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Function and Regulation of Xylem Cysteine Protease 1 and  
Xylem Cysteine Protease 2 in Arabidopsis 

 
Ihab O. Ismail 

 
Abstract 

 
A functional water-conducting system, the tracheary elements of the xylem, is required to sustain 
plant growth and development. Tracheary element formation is dependent on many biological 
processes terminated by programmed cell death and cellular autolysis. The final two processes are 
probably dependent on the activity of hydrolytic enzymes such as XCP1 and XCP2 known to be 
expressed in tracheary elements during these final two processes. Thus, the transcriptional regulation 
of XCP1 and the function of XCP2 were investigated. Qualitative and quantitative assessments of 
GUS activity as directed by various fragments of the XCP1 promoter showed that a 237-bp internal 
region was able to drive GUS expression in a tracheary element-specific manner in Arabidopsis. A 
25-bp deletion at the 3' end of this region abolished GUS expression. The 237-bp region served as 
bait in a yeast one-hybrid analysis. Screening of yeast colonies retrieved 109 putative positive 
interactions, which included a potential transcriptional regulator, indole acetic acid-induced protein 
8 (IAA8). An auxin responsive element that potentially binds auxin responsive transcription factors 
was found within the 25-bp deletion. Cis-elements were predicted by Genomatix and Athamap 
computer programs. The cis-elements form pyrimidine and gibberellic acid responsive elements that 
can potentially bind Dof and Myb transcription factors, respectively. In an independent effort, 
attempts to develop a mapping population to isolate upstream regulators of XCP1 expression did not 
succeed. Functionally, tracheary element-specific expression of XCP2 in Arabidopsis suggested a 
specialized role for XCP2 in final phases of tracheary element differentiation. The function of XCP2 
was assessed using T-DNA insertional mutants, post-transcriptional gene silencing, and through 
tracheary element-specific expression of the cysteine protease inhibitor, soyacystatin N in 
Arabidopsis. Our findings revealed that the absence of XCP2 expression due to T-DNA insertional 
mutagenesis did not affect plant growth and development in the laboratory. Soyacystatin N was an 
effective in vitro inhibitor of cysteine proteases. Plants expressing 35S-driven cytosolic form of 
soyacystatin exhibited stunting and reduced apical dominance. Plants expressing pXCP1-driven 
cytosolic soyacystatin did not differ from wild type plants. Additionally, transgenic plants 
expressing pXCP1- and 35S-directed XCP2-double-stranded RNA for the silencing of XCP2 showed 
no unusual phenotypes compared to their wild type counterparts.  
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Abstract 
 

Papain-like proteases are members of the C1A family of cysteine proteases. Xylem cysteine protease 

2 (XCP2) is a putative papain ortholog. Through specific and non-specific proteolytic activity, 

cysteine proteases have been implicated in plant defense against insects and pathogens, intracellular 

protein turnover, heterochromatin degradation, and tracheary element differentiation. Cells contain 

cysteine protease inhibitors that regulate the activity of cysteine proteases at the post-translational 

level through the formation of reversible equimolar protease-inhibitor complexes. Tracheary 

element-specific expression of XCP2 evidenced using pXCP2::GUS reporter constructs in 

Arabidopsis suggested a specialized role for XCP2 in final phases of tracheary element 

differentiation. The function of XCP2 in plant growth and development was assessed using T-DNA 

insertional mutants, post-transcriptional gene silencing, and through tracheary element-specific 

expression of the cysteine protease inhibitor, soyacystatin N in Arabidopsis. Our findings reveal that 

the absence of XCP2 expression due to T-DNA insertional mutagenesis does not affect plant growth 

and development in the laboratory. Plants expressing p35S-driven cytosolic form of soyacystatin 

exhibited stunted and reduced apical dominance. This phenotype was correlated with the presence of 

soyacystatin N by RT-PCR. The ability of soyacystatin to inhibit tracheary element proteases in vivo 

is under investigation. Plants expressing pXCP1-driven cytosolic soyacystatin did not differ from 

wild type plants. Soyacystatin N was an effective in vitro inhibitor of cysteine proteases. 

Additionally, transgenic plants expressing pXCP1- and p35S-directed XCP2-double-stranded RNA 

for the silencing of XCP2 showed no unusual phenotypes compared to their wild type counterparts.  
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Introduction 
 

Proteases are categorized according to their catalytic site amino acid residues into serine (EC 

3.4.21), cysteine (EC 3.4.22), aspartic (EC 3.4.23), and metallo proteases (EC 3.4.24) (for reviews 

see Beers et al., 2004; Grzonka et al., 2001). Aside from routine protein turnover, papain-like 

lysosomal cysteine proteases (family C1A; MEROPS peptidase database, 

http://merops.sanger.ac.uk/) play roles in disease mitigation, for example, in rheumatoid arthritis and 

muscular dystrophy, which are human diseases caused by excess proteolysis and regulated through 

natural or synthetic cysteine protease inhibitors (Turk et al., 2000; 2003). Functionally, this shift of 

cysteine proteases from catalysis of non-specific proteolysis to specific and limited intra- and extra-

cellular proteolysis appears to have been facilitated in part by evolution of gene expression pattern 

(Nägler and Ménard, 2003). Removal of intracellular content in differentiating TEs in zinnia 

suspension culture was partially blocked by cysteine protease inhibitors suggesting that cysteine 

proteases are necessary for autolysis (Woffenden et al., 1998). The papain-like vacuolar-localized 

cysteine proteases and their mammalian lysosomal-localized counterparts share structural and 

functional features. First, they share three highly conserved amino acids required for catalysis, 

cysteine Cys25, histidine His159, and asparagine Asn175 (Wiederanders et al., 2003), using the papain 

numbering system. Second, they are zymogens consisting of three domains known as the predomain, 

prodomain, and the mature domain. The N-terminal predomain (usually 10-20 aa) is the signal 

peptide required for translocation to ER lumen. The prodomain (38-250 aa) contains signals for 

translocation through the secretory pathway. The mature protein (220-260 aa) is characterized by 

two domains, L and R, of comparable sizes surrounding the active site cleft. And thirdly, the 

prodomain functions as a specific inhibitor of its corresponding mature protein. The regulatory role 

of the prodomain in inhibiting the activity of its cognate mature protein is of practical and economic 

significance especially in pest-plant interaction. There are 30 C1A proteases in Arabidopsis. The 

focus here is on two tracheary element specific cysteine proteases, XCP1 and XCP2.  

 

Cysteine proteases have been implicated in diverse plant processes. These include the 

hypersensitive response (Belenghi et al., 2003), protein turnover in germinating seeds (Cercós et al., 

1999; Taneyama et al., 2001; Sutoh and Yamauchi, 2003), senescence of anthers (Xu and Chye, 

1999) and leaves (Weaver et al., 1998) and petals (Wagstaff et al., 2002), and tracheary element 

formation (Woffenden et al., 1998; Zhao et al., 2000; Funk et al., 2002). Cysteine proteases were 
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also implicated in defense mechanisms against pests. Papain in latex exudates was found to be 

crucial in the defense mechanism of papaya (Carica papaya) against the larvae of the oligophagous 

pest Samia ricini and two other polyphagous pests Mamestra brassicae and Spodoptera litura 

(Konno et al., 2004). Konno and colleagues (2004) also found that other cysteine proteases present 

in latex exudates are highly toxic to the larvae of those pests. E-64, a low-molecular-mass inhibitor 

of cysteine proteases, also abolished latex toxicity (Konno et al., 2004). The beetle cowpea bruchid, 

Callosobruchus maculates, utilizes Cathepsin L-like cysteine proteases to invade the seeds of 

cowpea Vigna unguiculata (Moon et al., 2004). The application of dietary soyacystatin N, a 

proteinaceous cysteine protease inhibitor, in cowpea bruchid feeding bioassays initially led to an 

increase in insect mortality rate. However, increased mortaility was followed by a normal growth 

pattern suggesting that the cowpea bruchid utilized a defense strategy to overcome inhibition by 

soyacystatin N (Zhu-Salzman et al., 2003). In other feeding bioassay studies, Koiwa and colleagues 

(2000) showed that soyacystatin N was effective in inhibiting growth and development of the 

rootworm Diabrotica vergifera vergifera. Although engineering resistance based on cysteine 

protease inhibition has been attempted (Hegedus et al., 2003)  with  rice (Duan et al., 1996), tobacco 

(Johnson et al., 1989), cotton (Thomas et al., 1995), alfalfa (Thomas et al., 1994), strawberry 

(Graham et al., 1995), and poplar (Klopfensteine et al., 1993), insects were able to counteract the 

inhibitory effects of cystatins. The nature of pathogen-plant interaction is reflective of the 

antagonism between pest proteases and inhibitors and plant proteases and inhibitors.  

 

At the biochemical level, cysteine protease inhibitors act on cysteine proteases by trapping 

them in a reversible tight equimolar complex (Barrett et al., 1998; Barrett et al., 2001; Belenghi et 

al., 2003). The prodomains are natural and selective inhibitors of their cognate mature protein 

domain. They also insure proper protein folding and stabilization in alkaline and neutral conditions 

(Yamamoto et al., 2002). Amino acids in the prodomain mediate the transport of the protease to the 

lysosomes (mammals) or vacuoles (plants). Although it is possible to design synthetic peptides 

homologous to prodomain sequences, establishing inhibitory interaction in vivo is likely to be 

challenging due to requirements of colocalization with cognate proteases and stabilization of 

synthetic prodomains which may have inherently short half-lives.      
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The presence, in plants, of large multi gene cysteine proteases families suggests the presence 

of functional redundancy (Nägler and Ménard, 2003). For example, storage proteins in the 

germinating seed provide a source of reduced nitrogen for the germinating seedling. The proteolytic 

processes by which these proteins are remobilized seem to be highly specialized; for example, there 

are specialized compartments named PSVs (protein storage vacuoles), specific processing 

mechanisms, conserved storage protein types, and specific seed-type vacuolar processing cysteine 

proteases, VPEs (Muntz, 1998). Gruis and colleagues (2002) showed that the transposon-insertional 

double mutant, deficient in two major VPEs, δVPE and βVPE, still showed over 80% protein-

processing activity compared to wild-type plants, suggesting the presence of alternative and 

redundant processing activities in the seed. Subsequently, Gruis and colleagues (2004) discovered 

two additional vegetative VPEs, γVPE and αVPE and found that in a quadruple mutant deficient in 

all four VPEs exhibited lowered processing activity and accumulation of storage proteins. From a 

genetic perspective, therefore, genes of VPEs behaved as quantitative trait loci where only the 

collective effort impacted the overall phenotype.   

 

The 82% identity that the XCP1 and XCP2 prodomains share with the papain prodomain 

suggests that papain, XCP1 and XCP2 are subject to similar trafficking and regulation (Funk et al., 

2002) and perhaps perform analogous functions. The recent discovery that papain is toxic to insects 

and served as a deterrent to herbivory suggest that XCP1 and XCP2 may also serve in defense 

against insects. Papain-like enzymes are also phytotoxic as overexpression of XCP1 resulted in 

stunting, premature senescence and reduced fertility (Funk et al., 2002).  Additionally, peptidase 

inhibitor studies implicated cysteine proteases as essential catalysts in TE autolysis (Woffenden et 

al., 1998; McCann et al., 2000; Obara and Fukuda, 2004). The ectopic expression of an endogenous 

cysteine protease inhibitor inihibited oxidative- and pathogen-triggered programmed cell death, two 

processes shown to require activation of cysteine proteases in soybean cell culture (Solomon et al., 

1999). That upregulation of cysteine proteases was observed in germinating seeds implicated 

cysteine proteases in protein turnover. Thus, functions for XCP1 and XCP2 in regulation of TE 

formation, nitrogen remobilization, and defense should all be considered. As with seed VPEs, 

however, the presence of TE-specific cysteine proteases in addition to XCP1 and XCP2 can not at 

present be ruled out and may confound efforts to determine specific functions of XCP1 and XCP2.  
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Materials and Methods 
 
A1.1. XCP 2 Nucleotide and Amino-acid Sequences  
 
The nucleotide sequence and primary amino acid sequence for Arabidopsis XCP2 and the sequence 

of the putative promoter region was obtained from The Arabidopsis Information Resource (TAIR; 

www.arabidopsis.org). Information on the tracheary element specificity of XCP2 transcripts and 

pXCP2::GUS expression was reported in Zhao et al. (2000) and Funk et al. (2002), respectively. 

Phylogenetic trees showing the relationships between XCP2 and other other cysteine proteases were 

produced using Clustal W program (http://www.ebi.ac.uk/clustalw/; see also Thompson et al., 1994).   

 
A1.2. Plant Material 
 
Wild Type Arabidopsis thaliana ecotype Columbia was used as the genetic background for all 

studies discussed here. Three T3 SALK T-DNA collection seed samples (Alonso et al., 2003) were 

obtained from Arabidopsis Biological Resource Center (ABRC) at the Ohio State University, 

Columbus, Ohio. These are SALK_001772, SALK_010938, and SALK_057921. Background 

information on SALK lines can be obtained at http://signal.salk.edu/tdna_FAQs.html. pROK2 binary 

vector used for insertional mutagenesis of SALK lines (Baulcombe et al., 1986) contains NptII gene 

conferring resistance to kanamycin antibiotic. It was cautioned, however, that NptII is silenced in 

many of SALK lines (see Arciello et al., 2003). Another T-DNA line, Garlic/SAIL_1261_A12, was 

obtained from Torrey Mesa Research Institute whose T-DNA lines are currently being integrated 

into ABRC collection. For the Garlic/SAIL line, the binary vector pDAP101 was used to deliver the 

T-DNA into Arabidopsis genome. pDAP101 contains bar gene which is used as an herbicide 

selectable marker to select transformed plants. T2P WT [pXSP1::GUS] Lines were generated in our 

laboratory. The T2 WT [p35S::XCP1] line (Funk et al., 2002) is a XCP1 overexpressor used for 

testing efficacy of recombinant soyacystatin N.  

 
A1.3. Binary vectors and cDNA Library 
 
The RNAi (ds RNA) vector pFGC5941 was obtained from ChromDB 

(http://www.chromdb.org/plasmids/pFGC5941.html). The mini-binary vector pCB302 (accession # 

AF139061) was kindly provided by Dr. David J. Oliver (Xiang et al., 1999). The Expression Vector 

pET-cyshis was kindly provided by Dr. Hisasha Koiwa. The cDNA library constructed from the 
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Arabidopsis xylem (Zhao et al., 2000) was used as a template for RT-PCR and ds RNA vector 

construction. 

 
A1.4. Integration of T-DNA into Arabidopsis Nuclear Genome 
 
The DNA fragments to be analyzed in planta were obtained using standard recombinant DNA 

techniques, transferred to a suitable intermediate vector, and then cloned into its final recipient 

binary vector. Details regarding specific constructs are provided below. Final DNA integration into 

plants was mediated by Agrobacterium tumefaciens strain GV3101.   

 

A1.4.1. Transformation of Escherichia coli strain DH5α cells and Agrobacterium tumefaciense 
strain GV3101 with plasmid DNA 
 
Preparation and heat-shock transformation of competent DH5α cells were conducted as described in 

Sambrook et al. (1989). Preparation of Agrobacterium competent cells was done according to TAIR 

protocols (http://www.arabidopsis.org/info/). Freeze-thaw transformation of Agrobacterium with 

plasmid DNA was done according to Chen et al. (1994).  

 

A1.4.2. Arabidopsis Preparation, Transformation and Selection of T1 Transgenic Plants 
 
Seeds of Arabidopsis thaliana were sown on 4”x 4” pots containing Sunshine potting media [Sun 

Grow Horticulture Distribution Incorporated, Bellewest, WA] covered with thin layer of moist 

vermiculite [Shundler, Metuchen, NJ]. Plant number per pot was between 10-15 plants. Pots were 

covered with a thin plastic film, vernalized at 4oC for 4 days in the dark, and placed in 25oC away 

from direct light until germination was observed. Pots were uncovered and placed under continuous 

light with intensity ranging from 16-20 µmol sec-1 m-1 [LI-250 meter with Quantum sensor, LI-Cor]. 

Seedlings were fertilized weekly as described in Beers et al. (1992). CONSERVE and AVID were 

used when necessary to control insects and spider mites, respectively, according to the suppliers’ 

recommendations. A floral dip method was used for all plant transformation experiments (Clough 

and Bent, 1998) which was modified from Bechtold et al. (1993). Selection of transformed plants 

was done by spraying 10-day-old and 21-day-old T1 plants with Finale® Herbicide (0.03% final 

concentration of active ingredient Glufosinate-ammonium).  
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A1.5. Rapid Genomic DNA extraction and Sequencing Reactions 
 
Genomic DNA was extracted from the two oldest rosette leaves (four-leaf stage) or 3-4 floral bud 

clusters using the rapid CTAB method described by Murray and Thompson (1980). The only 

modification was the addition of 3 µl 10 mg/ml RNase-H after the tissue homogenization step to 

remove contaminating RNAs. DNA was quantified by spectrophotometer and its quality was 

assessed by running a 10-µl aliquot on an ethidium-bromide impregnated agarose gel. Between 100 

and 500 ng of DNA was normally suitable for downstream PCR amplification. Sequencing of inserts 

was conducted by the VBI core lab and University of California Davis Sequencing facility, Davis, 

CA (www.davissequencing.com).   

 
A1.6. Genotyping and Sequencing of T-DNA/gDNA Junction 
 
A1.6.1. Garlic/SAIL 1261-A12  
 
PR13 (TTACCTCTGACCCAGACAGA) and PR14 (GGCAAGAGCAAAACAGAGGA) were 

designed to flank the putative T-DNA location. PR15 (TTCATAACCAATCTCGATACAC) was 

specific to left-border T-DNA of pDAP101 binary vector. PCR reactions were conducted using the 

primer pairs PR13/PR14, PR13/PR15, PR14/PR15 on gDNA of herbicide resistant plants. The PCR 

product amplified by PR14/PR15 was TA-cloned into the pGEM to construct plasmid P1010. 

Sequencing of that plasmid was conducted using T7 and SP6 sequencing primers endogenous to 

pGEM.  

 
A1.6.2. SALK_ 010938 
 
Primers PR17 (AGACACTGTAAGATGCTGATCA) and PR18 (TGTGACAGGAAACTTGA-

CAACAT) were designed to flank the putative T-DNA location. PR16 (GCGTGGACCGCTTGC-

TGCAACT) was specific to left border T-DNA. PCR primer, PR19 

(TCAAGATCAACCCCGCACCGC) was more compatible to PR16 than PR18. PCR reactions were 

conducted using the following primer pairs PR17/PR18, PR16/PR19 on gDNA of three plants of this 

line, designated S010938-1 through S010938-3. PCR product from PR16/PR19 reaction was TA-

cloned into pGEM to construct plasmid P1013. Sequencing was conducted using SP6 and T7 

sequencing primers endogenous to pGEM and PR19 endogenous to XCP2.  
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A1.6.3. SALK_057921 and SALK_001772 
 
SALK_057921 PCR reactions were conducted using the primer pair PR13/PR16 on pooled gDNA 

from six plants. The PCR product was TA-cloned into pGEM to construct plasmid P1018. 

Sequencing was conducted using T7 sequencing primer endogenous to pGEM. SALK_001772 PCR 

reactions were conducted using the primer pairs PR18/PR17and PR18/PR16.  

 
A1.7. Phenotypic Evaluation of T-DNA Lines  
 
Plants grown from SALK and Garlic/SAIL seeds were compared to WT in soil and in vitro. 

Evaluations were repeated two to three times under similar conditions to see if phenotypes were 

reproducible. Root morphology of T5 SALK_010938-2 seedlings was observed in vitro under 

different physiological stresses. Optimal media was prepared according to López-Bucio et al. (2002; 

2003) and Linkohr et al. (2002) with necessary modification to prepare starvation media lacking 

nutrients to be tested.  

 
A1.8. Development of XCP2 Antibodies and Immunoblot Analysis of The homozygous T4 
SALK_010938-2 
 
Sequences corresponding to three regions of XCP2, PRXCP2, MXCP2, and PRMXCP2 were selected 

to develop PRXCP2ab, MXCP2ab, and PRMXCP2ab, respectively. Using WT xylem cDNA library 

(Zhao et al., 2000) each region was amplified and cloned into pTrcHis expression vector (TOPO® 

TA Expression Kit). The PRXCP2 region was amplified by PR60 

(TACTCCATCGTTGGATACTCC) and PR61 (AGCGAACTCTGCGTAAGATCTT). The MXCP2 

region was amplified by PR62 (GACTATGCCTTTGAGTACATT) and PR63 (AAGACCAA-

CCCCGCACCGC). The PRMXCP2 region was amplified by PR60 and PR63. Purification of 

proteins was carried out following the Qiagen Ni-NTA affinity purification manual under denaturing 

conditions. The purified proteins were resolved using SDS-PAGE and the bands corresponding to 

the expected molecular mass of the immunoreactive protein were excised, digested in-gel with 

modified trypsin and the trypsinized polypeptide was analyzed by MALDI-MS. XCP2 identity was 

confirmed by searching PepIdent (http://www.expasy.org/tools/peptident.html) program. 

Corresponding positively-identified polypeptides were sent to Cocalico Biologicals Inc, Reamstown, 

PA (http://www.cocalicobiologicals.com/) for antibody production in rabbits. 
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Fifty mg of T4 SALK_010938-2 underground or above ground tissue was homogenized in protein 

extraction buffer [100 mM Na2HPO4 pH 7.2, 7 mM β-merceptaethanol] on ice using a 4:1, 

buffer:tissue (vol:weight). The difficult-to-homogenize woody tissues were powdered in liquid 

nitrogen prior to homogenization in the buffer. Quantification of proteins was conducted using the 

BCA assay according to Sigma’s instruction manual. Immunoblots were prepared according to 

Woffenden et al. (1998) using PRXCP2ab, MXCP2ab, or PRMXCP2ab as indicated in the figure 

legends.  

 
A1.9. Post-transcriptional Gene Silencing  
 
A1.9.1. Histochemical Analysis of GUS Activity  
 
One-week-old roots and/or newly-emerged true leaves were submerged in GUS histochemical 

staining buffer (100 mM Na2HPO4 pH 7.0, 10 mM EDTA pH 8.0, 0.5 mM K4Fe(CN)6, 0.5 mM 

K3Fe(CN)6, 0.1% Triton X-100, 1 mM filter-sterilized X-Glu). Contents were vacuum infiltrated for 

10 min at room temperature and incubated at 37oC until blue stain was observed. Different staining 

buffers were used (Stomp, 1992; Malamy and Benfey, 1997; Oono et al., 1998). They differ in their 

ability to minimize leakage and/or intensity of GUS expression thus better reflecting the cell-type 

localization of GUS expression.  

 
A1.9.2. Construction of pXCP1::GUS ir and p35S::GUS ir 
 
PCR primers PR22 (TCTAGAGGCGCGCCCACCGTGGTGACGCATGT) and PR23 

(GGATCCATTTAAATGCCTCTTCGCTGTACAGT) were designed to amplify a fragment in GUS 

coding region using pBI121 (Jefferson et al., 1987) as a DNA template. The PCR product was TA-

cloned into pGEM to construct plasmid P1014. An AscI-SwaI restriction digest of P1014 DNA 

released a ‘sense’ GUS fragment which was cloned into compatibly digested pFGC5941 to construct 

P1017. A BamHI-XbaI restriction digest of P1014 released an ‘antisense’ GUS fragment which was 

cloned into compatibly digested P1017 to construct P1020 (i.e. p35S::GUS ir). pFGC5941 was also 

modified to include pXCP1 instead of p35S. The pXCP1 was released by an EcoRI-NcoI digest from 

a previously made cloning vector and was subcloned into compatibly digested pFGC5941 to 

construct P1001. The GUS sense and antisense fragments were released as described earlier from 

P1014. The GUS ‘sense’ fragment was cloned into P1001 to construct P1016. The GUS ‘antisense’ 

fragment was cloned into P1016 to construct P1021 (i.e. pXCP1::GUS ir).  
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A1.9.3. Construction of pXCP1::XCP2 ir and p35S::XCP2 ir 

  
The pFGC5941 binary vector containing two 513-bp inverted repeats of of the XCP2 coding region 

was previously constructed (p35S::XCP2ir) using PR59 (TCTAGAGGCGCGCCGACA-

GGAAACTTGACAACATTGTC) and PR 58 (CTGGATCCATTTAAATGCCATCTTGTTG-

ATTCCACAG). The 513-bp internal fragment was selected for maximum identity shared with 

XCP1 so that simultaneous silencing of both XCP1 and XCP2 would be accomplished. The 2.3 kb 

fragment containing the two inverted repeats and CHSA intron was released as an XbaI-NcoI 

fragment and was subcloned into P1001 to construct P1002 (i.e. pXCP1::XCP2ir). Both binary 

vectors were used to transform WT plants. Sequencing of binary vectors was conducted at the Davis 

Sequencing facility using CHSA specific primers PR09 (CTTTCTACCTTCCCACAATTCG) and 

PR10 (TACTTACACTTGCCTTGGAGT).     

 
A1.9.4. Evaluation of GUS Silencing Using pFGC5941 
 
Histochemical staining of GUS expression was conducted on all bar+ T1 plants that were developed 

from the T2P pXSP1::GUS [p35S::GUS ir] and T2P pXSP1::GUS [pXCP1::GUS ir]. The staining 

results were compared before and after transformation to assess the efficiency of silencing. WT 

[pXCP1::XCP2 ir] and WT [p35S::XCP2 ir] bar+ T1 plants were evaluated by initially comparing 

them to non-transformed WT plants.  

 
A1.10. Studies on Soyacystatin N in Arabidopsis  
 
A1.10.1. Purification of Soyacystatin N 
 
The pET-cyshis (Koiwa et al., 1998) was transformed into E. coli DH5α cells.  A 250 ml LB culture 

of bacterial cells was prepared. Expression was induced using 1 mM IPTG and growth was allowed 

to continue for 4 h at 37oC after which cells were harvested by centrifugation at 4000 xg for 20 min. 

The supernatant was discarded and the pellet was stored at -80oC until the next step. Cells were 

thawed for 15 min on ice and suspended in lysis buffer (50 mM NaH2PO4 , pH 8.0, 300 mM NaCl). 

Sonication on ice was conducted using 6, 10-sec bursts at 200-300 Watts with at least 30-sec cooling 

time between each burst. Lysates were centrifuged at 10,000 xg for 30 min at 4oC. The supernatant 

from the lysate was applied to a purification column containing Ni-NTA-agarose equilibrated with 

lysis buffer at pH 8.0. Three washes were conducted: wash 1, 5 ml of pH 8.0 lysis buffer; wash 2, 5 
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ml of pH 6.0 lysis buffer; wash 3, 5 ml of pH 5.0 lysis buffer. Purified 6x His-tagged cystatin was 

eluted in 2 ml of pH 4.5 lysis buffer containing 10 µM of β-mercaptoethanol. After elution, 100 µl 

of 1 M Tris pH 8.0 was added to adjust the pH to 7.0. The purified cystatin was stored at -20oC.  

 
A1.10.2. In vitro activity gel assay to assess effects of soyacystatin N on activity of XCP1 
 
Fifty mg of xylem tissue from 8-week-old root hypocotyls and 50 mg of leaves from 4-week-old WT 

[p35S::XCP1] plants were homogenized in extraction buffer [50 mM Na2HPO4 pH 7.2, 7 mM β-

merceptaethanol, 20 µM LPP] using a 10:1 buffer:tissue (vol:weight) ratio. Samples were 

centrifuged at 12,000 rpm at 4oC for 15 min. The Supernatant was carefully transferred to a new 

tube and placed on ice for protein quantification. The activity gels were prepared as described in 

Beers and Freeman (1997).   

 
A1.10.3. Construction of p35S::cyshis and pXCP1::cyshis in pCB302 Minibinary Vector  
 
The expression vector pET-cyshis served as a template for the amplification of a fragment containing 

soyacystatin N along with C-terminal 6x HIS tag (cyshis) using the PCR primers PR27 

(TTAATACGACTCACTATAGGG) and PR33 (AGATCTTGTTAGCAGCCGGATCTCA). The 

amplified PCR product contains the endogenous NcoI restriction site corresponding to the first ATG 

of the soyacystatin N coding region. PCR product was then TA-cloned into pGEM to construct 

P1023. The presence of cyshis was verified by sequencing using SP6 primer endogenous to pGEM. 

P1023 served as a template to release an NcoI-BglII fragment containing cyshis. The GFP coding 

region was removed from the modified (Funk et al., 2002) pAVA120 (von Arnim et al., 1998) 

expression vector by NcoI-BglII digest. The linearized pAVA120 was used as an intermediate vector 

to receive the NcoI/BglII cyshis fragment, which led to the construction of plasmid P1025. P1025 was 

digested with PstI to release a p35S-cyshis-Terminator fragment. This fragment was ligated to a 

dephosphorylated PstI-linearized pCB302 to construct P1027 (p35S::cyshis). NcoI/PstI cyshis-

Terminator fragment from P1025 was inserted in NcoI/PstI-linearized V1009, a pCB302-

pXCP1::GUS vector (Kositsup, 2000). This led to the construction of P1026 which contains pXCP1- 

cyshis -Terminator (pXCP1::cyshis).  
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A1.10.4. Sequence assessment and analysis of the soyacystatin N fragment 
 

pET-cyshis was sequenced using T7 sense primer endogenous to the vector. P1023 was sequenced 

using SP6 primer endogenous to pGEM. P1026 and P1027 were sequenced using PR33. Restriction 

digests (not shown) verified the orientation and the expected transcriptional fusions with 

corresponding promoter sequences. The ORF was verified through DNASTAR software. BLAST P 

(Altschul et al., 1990) was used to confirm homology with soyacystatin from Glycine max. 

Conserved Domain search was conducted to confirm that the sequence contains the expected domain 

of soyacystatin N, which inhibits papain and papain-like cysteine proteases 

 
A1.10.5. Phenotypic analysis of T1 and T2 plants 
 
The bar+ T1 plants from WT [p35S:: cyshis] and  WT [pXCP1:: cyshis] were compared to wild types 

plants and were categorized based on any apparent mutant phenotypes. T2 plants from each putative 

mutant were retested for the phenotype.   

 
A1.10.6. Reverse transcription PCR 
 
Total RNA was isolated from above ground tissue of T2P WT [p35S:: cyshis] plants according to 

RNeasy® Plant kit. First strand cDNA was synthesized according to RETROscript™. Wild type 

gDNA was prepared using QIA Plant® DNA kit. PCR was conducted using PR54 

(ATGTGCATGGAGCTGCCAAC) and PR55 (CACATTGACTGGCTTGAATTCT), which are 

internal to cyshis sequence. Actin coding region was amplified using the primers PR 56 

(CTGACTCATGGTACTCACTC) and PR 57 (GGCCGATGGTGAGGATATTC) and was used a 

positive control for RT-PCR.   
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Results 
 
B1.1. XCP 2  
 
XCP 2 (XCP2) is located on chromosome 2 of the Arabidopsis genome (At2g20850). Its paralog, 

XCP1, is located on chromosome 4 (At4g35350). These proteases belong to the C1A family of 

papain-like cysteine proteases whose predicted function is hydrolysis of peptide bonds. At the 

amino acid level, XCP1, XCP2, and papain (Figure 1-1) share higher identity (82%) within their 

prodomains compared to their mature domains (a minimum of 44%). The apparent preservation of 

high identity among these prodomains suggests similar regulation and localization and perhaps 

function for these proteins. Although specific substrates for XCP1 and XCP2 are not known, their 

expression during the late stages of TE differentiation suggests they may be required in hydrolyzing 

TE protoplast proteins specifically during the autolysis phase (Funk et al., 2002).     

      Mature Protein               Prodomain 

           
 

Figure 1-1. Phylogenetic trees of all Arabidopsis C1A proteases and the archetypical C1A protein, 
papain. XCP1, XCP2, and papain mature domains are more divergent (left panel) compared with the 
prodomains (right panel).  
  

Gene structure of XCP2 comprises a 1.89 kb 5' region upstream of its initiator methionine, four 

exons, three introns, and a 3' UTR (TAIR database; www.arabidopsis.org). The four exons, which 

extend for 1071 bp, encode a 357-amino- acid preproprotein (polypeptide molecular mass of 39.7 

kD) comprised of three domains (Fig. 1-2A). The N-terminal predomain is the 28- amino- acid 
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signal sequence for targeting into the secretory pathway (Fig. 1-2B). The second domain, a 108-

amino-acid prodomain contains the ERFNIN motif (Karrer et al., 1993) found to be conserved in 

papain, XCP1, and XCP2 sequences (Zhao et al., 2000). Prodomains ensure proper protein folding 

and stabilization of proteins in alkaline and neutral conditions (Yamamoto et al., 2002) as well as 

exerting inhibitory effects on the activity of their cognate mature protein (reviewed by Abrahamson 

et al., 2003). The third domain is the mature domain which consists of 221 amino acids (predicted 

molecular weight 23.8 kD) and includes the catalytic dyad Cys25 and His159 according to papain 

numbering (Fig. 1-2B).  

 

 

 A  
 
  

 
 
 
 
 B 
 
  
 
 C 
  
Figure 1-2. An overview of the gene and protein structures of XCP2 as they relate to T-DNA insertional 
mutants and post-transcriptional gene silencing analyses. A, Gene structure of XCP2 is represented by a 1.89 
kb 5' upstream putative promoter, a 25-bp 5' UTR, a 4-exon and a 3-intron region spanning from the 25- to 
1354-bp, and a 191-bp 3' UTR. B, The four exons encode a 357 amino-acid preproprotein (green boxes). 
Catalytic dyad Cys25 and His159 (papain numbering) are located in mature domain whereas the ERFNIN motif 
is located in the prodomain. The sequence bordered by blue lines was selected for construction of inverted 
repeats of XCP2 for silencing experiments. C, The four T-DNA lines used in T-DNA insertional mutagenesis 
studies. Putative locations of T-DNA inserts are represented by black asterisks whereas their verified 
locations based on sequenced junctions are represented by orange asterisks. T-DNA insertion in 
SALK_001772 was not evident from our results.   
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The 1.89 kb pXCP2 was able to drive GUS expression in TE of the roots and leaves of Arabidopsis. 

Funk et al. (2002) showed the TE-localized expression of GUS at the whole leaf level (Fig. 1-3A) 

and in the root secondary xylem tissue (Fig. 1-3B). Figure 1-3C confirms that pXCP2 directs GUS 

expression specifically in differentiating TE. GUS expression was observed at various stages of 

Arabidopsis development such as two-day-old roots, young true leaves at the two-leaf stage, young 

stem sections, and buds of emerging flowers (data not shown). Establishing an efficient and 

reproducible technique to study TE-specific GUS expression is challenging because of the 

discontinuous nature of TE differentiation in vivo. Thus, repeated testing of transgenic plants using 

different biological samples at different developmental stages was necessary to produce a fair 

representation of GUS activity in plants.    

 

                                                
    A                                                           B                                                                C  
 
Figure 1-3. The promoter of XCP2 directs GUS expression in TE of Arabidopsis roots and leaves. A, GUS 
expression directed by pXCP2 at the whole leaf level is observed at localized areas within the vascular tissue 
(Funk et al., 2002). B, A free-hand transverse section of root tissue showing that GUS expression is activated 
in the TE of the secondary xylem (Funk et al., 2002) by pXCP2. C, A macerated root whole mount from a 10-
day-old seedlings showing GUS expression in differentiating TEs. Bars = 20 µm.  
 
 
B1.2. Analysis of GARLIC/SAIL 1261_A12 
 
B1.2.1. T-DNA Verification 
 
According to sequences obtained from Torrey Mesa Research Institute, Garlic/SAIL line 1261_A12 

contained a T-DNA insertion in the XCP2 promoter. To identify the location of the T-DNA 

insertion, two T-DNA flanking primers, PR13 and PR14, and one left-border specific primer, PR15, 

were used on gDNA of herbicide-resistant plants (Fig. 1-4). 
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                                                1     2       3            4       5    6    7  

                                                              
A 
 
                         

 
 
      

 
  

PR13/PR14 = 500 bp 
PR18/PR19 = 590 bp 
PR17/PR18 = 760 bp 
PR15-LB ~255 bp 

                                  T-DNA/WT Hemizygous Garlic/SAIL Line 
                                       
                               

        PR15                                                                                             PR14     
                                                  
 
                               TA site                 Junction                                                                      TA site    
                                  
B  Garlic/SAIL 1261_A12 T-DNA/gDNA Fragment in pGEM 
 
Figure 1-4. Genotyping and sequence analysis of Garlic/SAIL 1261_A12 T3P plants. A, Gel 
electrophoresis of PCR products. Lanes 1, WT PR18/PR19; lane 2, WT PR13/14; lanes 3 and 4, 100-bp 
ladder (Promega); lane 5, Garlic PR13/PR14; lane 6, Garlic PR13/PR15; lane 7, Garlic PR15/PR14. B, 
Schematic of pGEM cloning site containing T-DNA/gDNA fragment of Garlic/SAIL 1261_A12 
derived from sequence analysis using SP6 primer. Region of TA site in pGEM is represented by filled 
box. Region containing the junction between the T-DNA and gDNA is represented by patterned box. 
Box shows expected size of the PCR product when amplified by the given primers. Broken lines 
connect PCR primers with products visualized on ethidium-bromide stained agarose gel (A) or 
schematic if cloned T-DNA/gDNA junction (B).  
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The PCR program used a 1-min extension time sufficient to amplify up to 1000 bp fragment but not 

the T-DNA. Figure 1-4A shows that PR18/PR19 primer combination was able to amplify a “wild-

type” XCP2 fragment of approximately 590 bp. The presence of T-DNA insertion was confirmed by 

the amplification of approximately 600-bp fragment (Fig. 1-4A, lane 7). The PR13/PR14 primer 

combination was able to amplify an XCP2 wild-type fragment (Fig. 1-4, lane 1). PR15/PR13 did not 

amplify any PCR fragment (Fig. 1-4A lane 6), thus confirming orientation of the T-DNA insertion in 

XCP2 promoter region. The Garlic/SAIL 1261_A12 [PR14/PR15] was cloned into pGEM and was 

subsequently sequenced using SP6 primer endogenous to pGEM (Fig. 1-4B). Sequence analysis 

verified that the T-DNA/gDNA junction was located in the XCP2 promoter region. This finding was 

in agreement with the sequence information initially provided by Torrey Mesa Research Institute 

(Fig. 1-2C). 

 

B1.2.2. Garlic/SAIL 1261_A12 T-DNA line expresses XCP2 at normal levels and their initial non-
wild-type phenotype was not reproducible      
 
Selfed progeny from herbicide resistant plants were divided into two main groups. The first was a 

group characterized by yellowing (Y) of the first two young true leaves at the two-leaf stage of plant 

development. At the same developmental stage, the other group was similar to WT plants with green 

(G) young true leaves (Fig. 1-5A). This phenotype was repeated only once in soil but was not 

reproducible thereafter. Western analysis of Y, G, and WT plant protein extracts using antibody 

raised against the proprotein (prodomain plus the mature domain), PRMXCP2, detected three bands 

at the 45kD, 36kD, and less than 29kD molecular weight in all three protein samples (Fig.1-5B and 

1-5C). A Reverse transcription PCR reaction conducted on Y (Fig. 1-5D), G, and WT (not shown) 

using the exon specific PR18/PR19 primer combination showed an expected cDNA fragment of less 

than 400 bp. No DNA contamination was evident in this experiment (data not shown). It is evident 

from this analysis that there is no mutant phenotype associated with the Y plants because the T-DNA 

insertion in the promoter region did not affect XCP2 at the RNA and protein levels or because the 

plants were not homozygous for the T-DNA. This line was not investigated any further. SALK lines 

with predicted T-DNA insertion in exons of XCP2 became available and they were investigated as 

described below.  
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 G              Y               WT  G    Y            kD    WT    G      Y         1   2   3   4 

                                     
              A               B      C                            D 
 
Figure 1-5. Phenotypic, Western, and RT-PCR analyses of T3P Garlic/SAIL 1261_A12 Plants. A, T3P plants 
derived from Garlic/SAIL 1261_A12 initially showed the yellowing (Y) phenotype represented in upper 
panel as well as wild type-like green (G) phenotype (lower panel). B, SDS-PAGE of proteins extracted from 
above-ground tissue of two week-old seedlings from Y, G, and WT seedlings (WT). C, Western analysis 
using PRMXCP2ab. D, RT PCR; lane1, 100-bp ladder (Promega); lane 2, Garlic cDNA from Y plants with 
PR18/PR19 showing a less than 400-bp band; lane 3, RT-PCR with no reverse transcriptase; lane 4, RT-PCR 
with no template.    
 
 
B1.3. Analysis of SALK_010938 
 
B1.3.1. T-DNA Verification 
 
Genomic DNA from three plants of T3 SALK_010938 was extracted. To identify location of T-

DNA, primers flanking the putative T-DNA location, PR 18 and PR17, and the left border specific 

primer, PR16, were used. The PCR program used 1-min extension time sufficient to amplify up to 

1000-bp fragment but not the T-DNA fragment. Three plants were analyzed. Figure 1-6A (lanes 9, 

10, and 11) showed that the T-DNA insertion was present in all three individual plants since the 

bands were amplified using PR16/PR19 primer combination. The PCR band was cloned into pGEM 

and its sequence was analyzed (Fig. 1-6B). Sequence analysis confirmed the presence of T-DNA 

insert in intron 2 of XCP2. PR18/PR17 combination did not amplify a band from SALK_010938-1 

and SALK_010938-2, but it did amplify a band in SALK_010938-3 (Fig. 1-6A, lanes 3, 4, and 5). In 

wild type plants (Fig.1-6A, lane 2), the proximity of PR18 and PR17 to each other was compatible 

with 1-min extension time, thus a band was amplified. Similarly, in hemizygous plants where one 

chromosome was a ‘wild-type’ a band was also amplified using  
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              1    2    3    4     5    6                     7    8    9  10  11  12              13  14 

                                     
 
A    

   
   Wild Type Chromosome (No T-DNA)    

 
 

 
 

 
            
 
           PR19                                                             PR16 
        
 
                                         Junction                    TA site 
 
             SALK 010938 T-DNA/gDNA Fragment in pGEM 
 B 
Figure 1-6. PCR genotyping on SALK_010938 T3 plants and sequencing of T-DNA/gDNA junction. 
A, Gel electrophoresis of PCR products. Lanes 1, 7, and 13, 100-bp ladder. PR18 and PR17 were used 
on the following templates: 2, WT;  3, SALK_010938-1; 4, SALK_010938-2; 5, SALK_010938-3; 6, 
no template. PR16 and PR19 were used on the following templates: 8, WT; 9, SALK_010938-1; 
10,SALK_010938-2; 11, SALK_010938-3; 12, no template. 14, PR18 and PR16 were used on 
SALK_010938-3. B, Schematic of pGEM cloning site containing the T-DNA/gDNA junction of 
SALK_010938-2 derived from sequence analysis using primer PR19. T-DNA was inserted in intron 2 
of XCP2. An inverted T-DNA may also be present. Region of TA cloning in pGEM is represented by 
filled box. Region containing the junction between the T-DNA and gDNA is represented by patterned 
box. Numbers on side of gel show the sizes of fragments. Box shows expected size of the PCR product 
when amplified by the given primers. Broken lines connect PCR primers with products visualized on 
ethidium-bromide stained agarose gel (A) or schematic of cloned T-DNA/gDNA junction (B). Numbers 
on left of the gels show the size of the DNA standard band.  
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PR18/PR19 (Fig. 1-6A, lane 5). In T-DNA homozygous plants lacking ‘wild-type’ chromosomes, 

the T-DNA expands the distance between PR18 and PR17 far enough to prevent amplification under 

1-min extension time. Thus a band was not amplified. An unexpected 300-bp fragment was 

amplified by PR18 and PR16 using gDNA of SALK_010938-3 (Fig.1-6A, lane 14 and Fig. 1-6B) 

and SALK_010938-2 (not shown). Thus the left border primer, PR16, served alternatively as a 

‘sense’ and ‘antisense’ primer suggesting the presence of inverted T-DNA insertion (Fig. 1-6B) in at 

least these two plants. Although the PCR fragment was not sequenced, the predicted location based 

on the size of PCR products is likely to interrupt intron 2 as well (see Fig. 1-6B). Sequence analysis 

(Fig. 1-6B) of SALK_010938 [PR16/PR19] PCR fragment showed that the T-DNA/gDNA border 

was in intron 2 of XCP2. This finding was in disagreement with the sequence information provided 

by ABRC (Fig. 1-2C).    

 
B1.3.2. XCP2 was not detected in the SALK_010938-2 protein extract 
 
The results of western analysis using PRXCP2ab on proteins extracts from roots and leaves of T4 

SALK_010938-2 homozygous plant (T-DNA/T-DNA) are presented in Figure 1-7. Bands of slightly 

less than 45 kD (PRXCP2) were detected in leaves and roots of WT plants, which were the genetic 

background used in all SALK T-DNA insertion lines. These bands, however, were not detected in T-

DNA homozygous knockout lines. Although XCP2 expression was abolished, there were no 

observable differences at the phenotypic level between the WT and SALK plants (not shown) under 

our normal laboratory conditions. 

                                                  
        kD 
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Figure 1-7. Immunoblot analysis using 
PRXCP2ab on protein extracts from roots and 
leaves of T4 SALK_010938-2 homozygous 
plants. W, Columbia wild type plants. S, Salk 
line.   
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B1.3.3. In vitro starvation experiments on SALK_010938 
 

T4 plants were allowed to set seed to generate the T5P generation. Western analysis on T5P plants (not 

shown) confirmed the results obtained earlier (Fig. 1-7). T5P seeds were used in series of in vitro 

nutrient starvation experiments to see whether a non-wild type phenotype could be produced under 

various physiological stresses. Physiological stress was imposed by eliminating N source, P source, 

C source, or a combination of all. Pilot experiments using WT seedlings revealed signs of stress (e.g. 

anthocyanin production, yellowing of leaves, stunted growth) when grown on starvation media. 

Normal plant growth was observed in optimal media. Fourteen-day old T5P (Fig. 1-8A) and WT 

(Fig. 1-8C) seedlings grown on optimal germination media showed no signs of stress and root and 

leaf development followed a typical Arabidopsis growth pattern. On media lacking a nitrogen 

source, the number and length of lateral roots appeared normal in T5P seedlings (Fig. 1-8B) but 

drastically decreased in WT seedlings (Fig. 1-8D). Although these results were observed in all 

replications of this experiment, they were not reproduced in subsequent trials. Evaluation of seven-

day old seedlings of WT, T5P, and T4 SALK_057921 grown on optimal medium (Fig. 1-8E) and 

medium lacking nitrogen (Fig. 1-8F) showed no phenotypic differences in the roots or leaves. 

Carbon and phosphate starvation experiments (not shown) were conducted in a similar manner to 

that for nitrogen starvation experiments. No phenotypic differences were observed between WT and 

SALK seedlings tested.  
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 C                                                                D 

                
 E            F 
  
 
 
 
Figure 1-8. In vitro nitrogen starvation experiments with Arabidopsis T5P SALK_010938-2 homozygous 
line compared to its wild type genetic background Columbia and another allelic T-DNA insertion T4 
SALK_057921. A and C, Effects of optimal germination media on fourteen-day old seedlings of T5  
SALK_010938-2 (A) and WT (C). B and D, Effects of germination media lacking nitrogen source on ten-
day old seedlings of T5  SALK_010938-2 (B) and WT (D) on germination media lacking nitrogen. E and F, 
Two representative experiments showing 10-day old seedlings of T4 SALK_057921 (seedling 1), T5P  
SALK_010938-2 (seedling 2), and WT (seedling 3) growing on normal germination media (E) and on 
germination media lacking nitrogen (F).   

 
 

     1      2      3      1     2     3        1      2               3     1     2   3   



 24

B1.4. Analysis of SALK_057921  
 
B1.4.1. T-DNA Verification 
 
Eighteen plants were grouped into three six-plant pools and gDNA was prepared from these pools. 

Based on PCR results, all pooled DNA contained a T-DNA insertion (Fig. 1-9A lanes 2, 3, 4). 

Primers flanking the T-DNA insertion were able to amplify a wild-type fragment (not shown) 

suggesting that T-DNA insertion is hemizygous (T-DNA/WT). Sequence analysis of the PCR 

product showed that T-DNA insertion interrupts the first asparagine (N) residue in the ERFNIN 

motif in exon 1. The results are in agreement with sequence information obtained from ABRC in 

that the T-DNA is in exon 1 of XCP2.  None of the plants tested were homozygous for the T-DNA. 

T3 plants did not reveal phenotypic differences when compared to WT plants.   

      1        2        3        4       5      

   
 A 

 
T-DNA/gDNA Junction in SALK 

                               PR13                                                                                                                     PR16 
                
 
                                  TA site                                                                              Junction                   TA site          
 B   T-DNA/gDNA Fragment of SALK_057921 in pGEM 
  
Figure 1-9. PCR genotyping of T3P SALK_057921 plants. A, Gel electrophoresis of PCR products. Lanes 1, 
no template PR13/PR16; 2, Plant pool I gDNA PR13/PR16; 3, Plant pool II gDNA PR13/PR16; 4, Plant pool 
III gDNA PR13/PR16; 5, The 100-bp ladder. B, Schematic of gDNA/T-DNA junction in SALK_057921. 
Region of TA cloning in pGEM is represented by filled box. Region containing the junction between the T-
DNA and gDNA is represented by patterned box. Sequencing using T7 primer showed that the T-DNA 
derived from pROK2 binary vector was inserted in exon 1 interrupting the ERFNIN motif. Box shows 
expected size of the PCR product when amplified by the given primers. Broken lines connect PCR primers 
with products visualized on ethidium-bromide stained agarose gel (A) or schematic of cloned T-DNA/gDNA 
junction (B).Number on right of gel is the size of DNA standard band.  
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B1.5. Analysis of SALK_001772 
 
B1.5.1. T-DNA Verification 
 
PCR amplification revealed only the presence of wild-type fragments (Fig. 1-10). Primers PR18 and 

PR17 amplified a ‘wild-type’ fragments of ~760 bp (lane 1) using WT gDNA. The same fragment 

was obtained from SALK pools I and II (lanes 6 and 7, respectively). Primers PR16 and PR18 failed 

to amplify a T-DNA junction from SALK pools I and II (lanes 4 and 5). SALK_010938-3 was 

intended for use as a negative control. The significance of this amplification was discussed earlier 

(1.3.). PCR reactions using PR16 and PR17 did not amplify any bands in neither pools (data not 

shown).  

       

     
 
 
A 
 

 
 
 
B 
 
B1.5.2. Phenotypic Evaluation 
 
The T3 seeds obtained from SALK_001772 showed a 3% germination rate (i.e. 1 seed out of 30 

seeds germinated). A second batch of seeds was requested and seeds were germinated in vitro and in 

soil. However, germination rate did not exceed 5%. Based on PCR results, the germinating plants 

were wild type plants and do not contain the insert. Whether this low germination rate/lethality was 

correlated to T-DNA insertion, thus, could not be investigated. 
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*

Figure 1-10. PCR genotyping of SALK_001772 T3P 
plants. A, Gel electrophoresis of PCR products. Lanes 1, 
100-bp ladder (Promega); 2, SALK_010938-3 PR16/PR18; 
3, Wild-type Columbia PR18/PR17; 4, Plant pool I 
PR18/PR16; 5, Plant pool II PR18/PR16; 6, Plant pool I 
PR18/PR17; 7, Plant pool II PR18/PR17. B, Schematic 
diagram of XCP2 gene structure and predicted location of 
T-DNA insertion. Numbers on left of gel indicate sizes of 
PCR products.  Box shows expected size of the PCR 
product when amplified by the given primers. Broken lines 
connect PCR primers with products visualized on 
ethidium-bromide stained agarose gel (A) 
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B1.6. Post-transcriptional Gene Silencing 
 
B1.6.1. p35S::GUSir and pXCP1::GUSir effectively and equally silenced GUS expression in WT 
[pXSP1::GUS] 
 
Tracheary element-specific GUS expression directed by pXSP1 was used as a phenotypic marker to 

test the efficiency of pFGC5941 in cell-type specific silencing. This experiment served as a pilot 

experiment upon which XCP2 silencing experiment was designed. The plant material used for this 

study was T2P WT [pXSP1::GUS]. Segregation analysis of GUS expression in T2P population was 

conducted and the 1 GUS+:1 GUS- ratio was not rejected (χ2 =0.93; N=53; df =1, p = 0.05). This 

ratio was statistically maintained in a T1P [T2P [pXSP1::GUS]] [GV3101] population (χ2 =0.1, N=11; 

df =1, p= 0.05). The pFGC5941-based constructs contain the bar gene conferring resistance to 

Finale® Herbicide. Twenty four T1 herb+ plants from each experiment were tested for GUS 

expression at the flower stage. Herbicide resistant plants exhibiting GUS activity suggested that the 

plants are double-transformed. The empty vectors p35S:: empty and pXCP1:: empty (see Fig. 1-11) 

did not silence GUS expression as evidenced by the high percentage of GUS-positive plants, which 

resembled GUS expression in the control plants; transformed with GV3101 Agrobacterium strain 

only. On the other hand, p35S::GUSir and pXCP1::GUSir caused a near complete silencing of GUS 

expression.   

 

B1.6.2. Phenotypic observations of T1 WT [p35S::XCP2ir ]and [pXCP1::XCP2ir] plants 
 
Following the same concept presented above, p35S:: empty and pXCP1:: empty served as empty 

vectors. Experimental vectors p35S::XCP2ir and pXCP1::XCP2ir were used to silence the 

endogenous XCP2. There were no observed differences between WT and the putatively XCP2-

silenced plants.   

 

 

 

 

 

 

 



 27

 
 
 
 
 
 
  First Transformation       After Double Transformation:    T1P [T2P  WT [ pXSP1::GUS ]] and 
          T2P WT           
          [pXSP1::GUS]                [p35S::empty]  [pXCP1::empty]    [p35S::GUSir]  [pXCP1::GUSir]                     [GV3101] 
                                                                                            ‘CONTROL’ 
                                                             bar+            bar+                    bar+             bar+                             bar+ 

  1 positive positive              negative negative              positive 
    2         positive positive              negative       negative              positive 

  3 positive negative              negative       negative         positive 
  4 positive negative              negative       negative           negative  
  5 positive negative              negative       negative             negative  
  6 positive positive              ----------       negative            positive 
  7 positive positive              positive        negative            positive 
  8 positive positive              negative       negative            negative  
  9 positive positive              negative       negative               positive 
  10 positive negative              negative       negative               negative  
  11 positive positive              negative       negative               negative 
  12 positive positive              negative       negative 
  13 negative positive              negative       negative 
  14 positive positive              negative       negative 
  15 positive positive              negative       negative 
  16 positive negative              positive        negative 
  17 negative positive              negative       negative 
  18 positive negative              negative       negative 
  19 positive positive              negative       negative 
  20 positive negative              negative       --------- 
  21 negative negative              negative       negative 
  22 positive positive              negative       positive 
  23 positive negative              negative       negative 
  24 negative positive              negative       negative 

          
    30/53 GUS+/total            20/24          15/24               2/23              1/23        6/11 
    56 GUS + %                83         62                                 9                   4   54 
            

 
 
Figure 1-11. Assessment of silencing efficiency of ds RNA vectors using GUS as a marker. Herbicide 
resistant plants carrying the ds RNA vector were randomly selected from each population. Per plant, newly 
opened flower clusters were used for GUS staining prior to and after the transformation. The T2P WT 
[pXSP1::GUS] and T3P WT [pXSP1::GUS] showed GUS segregation of 1:1 ratio.  
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B1.7. Soyacyctatin N 
 
B1.7.1. The soyacystatin N domain was successfully integrated into the minibinary vector pCB302  
 
Translated soyacystatin N sequences were aligned (Fig. 1-12A). The absence of several residues of 

his tag sequence was likely due to the sequencing reaction. For example, reliable reading of 

nucleotide sequences normally begins after 30 bases away from sequencing primer. PR33 

sequencing primer was proximal to his tag sequence which has resulted in skipping the reading few 

of the 6x HIS residues. A BLAST P search using the ORF sequence as a query returned a 100% 

identity score to Glycine max soyacystatin. There is no signal sequence included in this recombinant 

protein. Thus, the protein is predicted to be directed to the cytosol. Restriction digests and PCR 

reactions verified that the soyacyctatin N fragment was fused to p35S in P1027 and to pXCP1 in 

P1026 (data not shown). Taken together, the soyacystatin N fragment did not contain a mutation in 

its sequence and was cloned directly downstream of p35S and pXCP1 sequences.  

  

                
 
  
Figure 1-12. Soyacystatinhis translated DNA sequence of binary vectors P1026 and P1027 and cloning 
vector P1023.    

 
The amino acid sequence was used as a query to search for a conserved domain (Marchler-Bauer et 

al., 2003). Figure 1-13A shows a single conserved domain that was shared among many members of 

cystatin families (Fig. 1-13B). Structural homologs, such as human cystatin stefin B,whose crystal 

structure was resolved, showed that the conserved N-terminal residue G and QVVAG were essential 

in binding the proteinase target. Belenghi and colleagues (2003) showed that an Arabidopsis cystatin  
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                     10        20        30        40        50        60 
                ....*....|....*....|....*....|....*....|....*....|....*....| 
consensus     1 LCVGGPSEAP--PNDPEVQEAADFAVAEYNKKSNDLYELRVIKVVSAKSQVVAGTNYYLK 58 
QUERY         1 MELGGITDVHgaANSVEINNLARFAVEEQNKRENS--VLEFVRVISAKQQVVAGVNYYIT 58 
Human cyst.C  8 RLVGGPMDAS--VEEEGVRRALDFAVGEYNKASNDMYHSRALQVVRARKQIVAGVNYFLD 65 
Oryzacystatin 7 PVLGGVEPVg-nENDLHLVDLARFAVTEHNKKANSLLE--FEKLVSVKQQVVAGTLYYFT 63 
Cowpea cyst   2 AALGGNRDVAgnQNSLEIDSLARFAVEEHNKKQNALLE--FGRVVSAQQQVVSGTLYTIT 59 
P.communis    2 AAVGAVRDNqgvANSVETESLARYAVDEHNKKENDLLE--FVRVLDDKVQVVSGTMHYLK 59 
A.artemisi-   2 SILGGITEVKdnDNSVDFDELAKFAIAEHNKKENAALE--FGKVIEKKQQAVQGTMYYIK 59 
C. papaya     5 IVIGGLQDVEgdANNLEYQELARFAVDEHNKKTNAMLQ--FKRVVNVKQAVVEGLKYCIT 62 
G. max        7 QELGGITDVHgaANSVEINNLARFAVEEQNKRENSVLE--FVRVISAKQQVVAGVNYYIT 64 
A. thaliana  33 MMLGGVHDLRgnQNSGEIESLARFAIQEHNKQQNKILE--FKKIVKAREQVVAGTMYHLT 90 

    1STF_I         4    GAPsaTQP-AT-AETQHIADQVRSQLEEKynkkfp--vfKAVSFKSQVVAGTNYFIK 56 
                            70        80        90       100       110 

                ....*....|....*....|....*....|....*....|....*....|....* 
consensus    59 VEVGETNCKKlsPDLENCPFK------EEGEGFCTFEVWEKPWE--NKKKVVEFKCF 107 
QUERY        59 LEAKDG----------------------LIKNEYEAKVWVREWL--NSKELLEFKPV 91 
Human cyst.C 66 VELGRTTCTKtqPNLDNCPFHdqphlkRKA—FCSFQIYAVPWQG--TMTLSKSTCQ  118 
Oryzacystatin64 IEVKEGDAKK---LYEAK-------------------VWEKPWM--DFKELQEFKPV 96 
Cowpea cyst  60 LEAKDGGQKK---VYEAK-------------------VWEKPWL--NFKELQEFKHV 92 
P.communis   60 IEATEGGKKK---VYEAK-------------------VWVKPWE--NFKQVQEFKPV 92 
A.artemisi-  60 VEANDGGEKK---TYEAK-------------------VWVKLWE--NFKELQELKLV 92 
C. papaya    63 LEAVDGHKTK---VYEAE-------------------IWLKLWE--NFRSLEGFKLL 95 
G. max       65 LEAKDGLIKN---EYEAK-------------------VWVREWL--NSKELLEFKPV 97 

    A thaliana    91 LEAKEGDQTK---NFEAK-------------------VWVKPWM--NFKQLQEFKES 123 
    1STF_I        57 VHVgd---eD---FVHLR-------------------VFQSlphenkpLTLSNYQT  87 
 B 
              
   
Figure 1-13. Computer-based analysis of soyacystatin N ORF. A, Conserved Domain Database search 
(Marchler-Bauer et al., 2003)  using cyshis translated amino acid from P1027 as a template. B, Conserved 
domain alignments using the same template. Conserved residues (G)Gly11, (Q)Gln55, (V)Val56, (V)Val57, 
(A)Ala58, and (G)Gly59 [human cystatin C numbering] and semi-conserved motif (W)Trp78 and (E)Glu79 
[Query numbering] are boxed. Human cystatin C, 1G96_A, (Janowski et al., 2001). Oryzacystatin-I, 
1EQK_A [Nagata et al., 2000]. Cowpea cystatin, gi# 1169196 (Fernandes et al., 1993). Purys communis 
cystatin, gi# 2317876 (Technologie des Produits Vegetaux, France). Ragweed Ambrosia artemisiifolia 
cystatin gi# 437312, (Rogers et al., 1993). Carica papaya cystatin, gi# 311505, (RC Bateman, University of 
Southern Mississippi). Glycine max cystatin, gi#1277166 (Botella et al., 1996; Zhao et al., 1996; Xiaomu Niu, 
Horticulture, Purdue University). Arabidopsis thaliana cytatin, gi# 15226769. 1STF-I, gi#494619, chain I of 
papain complexed with stefin B cystatin (Jerala et al., 1990; Stubbs et al., 1990).  
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1 protein, homologous at the amino acid level to soyacystatin N (Fig. 1-13 B) was structurally similar 

to human stefin B which binds papain (Fig, 1-13 D). This sequence comparison and experimental 

evidence presented before (Koiwa et al., 2001) suggested that the soyacystatin N sequence used in 

our study should function in inhibiting papain-like cysteine proteases in planta.    

 
B1.7.2. Soyacystatin N inhibits cysteine proteases in vitro 
 
To provide experimental evidence that soyacystatin N can inhibit the activity of cysteine proteases 

XCP1 and XCP2; an activity gel assay was conducted. Protein extracts from secondary xylem of the 

roots (Fig. 1-14A, lane 1) and leaves (Fig.1-14A, lane 2) of XCP1 overexpressor line T2P WT 

[p35S::XCP1] contained protease activity at approximately 26 kD shown previously to be due to 

XCP1 (Funk et al., 2002) capable of hydrolyzing gelatin (Fig 1-14B, lanes) in the absence of the 

proteinaceous inhibitor soyacystatin N. The addition of soyacystatin N blocked the 26-kD 

proteolytic activity (Fig 1-14C).  Similar experiments were conducted using LPP as control. LPP 

also blocked the activity of the 26 kD protein (data not shown)  

 
 

                        
        A                                      B                                      C 
 
 
Figure 1-14. Cysteine proteases from root secondary xylem and leaves of the T2 WT [p35S::XCP1] were 
inhibited by Soyacystatin N in vitro. A, SDS-PAGE of coomassie-stained proteins extracted from root of 
secondary xylem (lane1) and leaves (lane 2) of 4-week-old T2 WT [p35S::XCP1] plants. B, Evidence of 
activity of at 26-kD was identified previously as due to XCP1 protein (Funk et al., 2002)  using gelatin-
impregnated gel as a substrate in the absence of purified soyacystatin N. C, Inhibition of proteolytic activity 
by purified soyacystatin N.    
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B1.7.3. Soybean cystatin mRNA transcripts were correlated with reproducible phenotypes 
 
A reproducible phenotype consisting of stunted and reduced apical dominance was recovered only 

from WT [p35S::cyshis] in T1 and T2 generations compared to WT [pXCP1::cyshis](data not shown). 

Reverse transcription PCR on five putative mutants was conducted and compared to wild-type-like 

and WT plants. Figure 1-15 shows that the expected 250-bp soyacystatin fragment was amplified in 

all five phenotypes whereas it was not amplified in wild-type-like plants. Attempts to purify 

soyacystatin N using Ni-NTA affinity purification did not succeed, however. 

 

 
                                                1      2      3      S     5      6      7     8      

                                               
 
Figure 1-15. RT-PCR of soyacystatin N. 1st cDNA from above-ground tissue of five 4-week-old individual 
T2 WT [p35S::cyshis] plants (lanes 1,2,3,5, and 6) showing the mutant phenotype and a representative of wild-
type-like plants (lane 7) was used as a template for the RT PCR reactions using PR54 and PR55 internal to 
cyshis coding region. Lane S, the 100-bp DNA ladder. Lane 8, RT-PCR without template. Necessary positive 
and negative control reactions for PCR and RT-PCR and assessing genomic contamination were also 
conducted at the time (not shown). The number in the gel points to the 300-bp band of the molecular marker.  
 
 
 
 
 
 
 
 
 
            
 
 
 
 
 

300 bp 
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Discussion 
 

The proteolytic activity of xylem cysteine protease 2 could be involved in routine protein 

turnover in tracheary elements, in defense against insects that feed specifically on xylem, or in 

producing intracellular molecular signals that initiate or assist in maintaining a developmental 

process in Arabidopsis. These functions can be envisioned for XCP2 because other cysteine 

proteases are involved in protein turnover in germinating seeds of rice, or due to its high homology 

to papain that was found to be toxic to insects, or due to the potential for proteases to initiate events 

leading to tracheary element cell death.  

In the current investigation, we have utilized T-DNA insertional mutagenesis to recover a 

loss-of-function mutant of XCP2 from which XCP2 function could be inferred. T-DNA insertion in 

the coding region and sometimes in intronic regions of any gene is likely to abolish the expression of 

that gene. That was true in the homozygous line that was derived from SALK_010938 where the T-

DNA insertion was mapped to intron 2 of XCP2 (Fig. 1-6). XCP2 protein was not detected by 

western analysis (Fig. 1-7). However, the absence of XCP2 expression yielded phenotype similar to 

WT plants in the laboratory. Further, growing the homozygous line SALK_010938-2 under stress 

conditions did not induce any aberrant phenotypes compared to WT. Initially, it was thought that 

XCP2 could be involved in protein turnover in the roots where it is highly expressed (C. Zhao and E. 

Beers, unpublished) where the accumulation of protein degradation products (organic nitrogen in 

form of NH4
+) could modulate developmental processes in plants, as it is known that gene 

expression can be controlled by endogenous levels of nitrate (Wang et al., 2000).  

Another approach to recover a loss-of-function mutant was through the silencing of XCP2 at 

the post-transcriptional level. We have first demonstrated that the ds RNA vector pFGC5941 

carrying the 500-bp inverted repeat of GUS effectively silenced GUS expression that was directed 

by a different binary vector. Utilizing pFGC5941 carrying a 513-bp inverted repeat of XCP2 

produced transgenic plants that were similar to WT, although RT-PCR was not performed to 

confirm absence of XCP2 transcripts. The reverse biochemical approach utilizing soyacystatin N to 

inhibit cysteine proteases in planta including XCP2 yielded phenotypes for plants expressing the 

transcript of soyacystatin N (Fig. 1-15) but only for T2 WT [p35S::cyshis] plants. The role of 

cysteine protease inihibtors is critical to plant growth and its defense against pathogens in general. 

Further analysis of the cystatin N-expressing plants may reveal a function of XCP2 or other cysteine 

proteases in Arabidopsis.  


