 and SOBIR1.  

Agrobacterium-Infiltrated N. benthamiana leaves were harvested 2 dpi and snap-frozen in liquid 

nitrogen. The frozen leaves were then ground in a, with liquid nitrogen chilled, mortar and pestle 

together with a άǇǳŦŦέ ƻŦ Ǉolyvinylpolypyrrolidone (PVPP). A total of 1 to 2 grams leaf powder were 

mixed in a 1 gr: 2 mL ratio with cold extraction buffer (EB) (150 mM NaCl, 1 % IGEPAL® Ca-630 (NP-

40), 50 mM Tris, pH 8.0) containing 1 tablet of protease inhibitor cocktail (Sigma) per 50 mL EB. The 

samples were then thawed and mixed at RT. 2 mL of leaf extract was centrifuged 15 min at 13000 

rpm. 15 µL GFP beads per sample were washed 2 times with EB. 
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After centrifugation of the plant samples, 40 µL of supernatant was collected to use as input material 

and 1.5- 2 mL supernatant was mixed with 15 µL washed GFP beads. The samples were incubated for 

1 h on the roller mixer at 4 °C. After incubation the samples were centrifuged 1000*g for 1 min at 4 

°C. The beads were resuspended 1 mL EB and transferred to a new 1.5 mL eppendorf tube. The 

samples were washed 2 more times with EB. Supernatant was removed until approximately 40 µL of 

EB + beads were left in the tubes. To both the IP and input samples 40 µL loading buffer (200 mM 

Tris, 8 % SDS, 40 % Glycerol, 400 mM DTT, 0.2% Bromophenol blue) was added and heated for 10 

min at 95 °C. The samples were stored at -20 °C or used immediately for SDS-PAGE.  

  

2.3 SDS-PAGE and Western Blot 

To separate proteins in the IP samples, a 10 % SDS gel (2 mL H2O, 1.7 mL 30% acrylamide mix, 1.3 mL 

1.5M Tris (pH8.0), 0.05 mL 10% SDS, 0.05 mL 10% APS, 0.002 mL TEMED) was prepared. The gels 

were placed in running buffer (14.4 g/L Glycine, 3 g/L Tris, 1 g/L SDS) and the samples were loaded 

on a gel. The SDS-PAGE ran for approximately 2 h at 90-120 V. After electrophoresis, the gel was 

blotted on PVDF membrane by means of Western Blot. The Western Blot ran in transfer buffer (3.05 

g/L Tris, 13.8 g/L Glycine, 10 % EtOH) at 20 mA o/n after which it was blocked for 1h at RT in TBS-

Tween (1.21 g/L Tris (pH 7.5), 14.6 g/L NaCl, 1 mL/L Tween-20) with 5 % milk. After the initial 

blocking, the membrane was stained with HRP conjugated ŀƴǘƛōƻŘƛŜǎ όмΥрллл ʰDCt-HRP or ʰI!-HRP 

in TBS-Tween-5 % milk solution) for 2h at RT. Prior to imaging the blot, the membrane was washed 5 

times 5 minutes in TBS-Tween. To activate the HRP domain of the antibody, 300 µL SuperSignal West 

Femto Chemiluminescent Substrate was pipetted on the blot and immediately afterwards imaged in 

ǘƘŜ .ƛƻǊŀŘ /ƘŜƳƛŘƻŎϰΦ  

 

2.4 BIK1 tree   

The BIK1 tree was generated by Michael Seidl. For the tree all protein sequences of tomato (Solanum 

lycopersicum), potato (Solanum tuberosum), Nicotiana benthamiana and Arabidopsis thaliana were 

extracted from www.solgenomics.net and www.arabidopsis.org, respectively. Pfam software was 

used to exclude sequences other than cytoplasmic kinases by a manually determined gathering cut-

off, as a threshold. For Arabidopsis, tomato and potato only the longest transcripts were used 

therefore excluding smaller alternative spliced genes. This does not count for N. benthamiana since 

the genome was poorly annotated and no striking cases of alternative spliced fragments were found. 

Of the extracted sequences a phylogenetic tree was built containing thousands of kinases. The 142 

closest homologs of AtBIK1 were isolated from this tree and used for motif search by means of 

MEME suite software. 27 Different motifs were identified and the final tree was built based on the 

alignment of the sequences of the kinase domains to generate a maximum likelihood tree 

(Supplemental data Figure 1).  

 

2.5 Cloning of VIGS 

To amplifying the VIGS fragments from N. benthamiana cDNA, specific primers were designed by 

means of Primer3Plus online software. The primers were designed with an XbaI restriction site on the 

рΩ ǎƛǘŜ ƻŦ ǘƘŜ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ ŀƴŘ an Acc65I-{ǇŜL ŘƻǳōƭŜ ǊŜǎǘǊƛŎǘƛƻƴ ǎƛǘŜ ƻƴ ǘƘŜ рΩ ǎƛŘŜ ƻŦ ǘƘŜ ǊŜǾŜǊǎŜ 

primer, reverse complemented. This way the VIGS fragments were flanked with specific restriction 

sites needed for cloning into the binary vector. The double restriction site will enable to clone the 

http://www.solgenomics.net/
http://www.arabidopsis.org/
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VIGS fragments in tandem. All the primers for the VIGS fragments with the restriction sites are 

mentioned in supplemental data Table 2. Cf-4/Avr4 induced cDNA of N. benthamiana was used as 

template for VIGS fragment amplification. Hot Start II High-Fidelity DNA Polymerase (Thermo 

Scientific, Illinois, USA) was used for amplification. The reaction mixture for PCR with Hot Start 

polymerase is described in the supplemental data Table 3. The program used to perform the PCR is 

described in Table 2; the expected size of the PCR products is between 150-250bp therefore an 

extension time of 30 sec was used. 

 

 

 

 

 

 

 

 

 

PCR products were analysed on a 1 % TAE agarose gel and were subsequently gel purified using the 

NucleoSpin® Gel and PCR Clean-up kit from Macherey-Nagel. The purified PCR products were then 

cloned in the entry vector, pCR®-Blunt II-TOPO®, via Directional TOPO Cloning; following a protocol 

provided by our own lab (Sp. Table 5). 2 µL Of the TOPO reaction was transformed to electro-

competent E.coli 5Iрʰ ŎŜƭƭǎ ōȅ ƳŜŀƴǎ ƻŦ ŜƭŜŎǘǊƻǇƻǊŀǘƛƻƴ όǎǘŀƴŘŀǊŘ machine settings EC1). 

Transformed cells were plated on LB agar plates containing kanamycin (50 µg/mL) and were 

incubated o/n at 37 °C. 

To confirm whether the gene of interest was present in the entry vector, a colony PCR was 

performed. Those PCR reactions were performed with GoTaq® G2 DNA Polymerase and the original 

primer sets. The mastermix of GoTaq polymerase is described in supplemental data Table 4. 

The recommended GoTaq program was used to perform the PCR (Table 3).  

 

 

 

 

 

 

 

 

 

Positive clones were grown in liquid culture and subsequently plasmid purified by means of the 

QIAprep Spin Miniprep Kit (QIAGEN). The purified plasmids were sequenced by Eurfins with M13 (-

21) forward primers to confirm the correct insert. After conformation by sequencing, the gene of 

interest and the binary vector, pTRV2 (Sol2672), were digested with the Fast Digest® restriction 

enzymes XbaI and Acc65I (both from Thermo Scientific, Illinois, USA); following a protocol provided 

by our lab (Sp. Table 6). The samples were loaded on a 1 % TAE gel. The digested fragment was cut 

out the gel and subsequently gel purified by means of the earlier described Nucleospin® Kit.  

The digested VIGS fragments were ligated in the digested binary vector by means of T4 DNA Ligase 

(Promega); following a protocol provided by our lab (Sp. Table 7). pTRV2 is a binary vector and 

Table 2 . Used PCR program for Hot Start polymerase  

Cycle step  Temp.  Time  Cycles  

Initial denaturation  98 C  30 s  1 

Denaturation  98 C  10 s   

30  Annea ling  60 C  20 s  

Extension  72 C  30 s  

Final extension  72 C  5m  1 

12 C  hold  

Table 3.  Used PCR program for GoTaq polymerase  

Cycle step  Temp.  Time  Cycles  

Initial denaturation  95 C  2 m  1 

Denaturation  95 C  30 s   

30  Annealing  60 C  30 s  

Extension  72 C  45 s  

Final extension  72 C  5 m  1 

12 C  hold  



Experimental procedure  

8 
 

contains a part of the Tobacco Rattle Virus (TRV) genome. In combination with its helper plasmid 

pTRV1, VIGS can be performed; pTRV2 is kanamycin resistant (Liu et al. 2002). The newly derived 

vectors were transformŜŘ ǘƻ 5Iрʰ ōȅ ƳŜŀƴǎ ƻŦ ŜƭŜŎǘǊƻǇƻǊŀǘƛƻƴ ŀƴŘ ǇƭŀǘŜŘ ƻƴ [. ǿƛǘƘ ŀǇǇǊƻǇǊƛŀǘŜ 

antibiotics. The presence of the gene was confirmed by colony PCR, as described earlier. The binary 

vector was purified using the earlier described Miniprep kit and was subsequently transformed to 

Agrobacterium tumefaciens strain C58C1 by means of electroporation (standard machine settings 

EC2). C58C1 is tetracycline resistant. The transformed Agrobacterium was plated on LB plates with 

appropriate antibiotics (tetracycline 5 mg/mL and kanamycin 50 µg/mL) and incubated at 28 °C for 

two days.  

 

2.6 Virus Induced Gene Silencing (VIGS) 

In total, 16 different VIGS constructs were designed and cloned based on Cf-4/Avr4 induced N. 

benthamiana cDNA. The different pTRV2-VIGS constructs were co-infiltrated with the pTRV1 helper 

plasmid to enable virus induced gene silencing. 2 weeks old Cf-4-transgenic N. benthamiana plants 

were silenced with these 16 constructs. As a control for silencing, a pTRV2-Phytoene desaturase 

(PDS) silencing construct was taken along. To verify that the TRV does not give a phenotype a pTRV2-

-̡glucuronidase (GUS) control was included; plants naturally do not produce GUS. Since Cf-4-

transgenic N. benthamiana plants were used, also a pTRV2-Cf-4 control was taken along. For every 

sample a biological replicate was taken along. Preparations for infiltration went as described in 

άAgrobacterium ǘǊŀƴǎƛŜƴǘ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŀǎǎŀȅέΦ ¢ƘǊŜŜ ǘƻ ŦƻǳǊ ǿŜŜƪǎ ŀŦǘŜǊ ƛƴŦƛƭǘǊŀǘƛƻƴΣ ǿƘŜƴ ǘƘŜ t5{ 

control shows photobleaching effect and the plants are of decent size, some leaf material of the 

upper leaf was collected to conduct a Reverse Transcription (RT)ςPCR. The leaf material was snap-

frozen in liquid nitrogen. The RT-PCR was performed to verify that the targeted genes were really 

silenced. At the same time, leaves were infiltrated with Agrobacterium containing Avr4, Avr9, BAX 

and NRC1(D481V) (auto active mutant) to verify whether the BIK1 homologs are required for Cf-4/Avr4 

mediated downstream signalling. The plants were screened for a HR phenotype three dpi and scored 

from 0 to 1.5 in which 0 is no HR, 0.5 reduced HR, 1 HR and 1.5 increased HR. 

 

2.7 RT-PCR  

Frozen leaf material was ground in a 1.5 mL Eppendorf tube with a plastic potter. For the RNA 

extraction the QIAGEN RNeasy® plant mini kit was used. 450 µL RTL buffer, with 1:100 2-

mercaptoethanol, was added to the frozen powder and transferred to the shredder spin column. The 

RNA was eluted from the column with 50 µL RNase free water. The concentration of the total 

extracted RNA was measured via Nanodrop and the quality of the RNA was determined via 

electrophoresis on a 1% TAE gel. 1 µg RNA sample was subjected to DNase treatment to remove left 

over genomic DNA by means of the RQ1 RNase-Free DNase kit. After DNase treatment the sample 

was heated for 5 minutes at 75 °C. ¢ƘŜ wb! ǿŀǎ ǘǊŀƴǎŎǊƛōŜŘ ǘƻ Ŏ5b! ōȅ ƳŜŀƴǎ ƻŦ ǘƘŜ DŜƴŜǊǳƭŜǊϰ 

SuperscǊƛǇǘϰ LLL ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘŀǎŜ. PCR was performed on the cDNA with the primers 

corresponding to the specific sample or Nb-actin primers following the GoTaq PCR programme. The 

RT-PCR Nb-actin primers are described in Liebrand et al. (2013). 

 



Results  

9 
 

3. Results 

3.1 VIGS of BIK1 homologs in N. benthamiana   

Plants contain ubiquitous RLCKs which are involved in protein activation and signal transduction. To 

investigate which RLCKs are involved in Cf-4/Avr4-triggered signal transduction a VIGS assay was 

performed. 14 N. benthamiana candidate BIK1 homologous genes, with motif similarity to the 

Arabidopsis BIK1 gene, were selected from the BIK1 phylogenetic tree provided by Michael Seidl 

(supplemental Figure 1). According to motif similarity, NbS00042854g0003 is the putative N. 

benthamiana homolog of BIK1 (supplemental Figure 3). NbS00009691g0004 has, except for the 

spacing between the motifs, exactly the same motifs as the putative BIK1 homolog. Nevertheless, 

NbS00001051g0011 is, based on the phylogenetic tree, the closest homolog to the putative BIK1 

homolog. Six selected RLCKs had in literature described homologs, all identified to be involved in 

defence and/or development (Table4). Based on motif similarity, 4 additional putative N. 

benthamaina homologs of in literature described RLCKs were taken along in the VIGS assay 

(supplemental Figure 2). In total 18 N. benthamiana RLCKs were selected for VIGS; hereafter the 

RLCKs will be named by their working code (Table 4; supplemental Figure 2-4).  

 

 

Table 4. Gene expression data of the 18 N. benthamiana RLCKs selected for VIGS.  

Official gene code Working 
code 

Relative gene 
expression 

Known RLCKs 
homologs 

Literature 

NbS00001051g0011 Nb1051 6.2 APK1a (AT1G07570.3)/ 
APK1b (AT2G28930.1) 

(Hirayama & Oka 1992) 

NbS00020788g0012 Nb20788 41.7 RIPK (AT2G05940.1)  

NbS00058880g0009 Nb58880 7.2 LeACIK1 
(Solyc06g062920.2.1) 

(Rowland et al. 2005) 

NbS00009691g0004 Nb9691 -0.04 NAK (AT5G02290.1) (Moran & Walker 1993) 

NbS00029137g0012 Nb29137 1.3 NAK (AT5G02290.1) (Moran & Walker 1993) 

NbS00024800g0006 Nb24800 -0.6   

NbS00042854g0003 Nb42854 19.7 BIK1 (AT2G39660.1)/ 
PBL1 (AT3G5545.2) 

(Zhang et al. 2010) 

NbS00045149g0002 Nb45149 47.6   

NbS00016559g0013 Nb16559 37.5   

NbS00005787g0005 Nb5787 -   

NbS00001529g0015 Nb1529 -   

NbS00037085g0003 Nb37085 0.78   

NbS00028219g0012 Nb28219 0.2 PBL2 (AT1G14370.1)/ 
APK2b (AT2G02800.1) 

(Ito et al. 1997; Zhang et 
al. 2010) 

NbS00029131g0004 Nb29131 -0.14   

NbS00007877g0013 Nb7877 0.4   

NbS00000608g0110 Nb608 21 NtACIK1 (Rowland et al. 2005) 

NbS00011711g0016 Nb11711 10.3 NtACIK1 (Rowland et al. 2005) 

NbS00033699g0007 Nb33699 0.5 CST (AT4G35600.2) (Burr et al. 2011) 
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RNA sequence data of Avr4-induced Cf-4-transgenic N. benthamiana plants were used to determine 

the relative gene expression of the candidate genes (Table 4). Nb20788, Nb45149 and Nb16559 

were, respectively, 41.7, 47.6 and 37.5 times up regulated in Cf-4/Avr4-induced RNA compared to 

the GUS-induced Cf-4-transgenic N. benthamiana RNA control. Nb5787 and Nb1529 were not 

expressed according to the RNA sequence date. No values smaller than -0.6 times down regulation, 

compared to the GUS control, were observed.   

 

Alignments were made using the protein sequences and the DNA sequences of the candidate genes. 

The alignment of the protein sequences shows a high conserved region in the middle of the BIK1 

homolog sequences and less conservation at the N and C terminal sides of the proteins 

(Supplemental Figure 5). An alignment of the base pair sequences showed much less conservation 

within the BIK1 homologs (Data not shown). 

 

 For all target genes, primers were designed to amplify unique VIGS fragments of 150-250 bp long. In 

silico amplified PCR fragments were checked for specificity via the online BLAST tool of 

www.solgenomics.org. Most fragments were too short and therefore ƎŀǾŜ ŀƴ ŜǊǊƻǊ ƛƴŘƛŎŀǘƛƴƎ Ψƴƻ Ƙƛǘǎ 

ǿŜǊŜ ŦƻǳƴŘΩ. Fragments near the 250 bp size gave only a self-hit, indicating the specificity of the VIGS 

fragments. When all the VIGS fragments were already cloned a major update of the site was 

released. The update resulted in a more accurate BLAST result. When all the VIGS fragments were 

checked again for specificity by means of BLAST, 7 fragments showed a continuously alignment of at 

least 21 bp with an off target gene. This indicates that the VIGS fragments in theory could silence 

other genes (Table 5). Nb7877 targets a part of Nb29131, and vice versa, Nb29131 targets a different 

part of Nb7877. Nb29137 targets a part of Nb9691; the same holds the other way around. Nb45149 

targets a part of Nb16559 

however, Nb16559 targets only 

itself. Nb608 targets a part of 

Nb11711, and conversely Nb11711 

targets a part of Nb608. Nb5787 

and Nb37085 could not be 

amplified from de cDNA. Although 

Nb1529 had no gene expression 

according to the RNA sequencing 

data, a fragment was amplified 

from cDNA. The obtained PCR 

fragments were cloned into the 

entry vector and subsequently 

sequenced. The N. benthamiana 

genome is poorly annotated 

therefore some unexpected 

findings were observed when 

analysing the sequenced data. 

Nb1051, Nb7877 and Nb28219 

were at least 50 bp shorter than 

expected. Nb1051 was 142 bp long 

instead of the anticipated 235 bp. 

Table 5. VIGS and HR assay results. 

SOL # Gene name Avr induced 
HR 

Double 
Target 

VIGS 
Phenotype 

5012 Cf-4 0,69   

5011 GUS 1,00   

5534 Nb16559 1,00   

5535 Nb9691 0,75 29137  

5536 Nb29137 1,00 9691  

5537 Nb28219 0,88  dwarf 

5538 Nb58880 1,00   

5539 Nb20788 1,00  dwarf 

5540 Nb7877 0,88 29131  

5541 Nb24800 0,75   

5542 Nb29131 1,00 7877  

5543 Nb1529 0,88   

5544 Nb42854 1,00   

5545 Nb45149 0,63 16559  

5547 Nb1051 0,88   

5548 Nb608 0,88 11711  

5549 Nb11711 0,88 608  

5550 Nb33699 0,75   

http://www.solgenomics.org/
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Nb7877 was 111 bp long while 186 bp were expected and Nb28219 was 105 bp long instead of the 

anticipated 158 bp. Sequence results of the shorter cloned fragments revealed that a small part 

within the sequences was missing, most likely an intron. Nb42854 had 4 point mutations in the 

sequence and Nb20788 had 2 point mutation. Sequencing of other colonies of these samples gave 

the same point mutations. The VIGS fragments were cloned to the binary vector, pTRV2, and 

transformed to Agrobacterium.  

ATTA was performed on young Cf-4-transgenic N. benthamiana plants. All the VIGS fragments were 

screened 2 times and per screen 2 plants were used. Due to time limitations all constructs could only 

be screened in duplo. The VIGS plants were marked by their SOL numbers instead of their gene 

number for an unbiased approach (Table 5). PDS (Sol5010) silenced plants, a positive control for 

silencing, turned white and had a dwarf phenotype 10 dpi, which is the PDS specific phenotype. The 

Cf-4 (Sol5012) silenced plants had the same phenotypic appearance as the GUS (Sol5011) silenced 

control plants; they both have the appearance of a wild type N. benthamiana plant. Nb28219 

(Sol5537) and Nb20788 (Sol5539) silenced plants developed a dwarf phenotype. Nb1529 (Sol5543) 

had for one screen a phenotype that resembles the PDS control plant. The other silenced plants had 

no aberrant phenotype. 

21 Days after silencing, plant material was harvested and subjected to RNA extraction and cDNA 

synthesis; due to time limitations no RT-PCR could be performed. The full grown plants were 

infiltrated with Agrobacterium containing different elicitor genes.  Cf-4-transgenic N. benthamiana 

plants should be able to perceive the elicitor Avr4 (Sol5014) and subsequently trigger HR. The elicitor 

Avr9 (Sol5015) was used as a negative control since the plants do not have a Cf-9 receptor for Avr9 

perception. The elicitor BAX (Sol5018) was used as a positive control since it triggers apoptosis 

(Lacomme & Santa Cruz 1999). No cell death could be observed for any leaf area infiltrated with BAX 

3 dpi. Gabriëls et al. (2007) described that NB-LRR required for hypersensitive response-associated 

cell death-1 (NRC1) is involved in elicitor-triggered HR in N. benthamiana. The auto active mutant of 

NRC1, NRC1(D481V) (Sol5019), was used as a second positive control since it gives a clear HR 

approximately 1.5 dpi. The Cf-4/Avr4-induced HR was scored 3 dpi with 0 (No HR), 0.5 (reduced HR) 

and 1 (HR). GUS silenced plants gave always an HR phenotype for Avr4 and NCR1(D481V) therefore it 

A B 

Figure 2: Silencing of different BIK1 homologs results in 10 cases in reduced Avr4-elicited HR. (A) Average observed HR, 
in which 0 indicates no HR and 1 full HR. Errorbar indicates the standard error of the mean (SEM). (B) Infiltrated area of the 
silenced leaf with Avr4 or NRC1 and the subsequently triggered HR. Besides the two control plants, silenced GUS and Cf-4, 
the 5 plants with reduced HR όҖлΦтрύ are depicted. Detached leafs were scored and subsequently bleached. 
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has an average HR sore of 1 (Table 5, Figure 2A). Silencing of Cf-4 resulted in a reduced Avr4-

triggered HR and not a complete loss indicated by the average HR score of 0.69. Four silenced N. 

benthamiana BIK1 homologs, namely Nb9691, Nb24800, Nb45149 and Nb33699, showed a reduced 

average HR score of 0.75 and smaller (Figure 2B and Table 5). Nb45149 showed on average less Avr4-

elicited HR compared to the Cf-4 silenced control plants. Nb28219, Nb7877, Nb1529, Nb1051, Nb608 

and Nb11711 showed also a reduced Avr4- triggered HR of 0.88 compared to the GUS control. No HR 

was observed for Avr9 or BAX. NRC1(D481V) had varying HR responses in the samples and controls. 

Silencing of the BIK1 homologs did not result in a complete loss of Avr4-elicited HR. After scoring the 

HR, leafs were bleached in ethanol which clarifies the visibility of the HR. 

 

Out of 49 different BIK1 homologs in N. benthamiana 18 were selected for VIGS. 16 out of 18 could 

be cloned in pTRV2 and were subjected to VIGS. The silencing of BIK1 homologs in N. benthamiana 

resulted in a dwarf phenotype for 2 constructs. A reduced HR, elicited by Avr4, was observed for 10 

constructs of which 4 ƘŀŘ ŀ ǊŜŘǳŎŜŘ Iw ǎŎƻǊŜ ƻŦ ҖлΦтр ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ D¦{ ŎƻƴǘǊƻƭΦ Nb45149 had 

the least HR elicited by Avr4. 

3.2 BIK1 co-imm unoprecipitat es with FLS2 and SOBIR1  

Lu et al. (2010) demonstrated that BIK1 constitutively interacts with FLS2 and BAK1. To confirm this 

interaction a Co-IP was performed. Initially, C-terminal HA-tagged BIK1 (Sol5031) was transiently co-

expressed with C-terminal GFP-tagged FLS2 (Sol5030) and BAK1 (Sol5034) in wild type N. 

benthamiana. As a negative control for specificity, all tagged constructs were co-expressed with GUS 

(Sol5003). Immunoprecipitations using GFP-trap beads were performed on leaf tissue 2 dpi. After 

immunostaining of the blots only weak bands or no bands were observed (data not shown). 

Optimisation of the protocol described in Liebrand, Kombrink, et al. (2014) resulted in the detection 

of bands. Fine tuning of the experiment revealed that co-expression of samples with P19 (Sol5004), a 

silencing suppressor, was required; that the leaf material could best be harvested 2 dpi and that the 

addition of PVPP during grinding of the plant material resulted in the best visible bands. The addition 

of 5 mM dithiothreitol (DTT) to the extraction buffer did not give an enhanced result.  

 

The optimized protocol enabled the detection of FLS2-GFP and the co-immunoprecipitant BIK1-HA 

(Figure 3A). However, an interaction between BIK1-HA and BAK1-GFP could still not be detected on 

the IP blot while both proteins were present on the input blot (Figure 3A). To rule out that the tags 

interfere with protein-protein interaction, different constructs with interchanged tags were used. A 

new Co-IP with C-terminal HA-tagged BAK1 (Sol5033) and C-terminal GFP-tagged BIK1 (Sol5032) did 

not give a different outcome (Figure 3A). The same results were also described by Zhang et al. (2010).  

 

It was hypothesised that BIK1 is associated with SOBIR1 as it does with FLS2. To investigate whether 

BIK1 constitutively interacts with SOBIR1, a Co-IP was performed. BIK1-HA was transiently co-

expressed with P19 and C-terminal GFP-tagged SOBIR1 (Sol5021) in wild type N. benthamiana. As 

positive controls for protein-protein interaction FLS2-GFP co-expressed with BIK-HA and C-terminal 

GFP-tagged Cf-4 (Sol5001) co-expressed with C-terminal HA-tagged SOBIR1 (Sol2753) were used. As a 

negative control for specificity, all tagged constructs were co-expressed with GUS. An 

immunoprecipitation was performed, 2 dpi. All GFP-tagged proteins could be detected in the input 

and the IP blots (Figure 3B). BIK1-HA could be detected in all samples on the input blot at around 45 

kDa and co-immunoprecipitated with FLS2 and SOBIR1 (Figure 3B). No bands were visible as co-
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immunoprecipitant for the GUS control samples and SOBIR1-HA co-immunoprecipitates with Cf-4-

GFP, both as expected. 

To confirm that the tags do not interfere with the protein-protein interaction, a Co-IP of BIK1 and 

SOBIR1 with interchanged tags was performed.  SOBIR1-HA co-immunoprecipitates with BIK1-GFP, 

indicating a constitutively interaction between BIK1 and SOBIR1 (Figure 3B). The expected size of 

SOBIR1-HA is 72 kDa however, the observed size during the Co-IP with BIK1-GFP was approximately 

150 kDa. At least 3 independent experiments gave the same results. 

 

After protocol optimisation a co-immunoprecipitation between BIK1 and FLS2 was demonstrated as 

described by Lu et al. (2010). No interaction between BIK1 and BAK1 could be detected which was 

proclaimed by Lu et al. (2010) and disproved by Zhang et al. (2010). As was hypothesised, BIK1 also 

co-immunoprecipitates with SOBIR1. Interchanging of the tags did not result in a different outcome.  

 

Figure 3:  BIK1 interacts directly with FLS2 and SOBIR1 and not BAK1. GFP trap beads immunoprecipitate GFP 
tagged proteins which subsequently co-immunoprecipitates interacting proteins. P19 was co-expressed with all 
samples. (A) BIK1 directly interacts with FLS2 and SOBIR1. The tags used for detection did not interfere with the 
binding of the proteins indicated by switching the tag of SOBIR1 and BIK1. Most of the proteins could also be detected 
on the input blot. CBB stained input blot shows the 50 kDa band of rubisco, indicating equal loading. (B) BIK1 does not 
co-immunoprecipitate with BAK1. Interchanging the tags did not give a different outcome. Both BIK1 and BAK1 were 
detectible on the input blot. CBB stained blot shows the 50 kDa band of rubisco, indicating equal loading. 

A B 
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4. Discussion 

4.1 VIGS of BIK1 homologs in N. benthamiana  

A study was performed to investigate which BIK1 homologs are required in Cf-4/Avr4-triggered 

downstream signalling. From the BIK1 tree 18 N. benthamiana RLCKs were selected for VIGS. Out of 

the 18 VIGS fragments 16 could be amplified from cDNA. The cDNA used as template for PCR is the 

same as used for RNA sequencing (Table 4). The absence of RNA sequence data for specific genes is 

not stringent for the presence of transcripts. It could be possible that the specific gene is transcribed 

in a very low quantity. This could explain why it was not possible to amplify Nb37085, while it had 

expression data, and was possible to amplify Nb1529, which had no expression data. Of the 16 

constructs, 3 had gaps in the sequence; these gaps could be introns. The shorter VIGS fragments of 

Nb1051, Nb7877 and Nb28219 were still subjected to VIGS because sufficient DNA was present for 

the formation of double stranded RNA required for VIGS (Liu et al. 2002). Nb42854 and Nb20788 

VIGS fragments had point mutations in the sequence. Since we observed these point mutations in 

multiple clones of the same construct we assume that the mutations are single nucleotide 

polymorphisms compared to the sequenced N. benthamiana genome.  

With the cloned constructs VIGS was performed on Cf-4-transgenic N. benthamiana plants. Due to 

time limitations the whole assay is performed in Duplo and no RT-PCR could be performed. This 

means that we cannot conclude that all the VIGS targeted genes were silenced. We assume the 

silencing was successful since the PDS control shows its distinctive white phenotype and all the 

silenced plants were slightly smaller than not silenced plants. That said, RT-PCR could also confirm 

whether the putative non-specific VIGS fragments, mentioned in Table 5, target multiple genes or 

only themselves.  

Silenced plants were infiltrated with Avr4, Avr9, BAX and NRC1(D481V). BAX was a positive control for 

HR however no HR was observed in all the screens. We assume that something is wrong with the 

glycerol stock of BAX. NRC1(D481V) had varying effect, in most screens it gave a clear HR but in others 

not.  

 

We found that 10 VIGS plants scored, on average, a reduced Avr4-triggered HR compared to the 

silenced GUS control. The averaged HR was calculated out of 4 observations. For 6 silenced plants an 

average reduced Avr4-elicited HR of 0.875 was observed, indicating that 1 out of 4 observations per 

sample had a reduced HR. More replications need to be performed to increase the likelihood that 

silencing of the specific gene has an effect on the HR. For 4 silenced plants an average reduced Avr4-

ǘǊƛƎƎŜǊŜŘ Iw ƻŦ ҖлΦтр ǿŀǎ observed, indicating that at least 2 out of 4 observations per sample had a 

reduced HR. This increases the likelihood that the silencing of the construct had an effect on the 

Avr4-activated HR. 

 

Silencing of Nb20788 resulted in a dwarf phenotype (Table 5). Thomas Liebrand (personal 

communication) found that Arabidopsis PBL13 mutant plants showed a dwarf phenotype. PBL13 is a 

member of the RLCK VII family (supplemental Figure 2); the N. benthamiana homolog of PBL13 is 

Nb20788. The observation that silencing of both Arabidopsis PBL13 and N. benthamiana Nb20788 

resulted in a dwarf phenotype indicates that our data coincides. Thomas Liebrand proclaimed that 

PBL13 is a negative regulator for defence and that silencing of PBL13 results in a constitutive 
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activation of the defence pathway, explaining the dwarf phenotype. Nb20788 is highly upregulated 

upon Avr4 induction (Table 4) however, no reduced Avr4-triggered HR was observed. We can 

therefore assume that Nb20788 is not directly involved in Avr4-elicited HR. Based on the explanation 

of Thomas Liebrand we can hypothesise that Nb20788 might function as a negative regulator of 

defence to regain immune homeostasis after Avr4-activated HR to prevent uncontrolled spread of 

HR. 

 

Silencing of Nb28219 resulted in a dwarf phenotype. When infiltrated with Avr4, Nb28219 obtained 

an average reduced HR compared to GUS of 0.875. It very well could be that Nb28219 has similar 

function as Nb20788 which would explain the dwarf phenotype. A way to investigate whether both 

Nb20788 and Nb28219 are negative regulators of defence is to extract apoplastic fluid from the 

silenced plants and run this on a SDS-PAGE. Comparison of the protein pattern next to that of a 

control might reveal bands of pathogenesis related proteins indicating constitutive activation of 

defence. 

Nb1529 had a PDS phenotype. Since it was only one screen in which this phenotype was observed we 

assume it was contamination with PDS and not an effect of Nb1529 silencing.  

 

VIGS fragments of Nb608 and Nb11711 potentially target each other and no reduced HR was 

observed for both samples in all screens. Nb608 and Nb11711 are both the closest homologs to 

NtACIK1. Rowland et al. (2005) demonstrated that silencing of ACIK1 in N. benthamiana resulted in a 

loss of HR. They used the cDNA of Nicotiana tobaccum ACIK1 for VIGS since the N. benthamiana 

ACIK1 was not identified. BLAST results against the N. benthamiana cDNA library on 

www.solgenomics.org reveals that the VIGS fragment Rowland et al. used targets 5 N. benthamiana 

genes sufficiently for silencing; NbS00000608g0110, NbS00011711g0016, NbS00020788g0012, 

NbS00043054g0002 and NbS00028192g0007.  This could explain why they observed a loss of HR and 

us not. It would be interesting to silence all of these genes 

The VIGS fragments of Nb45149 in theory targets Nb16559 while the VIGS fragment of Nb16559 

targets only itself. Both Nb45149 and Nb16559 are highly upregulated upon Avr4 induction. Together 

with the observation that Nb45149 had the most reduced HR compared to the GUS control, it could 

indicate that Nb45149 and maybe Nb16559 are involved in Avr4/Cf-4 mediated signalling. Although 

Nb16559 is highly upregulated upon Avr4 induction no reduced HR could be observed. RT-PCR might 

give insight whether both VIGS constructs target both genes. 

 

Nb42854 is the putative N. benthamiana BIK1 homolog. Silencing of Nb42854 did not result in a loss 

of HR. We therefore suggest that Nb42854 is not involved in Avr4-induced HR and that Nb42854 is 

maybe not the putative NbBIK1 as we predicted. BLAST results of BIK1 protein sequence against the 

N. benthamiana cDNA library on www.solgenomics.org reveals that Nb24800 and Nb9691 are the 

closest homologs after Nb42854. Both Nb24800 and Nb9691 show a reduced Avr4-triggered HR. 

Next to that, Nb9691 has exactly the same motifs as Nb42854. This could indicate that Nb9691 is the 

functional BIK1 homolog in N. benthamiana. 

Silencing of Nb9691 gave a reduced Avr4-triggered HR of 0.75 compared to GUS (Table 5, Figure 2A). 

The VIGS construct of Nb9691 theoretically also target Nb29137. One could assume that silencing of 

both genes might explain the observed reduced HR for Nb9691. However, Nb29137 in theory also 

target Nb9691 while no reduced HR was observed for this sample. RT-PCR on both samples might 

give insight whether both VIGS constructs silence both genes.  

http://www.solgenomics.org/
http://www.solgenomics.org/
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Burr et al. (2011) described that SOBIR1/EVERSHED interacts with the RLCK CST and that CST is 

required for negative regulation of cell separation. The closest CST homolog in N. benthamiana is 

Nb33699. Silencing of Nb33699 resulted in a reduced HR indicating that CST has a double function 

and is required in both development and defence.  

 

For the HR assay, Agrobacterium containing elicitors were infiltrated by means of a syringe. The HR 

assay is scored by eye and there is quite some variance in the observed samples with reduced Cf-

4/Avr4 induced HR (Figure 2A). A more precise/quantitative approach might be toothpick inoculation 

in which a toothpick is dipped in an Agrobacterium colony and subsequently pricked on a leaf. The 

pricked sites are all about the same size and a possible observed HR might be quantified with pixel 

counting software, like ImageJ, for a quantitative approach to measure lesion size.  

 

The obtained results of the VIGS assay show that RLCKs are involved in the Cf-4/Avr4-mediated HR. 

For this assay we selected 18 BIK1 homologs of which 16 could successfully be cloned. However, the 

BIK tree comprises out of 49 BIK1 homologs of N. benthamiana meaning that no research has been 

performed to 31 other BIK1 homologs. The VIGS assay, followed by HR assay, is a relative easy tool to 

determine the phenotypic effect of the corresponding gene. Further research needs to be done to 

this group of genes to obtain a complete view of the function in Cf-4/Avr4-mediated HR.  

Proteins other than RLCKs might also act downstream of SOBIR1. A mating based split ubiquitin 

system (MB-SUS) approach to screen SOBIR1 against an Arabidopsis library might give insight in other 

interacting proteins. MB-SUS utilizes the same principles as standard yeast two-hybrid (Y2H) system 

(Grefen et al. 2009). A physical interaction between 2 proteins initiates the release of a transcription 

factor follow by activation of a downstream reporter gene. In standard Y2H system the interacting 

proteins have to be fully soluble and need to interact in the nucleus for transcription of the reporter 

gene. This poses a problem for insoluble membrane integrated proteins. MB-SUS utilizes the 

complementation of an ubiquitin protein when the two target proteins interact followed by the 

ubiquitin-degradation pathway to initiate transcription of the reporter gene. 

4.2 Co-IP of BIK1 and SOBIR1 

Lu et al. (2010) and Zhang et al. (2010) demonstrated that FLS2 constitutively interacts with BIK1. By 

means of co-immunoprecipitation we confirm that BIK associates with FLS2. Lu et al. (2010) and Lin 

et al. (2014) proclaimed that BAK1 also constitutively interacts with BIK1. Zhang et al. (2010) found 

no evidence that BAK1 and BIK1 associate. Performing a Co-IP with BAK1 and BIK1, we were not able 

to detect any association of BIK1 with BAK1. The different research groups all performed their 

experiments on stable transgenic Arabidopsis plants or transient expression in Arabidopsis protoplast 

while we conducted our experiments in Agrobacterium mediated transiently expressed N. 

benthamiana plants. Although Agrobacterium does not trigger a visible defence response in N. 

benthamiana, it still might be possible that Agrobacterium triggers some sort of MAMP-triggered 

immunity whereby BIK1 dissociates from BAK1. Another possibility is that the detergent agents in the 

extraction buffer destabilize the interaction between BIK1 and BAK1 resulting in dissociation during 

immunoprecipitation. We cannot exclude that there is no interaction between the two proteins. 

Therefore an assay with Föster resonance energy transfer (FRET), observed by fluorescence-lifetime 

imaging microscopy (FLIM), or ratiometric bimolecular fluorescence complementation (rBiFC) might 

be an outcome to detect a weak interaction between BAK1 and BIK1 proteins in close proximity. 

 



Discussion  

17  
 

We observed that SOBIR1 constitutively interacts with BIK1, as was hypothesised. For the Co-IP, Ha 

tagged SOBIR1 of S. lycopersicum was used, since no HA-tagged Arabidopsis SOBIR1 was available. All 

the other constructs are from Arabidopsis thaliana. Liebrand et al. (2013) described that there is a 

high similarity between the coding sequence of tomato and Arabidopsis SOBIR1. Although the 

proteins are from different origin, we assume that the interaction is genuine. The role of BIK1, when 

associated with SOBIR1, cannot be elucidated by the obtained results of the Co-IP. BIK1 might act as 

a negative regulator of SOBIR1 as it does for BRI1, described by Lin et al. (2013). We hypothesise that 

BIK1 mediates immunity after phosphorylation of SOBIR1 during Cf-4/Avr4-triggered defence, same 

as FLS2/flg22-triggered defence described by Lu et al. (2010).  

A follow-up study will investigate whether BIK1 dissociates from the Cf-4/SOBIR1 complex in the 

presence of Avr4 by means of Co-IP, same way as described in Zhang et al. (2010). Next to that, it has 

to be investigated whether BIK1 is involved in defence signalling after Cf-4/Avr4 perception.  This can 

be done by performing an IP, after Avr4 induction on Cf-4-transgenic N. benthamiana, with tagged 

respiratory burst oxidase homologue D (RBOHD) and study whether tagged BIK1 co-

immunoprecipitates as described by Kadota et al. (2014). RBOHD is essential for ROS burst activation, 

which is the initial immune response against pathogens (Kadota et al. 2014; Thomma et al. 2011). 

RBOHD associate in a ligand dependent manner with FLS2 (Kadota et al. 2014). Upon flg22 binding by 

FLS2, BIK1 is phosphorylated and dissociates from the complex. Subsequently, the phosphorylated 

BIK1 binds to RBOHD followed by ROS burst activation. 

 

For many proteins, other bands were observed besides the genuine bands. A molecular weight of 

approximately 150 kDa was observed for SOBIR1-HA when co-immunoprecipitated with BIK1. This is 

double the expected size of 72 kDa.  An explanation for the different observed band could be 

degraded proteins or post translational modified proteins, like proteolytic cleavage (for smaller 

bands) or ubiquitination/glycosylation (for bigger proteins, like SOBIR-HA). Mass spectrometry on the 

bigger or smaller band might give insight in the aberrant protein bands sizes.  

The Co-IP of Cf-4/SOBIR1 shows that for a little amount of Cf-4 a substantial bigger amount of SOBIR1 

co-immunoprecipitates. These results were also observed by Liebrand et al. (2013).  The 

quantification and the function of the amount of SOBIR1 in the Cf-4 complex still remain obscure. An 

rBiFC approach with a 2in1 binary expression vector might give insight in the quantification (Grefen & 

Blatt 2012). The 2in1 vector utilizes the slit YFP complementation of two interacting proteins 

together with a monomeric RFP protein in one vector.  Expression of the genes under the same 

promoter, one could calculate the ratiometric difference between the RFP signal and complemented 

YPF signal for quantification. 

4.3 Concluding remarks  

In this research we observed by means of Co-IP that Arabidopsis BIK1 constitutively interact with 

SOBIR1. Next to that, we also observed that at least 4 BIK1 homolog in N. benthamiana are required 

for Avr4-induced HR. And that without those BIK1 homologs HR is not as absolute as in the GUS 

control. That said, we could not find a reduced HR for the putative BIK1 homolog in N. benthamiana, 

Nb42854. Nb9691 had reduced Avr4-triggered HR and exactly the same motifs as Nb42854 therefore 

we propose Nb9691 as the new BIK1 homolog in N. benthamiana.  

Silencing of the CST homolog in N. benthamiana, Nb33699, resulted in a reduced HR meaning that 

CST is required in both development and defence. Silencing of Nb45149 resulted in the least Avr4-

triggered HR among the samples. Next to that, Nb45149 is highly upregulated upon Avr4-induction 
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indicating the importance of this protein in Cf-4/Avr4-induced HR. Although different BIK1 homologs 

in N. benthamiana had a reduced HR upon Avr4 induction no complete loss of HR was observed. We 

can assume that multiple RLCKs are involved in Cf-4/Avr4-induced HR and that many RLCKs have a 

mutual function. Silencing of a single RLCK therefore does not give such a strong phenotype since the 

other RLCKs take over. These obtained results answer our hypothesis that RLCKs are required in Cf-

4/Avr4-mediated downstream signalling and that BIK1 constitutively interacts with SOBIR1. The role 

of BIK1 in Avr4-induced defence responses in the Cf-4/SOBIR1 complex remain obscure. 
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Supplementa l Data 

Supplemental Tables  
 

Sp. Table 1. List of Agrobacterium constructs. 

 

   

Code Description Agro selection

Sol5534 pTRV2-Nb165591 C58C1 kan/tet

Sol5535 pTRV2-Nb9691 C58C1 kan/tet

Sol5536 pTRV2-Nb29137 C58C1 kan/tet

Sol5537 pTRV2-Nb28219 C58C1 kan/tet

Sol5538 pTRV2-Nb58880 C58C1 kan/tet

Sol5539 pTRV2-Nb20788 C58C1 kan/tet

Sol5540 pTRV2-Nb7877 C58C1 kan/tet

Sol5541 pTRV2-Nb24800 C58C1 kan/tet

Sol5542 pTRV2-Nb29131 C58C1 kan/tet

Sol5543 pTRV2-Nb1529 C58C1 kan/tet

Sol5544 pTRV2-Nb42854 C58C1 kan/tet

Sol5545 pTRV2-Nb45149 C58C1 kan/tet

Sol5547 pTRV2-Nb1051 C58C1 kan/tet

Sol5548 pTRV2-Nb608 C58C1 kan/tet

Sol5549 pTRV2-Nb11711 C58C1 kan/tet

Sol5550 pTRV2-Nb33699 C58C1 kan/tet

Sol5009 TRV1 GV3101 kan 

Sol5010 TRV2-PDS C58C1 kan/tet

Sol5011 TRV2-GUS GV3101 kan

Sol5012 TRV2-CF4 GV3101 kan

Sol5014 pMOG800-Avr4 C58C1+ pCH32 kan/tet

Sol5015 pBIN61-35S-Avr9 GV3101 kan

Sol5018 pMOG101-35S-BAX GV3101 kan

Sol5019 pMOG800-NRC1(D481V) C58C1 + pCH32 kan/tet

Sol5030 AtFLS2-GFP GV3101 rif/gen/kan

Sol5031 AtBIK1-HA GV3101 rif/gen/kan

Sol5032 AtBIK1-GFP GV3101 rif/spec

Sol5033 AtBAK1-HA GV3101 rif/kan

Sol5034 AtBAK1-mCITRINE GV3101 rif/gen/spec

Sol5021 pBIN-KS-AtSOBIR-eGFP C58C1 + pCH32 kan/tet/spec

Sol2753 pGWB14-SLSOBIR-3HA C58C1 + pCH32 kan/hyg/tet

Sol5001 pBIN-KS-Cf-4-EGFP C58C1 + pCH32 kan/tet

Sol5003 pBIN61-GUS C58C1 + pCH32 kan/tet

Sol5004 pBIN61-P19 GV3101 kan
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Sp. Table 2. List of used primers for cloning. 

 
 

Sp. Table 3. PCR mixture for Hot Start II High-Fidelity DNA Polymerase 

 

Primer code Primer name Official name Sequence (5' Ҧ оϥύ Product size Rest enz

THO1 Fw Nb42854 Fw Niben044scf00042854 tctagaACCAGCCATTCTTTGTGACC 162 xBAi

THO2 Rv Nb42854 RV Niben044scf00042854 ggtaccactagtCTTCCGTCCGGATAGTGTGT Spei-Acc65i

THO3 Fw Nb9691 Fw Niben044scfo0009691 tctagaCTACCGAGTCAAGCAGGATATTAGA 237 xBai

THO4 Rv Nb9691 RV Niben044scfo0009691 ggtaccactagtAATCTCTTTCCTATCTGCCAGTTTT Spei-Acc65i

THO5 Fw Nb1051 FW Niben044scfo0001051 tctagaGGGTATTGCTTGGAGGATGA 235 xBAi

THO6 Rv Nb1051 RV Niben044scfo0001051 ggtaccactagtCAGCTCCAAGAGCAACCTTC Spei-Acc65i

THO7 Fw Nb28219 Fw Niben044scfo0028219 tctagaCCAGGTTTGGATGACGAAGT 158 xBAi

THO8 Rv Nb28219 RV Niben044scfo0028219 ggtaccactagtAGCCAGAGGGTTTTCAAGGT Spei-Acc65i

THO9 Fw Nb29137 Fw Niben044scfo0029137 tctagaTCAAATCAGCAGTCGCAAAC 200 xBAi

THO10 Rv Nb29137 RV Niben044scfo0029137 ggtaccactagtGAAAATAGCCCTTGGTGCTG Spei-Acc65i

THO11 Fw Nb24800 Fw Niben044scfo0024800 tctagaGGAGAGCATGGAGACAGACC 222 xBAi

THO12 Rv Nb24800 RV Niben044scfo0024800 ggtaccactagtAAGCAAGGATGGTGTCGAAG Spei-Acc65i

THO13 Fw Nb58880 Fw Niben044Scf00058880 tctagaAACCTCCTCAGACCCCACTT 183 xBAi

THO14 Rv Nb58880 RV Niben044Scf00058880 ggtaccactagtTCATGGGGAAGAAAAACCAG Spei-Acc65i

THO15 Fw Nb20788 Fw Niben044Scf00020788 tctagaAACTGGTCCAAACCCTCCTT 168 xBAi

THO16 Rv Nb20788 RV Niben044Scf00020788 ggtaccactagtTTCCATGGGATTCCAGTCTC Spei-Acc65i

THO17 Fw Nb7877 Fw Niben044Scf00007877 tctagaCGTCGATGCAATAACCAATG 186 xBAi

THO18 Rv Nb7877 RV Niben044Scf00007877 ggtaccactagtAATTGAAGCCGGAAGGTTTT Spei-Acc65i

THO19 Fw Nb29131 Fw Niben044Scf00029131 tctagaAGGTCACAAGGAGTGGTTGG 190 xBAi

THO20 Rv Nb29131 RV Niben044Scf00029131 ggtaccactagtACACCAAGAGGTGGTTGTCC Spei-Acc65i

THO21 Fw Nb37085 Fw Niben044Scf00037085 tctagaGGTTTTCAGGGTCACAAGGA 151 xBAi

THO22 Rv Nb37085 RV Niben044Scf00037085 ggtaccactagtACCAGGTTTGGATGACGAAG Spei-Acc65i

THO23 Fw Nb1529 Fw Niben044Scf00001529 tctagaCCATAAGGAGTGGCTGGTGT 171 xBAi

THO24 Rv Nb1529 RV Niben044Scf00001529 ggtaccactagtTCACCTTCCAAGCAGAATCC Spei-Acc65i

THO25 Fw Nb5787 Fw Niben044Scf00005787 tctagaTGACCAAGTTTGGATGACGA 205 xBAi

THO26 Rv Nb5787 RV Niben044Scf00005787 ggtaccactagtCTGGATCAGGACTGGGTGTT Spei-Acc65i

THO27 Fw Nb16559 Fw Niben044Scf00016559 tctagaTCCTTCAATTGCATGAACCA 237 xBAi

THO28 Rv Nb16559 RV Niben044Scf00016559 ggtaccactagtTAACTCCAATGCGGAGAACC Spei-Acc65i

THO29 Fw Nb45149 Fw Niben044Scf00045149 tctagaCATATCCAAACCCTCCCTCA 191 xBAi

THO30 Rv Nb45149 RV Niben044Scf00045149 ggtaccactagtCCCTGGCAGTGAGAGAAAAG Spei-Acc65i

THO31 Fw Nb33699 Fw Niben044Scf00033699 tctagaTCTGGGTACTCGCCAATTTC 223 xBAi

THO32 Rv Nb33966 Rv Niben044Scf00033699 ggtaccactagtTGGGACATGCAGAAAATCAA Spei-Acc65i

THO33 Fw Nb11711 Fw NbS00011711g0016 tctagaCCTTCTGGACCATCTTTTGC 182 xBAi

THO34 Rv Nb11711 Rv NbS00011711g0016 ggtaccactagtTTGCCGGTGAAACTAAATGA Spei-Acc65i

THO35 Fw Nb608 Fw NbS00000608g0110 tctagaGGCACCCACTACTCAATCGT 213 xBAi

THO36 Rv Nb608 Rv NbS00000608g0110 ggtaccactagtAAGATGGCCCAGAAGGAGAT Spei-Acc65i

Fw M13 Fw M13 pENTR-D-TOPO primer CAGGAAACAGCTATGAC

Rv M13 RV M13 pENTR-D-TOPO primer GTAAAACGACGGCCAG

Wo138 pTRV2 FW CTCAAGGAAGCACGATGAGC

Wo139 pTRV2 RV TGAACCTAAAACTTCAGACACG

Solutions  Volume  

H2O  32.5 ˃ L  

5X HF buffer  10 ˃ L  

dNTP  1 ˃ L  

Forward primer  2.5 ˃ L  

Reverse primer  2.5 ˃ L  

Template DNA  1 ˃ L  

Phusion polymerase  0.5 ˃ L  

Total  50 ˃ L  
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Sp. Table 4. PCR mixture for GoTaq G2 DNA polymerase 

Solutions  Volume  

H2O  12.5 ˃ L  

5X Dream buffer  4 ˃ L  

dNTP  0.4 ˃ L  

Forward primer  1 ˃ L  

Reverse primer  1 ˃ L  

Template DNA  1 ˃ L  

GoTaq G2 polymerase  0.2 ˃ L  

Total  20 ˃ L  

 

Sp. Table 5. TOPO-reaction  

Solutions Volume 

Purified PCR product (~30ng) 3.0   µL 

Salt 0.25 µL 

MQ 1.75 µL 

TOPO vector 0.2   µL 

Incubate at least 5min at RT. Transform to competent E.coli DH5a. 

 

Sp. Table 6. Double Digestion 

Solutions Volume 

Restriction enzymes (10U) 1 µL each 

10X buffer 5 µL 

DNA (1 µg) X µL 

MQ 43-X µL 

Incubate 1h 37 °C (depending on your enzyme(s), first check www.neb.com). 

Inactivate the restriction enzymes by heating for 20 min 65 °C. 
 

Sp. Table 7. Ligation (with T4 DNA ligase (M0202)) 

Solutions Volume 

10x T4 buffer 2.0 µL 

Vector DNA 0.5 µL 

Insert DNA 2.0 µL 

Nuclease-free water 1.5 µL 

T4 DNA ligase 0.5 µL 

Incubate O.N. at 4 °C. Transform to competent E.coli DH5a. 

 

  

http://www.neb.com/
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Supplemental Figures  

Sp. Figure 1. The BIK1 tree as provided by Michael Seidl. A phylogenetic tree built from different 

motifs found in 142 closest Arabidopsis BIK1 homologs from potato, tomato N. benthamiana and 

Arabidopsis. BIK1 from Arabidopsis is indicated by the red arrow. Yellow highlighted gene codes are 

the genes targeted for VIGS. The blue rhombus motif indicates the N-myristolation site. 
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Sp. Figure 2. Close-up of BIK tree. 4 N. benthamiana RLCKs targeted for VIGS are highlighted in yellow. The gene name of in literature described RLCKs or 

RLCK homologs are indicated on the right. The closest Nicotiana tobaccum ACIK1 homologs in N. benthamiana are Nb608 and Nb11711. Nb608 and 

Nb11711 are connected via a red arc indicating that their VIGS fragments target each other. 
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Sp. Figure 3. Close-up of BIK tree. 5 N. benthamiana RLCKs targeted for VIGS are highlighted in yellow. The gene name of in literature described RLCKs are 

indicated on the right. BIK1 of Arabidopsis is indicated by a red arrow.  Nb9691 and Nb29137 are connected via a red arc indicating that their VIGS 

fragments target each other. The blue rhombus indicates a N-myristolation site. 
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Sp. Figure 4. Close-up of BIK tree. 8 N. benthamiana RLCKs targeted for VIGS are highlighted in yellow. The gene names of in literature described RLCKs are 

indicated on the right. Nb45149 and Nb16559 are connected via a red arc indicating that the VIGS fragments target each other. In this specific case only 

Nb45149 targets Nb16559 and not the other way around. The red arc connecting Nb29131 and Nb7877 indicates that their VIGS fragments target each 

other. The blue rhombus indicates a N-myristolation site. 
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Sp Figure 5. Alignment of the BIK1 homologs selected for VIGS. Amino acid sequences aligned with ClustalW online software, standard settings. Alignment 

was analysed with Jalview online software. Different shades of blue indicate the percentage of identity between the sequences. Dark blue indicates 100% 

identity; lighter colours of blue indicate less percentage identity between the sequences until 90% identity. Below 90% identity the sequences are white. 


