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Running title: Enhancing crop quality by cystatin expression 



Summary 

Ectopic cystatin expression has long been used in plant pest management but the 

cysteine protease targets of these inhibitors might also have important functions in the 

control of plant lifespan and stress tolerance that remain poorly characterised. We 

therefore characterised the effects of expression of the rice cystatin, oryzacystatin-I 

(OCI), on the growth, development and stress tolerance of crop (soybean) and model 

(Arabidopsis thaliana) plants. Ectopic OCI expression in soybean enhanced shoot 

branching and leaf chlorophyll accumulation at later stages of vegetative development 

significantly and enhanced seed protein contents and decreased the abundance of 

mRNAs encoding strigolactone synthesis enzymes. The OCI expressing A. thaliana 

showed a slow growth phenotype, with increased leaf numbers and enhanced shoot 

branching at flowering. The OCI-dependent inhibition of cysteine proteases enhanced 

drought tolerance in soybean and A. thaliana, photosynthetic CO2 assimilation being 

much less sensitive to drought-induced inhibition in the OCI expressing soybean lines. 

Ectopic OCI expression or treatment with the cysteine protease inhibitor E64 increased 

lateral root densities in A. thaliana. E64 treatment also increased lateral root densities in 

the max2-1 mutants that are defective in strigolactone signalling, but not in the max3-9 

mutants that are defective in strigolactone synthesis. Taken together, these data provide 

evidence that OCI-inhibited cysteine proteases participate in the control of growth and 

stress tolerance through effects on strigolactones. We conclude that cysteine proteases 

are an important target for manipulation not only to control plant growth, development 

and stress tolerance, but also seed quality traits.  
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Introduction 

Several biotechnological approaches to plant improvement using phytocystatins, 

particularly in over-expression studies, have been successful in recent years. For 

example, ectopic over-expression of phytocystatins have been used to deter insect 

feeding in transformed plants (Christou et al., 2006; Kiggundu et al,. 2010) and to 

improve the yields of bio-engineered proteins such as vaccines and metabolic enzymes 

(Rivard et al., 2006, Pillay et al., 2012). Second generation insect-resistant plants 

containing constructs designed to express multiple protease inhibitors might be 

important in the future to reduce pesticide usage (Vorster et al., 2010). However, 

relatively little is known about additional pleiotropic effects arising from ectopic 

phytocystatin over-expression, particularly with regard to plant development or crop 

quality. 

 Like their cysteine protease (CP) targets, endogenous phytocystatins controlling 

CP activity are regulated by developmental (Lohman et al., 1994; D’Silva et al., 1998; 

Sheokand et al., 2005) and environmental cues (Botella et al., 1996; Belenghi et al., 

2003; Pernas et al., 2000; Diop et al., 2004). The cysteine proteases of seeds are 

important in the processing and folding of storage proteins during development (Gruis 

et al., 2002), the remobilization of stored proteins during seed germination, hormone 

signalling, embryogenesis and morphogenesis (Salas et al., 2008). Cysteine proteases 

are also responsible for the regulated dismantling of organelles during senescence so 

that macromolecules can be remobilized and transported to the actively growing parts of 

the plant (Beers et al., 2000).  



 The expression of phytocystatins is also considered to be important in the 

acquisition of abiotic stress tolerance (Van der Vyver et al., 2003; Zhang et al., 2008; 

Hwang et al., 2010; Benchabane et al., 2010). Transformed tobacco plants expressing 

the rice cystatin oryzacystatin-I (OCI) were more resistant to the negative impacts of 

chilling stress on photosynthesis (Van der Vyver et al., 2003). Similarly, over-

expression of two cystatins, atCYSa and atCYSb, in transformed Arabidopsis increased 

resistance to high salt, drought, cold and oxidative stress (Zhang et al., 2008). These 

beneficial effects of phytocystatin action in enhancing stress tolerance are considered to 

be the direct result of the inhibition of the cysteine protease targets (Van der Vyver et 

al., 2003; Zhang et al., 2008). In addition to effects on stress tolerance, OCI expression 

had marked effects on the growth and development of the transformed tobacco plants 

(Van der Vyver et al., 2003). For example, all the OCI-expressing transformed tobacco 

lines were smaller than controls at 16 weeks, the point where the wild-type flowered 

and the vegetative growth phase ceased. In contrast to the wild-type, the transformed 

lines flowered at 26-27 weeks, at which time they were much taller than the controls 

with a greater number of leaves (Prins et al., 2008). The transformed tobacco plants 

showed delayed senescence characteristics, and had significantly higher protein contents 

than the wild-type controls at the late senescence stage (26-27 weeks; Prins et al., 

2008). Such observations of pleiotropic effects of recombinant protease inhibitors in 

planta demonstrate that our current knowledge of the range of functions of plant 

proteolytic processes in incomplete. Cysteine proteases therefore might mediate a range 

of additional useful traits for crop improvement and productivity. 

 Enhanced crop productivity is required to meet the needs of a growing world 

population which is one of the most important challenges in plant biology of our time. 
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The development of crop varieties with enhanced environmental stress tolerance traits 

for example is a major target in current plant breeding and improvement strategies 

(Bray, 1997; Araus et al., 2008; Parry et al., 2012). The application of classical 

breeding approaches in recent decades has increased the productivity of agricultural 

crops by an average 1% per year (Kucharik and Ramankutty, 2005). However, the 

amelioration of tolerance to environmental stresses, such as drought, is complex and 

involves factors that control plant development and growth as well as senescence 

(Cleays and Inze, 2013; Lawlor, 2013). Successful breeding involves the recombination 

of large sets of genes, followed by selection of a whole plant or crop level criterion, 

often yield. Results obtained to date, suggest that cysteine protease inhibitors might also 

be an attractive target providing improvement of stress tolerance traits in transformed 

plants. We have previously shown that ectopic OCI expression alters the growth and 

stress responses of tobacco (Van der Vyver et al., 2003; Prins et al., 2008). Here, we 

have compared the effects of ectopic OCI expression on the growth, development and 

drought tolerance in a crop (soybean; Glycine max) and model plant (A. thaliana), to 

determine whether this CP inhibitor exerts similar effects in different plant species. 

Moreover, we have explored the mechanisms by which inhibition of endogenous plant 

CPs leads to altered plant development and enhanced stress tolerance, demonstrating 

that, at least in part, the observed changes are linked to effects on strigolactone-

mediated regulation. Taken together, these results demonstrate that cystatin 

technologies can be successfully applied to crops such as soybean, providing beneficial 

characteristics such as enhanced drought tolerance and improved seed traits, as well as 

the existing benefits of pest control.  

 



Results 

 

Phenotypic characterisation of transformed soybean lines with ectopic OCI 

expression 

 

The effects of ectopic OCI expression on plant growth and development were 

determined in three independent transformed soybean lines (SOCI-1, SOCI-2 and 

SOCI-3) relative to the wild type (SWt). OCI gene insertion was detected in all the 

leaves of the transformed soybean lines, SOCI-1, SOCI-2 and SOCI-3 (Figure 1a). 

Similarly, OCI protein expression was detected using specific antibodies on Western 

blots in the leaves of the SOCI-1, SOCI-2 and SOCI-3 lines (Figure 1b). 

 

 The effects of ectopic OCI expression on the shoot phenotype were compared in 

the three independent transformed lines (SOCI-1, SOCI-2 and SOCI-3) relative to the 

wild-type at different stages of development (Figure 1c-g). Shoot height (Figure 1d) and 

shoot biomass (Figure 1e) were similar in the three independent transformed lines and 

the wild-type (Figure 1d). However, the transformed lines had more axillary branches 

than the wild-type plants at later stages of development (e.g. week 7; Figure 1f) with 

significantly higher amounts of chlorophyll than the wild type after 7 weeks (Figure 

1g). 

 

Seed properties in transformed soybean and tobacco lines with ectopic OCI 

expression 

 



The dry and imbibed seeds of two of the transformed soybean lines (SOCI-2 and 

SOCI-3) had significantly more soluble protein than those of the wild-type and SOCI-1 

(Figure 2a). In contrast, the soluble protein content of the leaves was similar in all 

genotypes (Figure 2b). However, there were no consistent differences between the lines 

in extractable seed (Figure 2c) or leaf (Figure 2d) cathepsin L-like protease activities, 

which was used here as a measure of leaf CP activity. 

We have previously characterised the vegetative growth and development of 

three independent tobacco lines (NOCI) with ectopic expression of OCI, which showed 

a marked slow growth phenotype but had greater biomass and leaf numbers at flowering 

(Van der Vyver, et al., 2003; Prins et al., 2008). ). Here, we further characterized the 

effects of ectopic OCI expression on reproductive development in NOCI tobacco line 

4/5. Ectopic OCI in tobacco line had marked effects on reproductive development, 

resulting in visibly larger pods than those of the wild-type (NWt; Figure 3a). The OCI-

expressing tobacco pods also had significantly greater numbers of seeds than the than 

wild-type with a significantly greater average seed pod dry weight (Figure 3b). The 

number of seeds per pod was 60% higher in transformed line 4/5 and the average seed 

weight was increased by 35% relative to the NWt (Figure 3b). As far as possible we 

have assessed seeds numbers per plant in the wild type soybeans and transformed SOCI 

lines (Figure 3c).  While SOC-I showed a trend to lower seed numbers there were no 

significant differences between the lines (Figure 3c)  and the average seed weight was 

comparable in all lines (Figure 3d). The germination efficiency was also similar in all 

lines (data not shown). 

 

Vegetative development in transformed soybean lines with ectopic OCI expression 



The phenotype of the shoots of transformed soybean lines SOCI-1, SOCI-2 and 

SOCI-3 was visibly different from that of the wild type at 18 weeks (Figure 4a).  The 

wild type leaves had started to senesce at 18 weeks, whereas the transformed lines were 

visibly greener (Figure 4a). The chlorophyll content of the leaves of the transformed 

soybean lines was significantly greater than that of the wild type at 18 weeks (Figure 

4b) confirming the results obtained at 7 weeks (figure 1g). However, only the leaves of 

the SOCI-1 line had significantly higher rates of photosynthesis than the wild-type 

(Figure 4b).  

 The abundance of transcripts encoding two types of endogenous cysteine 

proteases, various papain-like cysteine proteases (CP) and vacuole processing 

proteolytic (cysteine protease) enzymes (VPE) and cystatins (Cys) was determined in 

SOCI-1 leaves at three time points during vegetative growth i.e. in the leaves of 3, 6 and 

12 week old plants (Table 1). While the levels of all the CPs, Cys and VPEs mRNAs 

measured in this study were very low, ectopic OCI expression tended to decrease the 

abundance of these transcripts (Table 1),  

 

Strigolactone-associated gene expression in soybean leaves 

The higher leaf chlorophyll contents and enhanced shoot branching observed in 

the OCI-expressing soybean lines relative to the wild-type, is similar to phenotypes 

observed in A. thaliana mutants that lack a response to branching inhibition signals, 

such as strigolactones (Gomez-Roldan et al., 2008; Beveridge et al., 2009). Two 

carotenoid cleavage dioxygenases (CCDs), which are called CCD7 and CCD8, are 

required in the pathway for strigolactone synthesis, as illustrated in Figure 5a. We 

therefore measured the levels of CCD7 and CCD8 transcripts in the different soybean 



lines. The abundance of CCD7 and CCD8 mRNAs was lower in the SOCI-1, SOCI-2 

and SOCI-3 leaves than in the wild-type leaves (Figure 5b and c). In particular, the 

abundance of CCD8 transcripts was significantly lower in the SOCI-1, SOCI-2 and 

SOCI-3 leaves than in the wild-type at nearly all harvest points (Figure 5c). The levels 

of CCD7 mRNAs were similar in all lines at the early stages of development but 

became significantly lower in the leaves of the transformed lines than in the wild-type 

as the plants grew older (Figure 5b). The branching of soybean shoots and roots was 

insensitive to addition of the synthetic strigolactone GR24, at a concentration of 2 M 

(data not shown).  At this concentration, GR24 causes marked changes in shoot and root 

branching in A. thaliana (Ruyter-Spira et al., 2011; Kapulnik et al., 2011). 

 

Growth and development in A. thaliana lines with ectopic OCI expression in 

relation to the wild-type 

Ectopic OCI expression in A. thaliana resulted in a slow growth phenotype, 

which was observed in all the homozygous independent transformed lines (Figure 6a). 

This phenotype was similar to that previously observed in OCI-expressing tobacco lines 

such as line 4/5 (Van de Vyver et al., 2003; Prins et al., 2008). OCI gene insertion into 

the Arabidopsis genome was detected in the leaves of the transformed lines (Figure 6b). 

Ectopic OCI expression in A. thaliana resulted in increased lateral root densities, with 

values that were significantly higher in AOCI1 and AOCI3 than the wild type (Figure 6 

c). Although the increases relative to the wild type were not always significant, the 

leaves of the OCI-expressing A. thaliana lines tended to have higher chlorophyll levels 

at similar stages of vegetative development (Figure 6d). The rosettes of the OCI-

expressing A. thaliana lines were significantly smaller than those of the wild type 



during vegetative development (Figure 6e). However, at flowering, the OCI-expressing 

A. thaliana lines had double the number of leaves than the wild type, with a smaller but 

more branched flowering stem (Figure 6f). 

 

Inhibition of CP activity on root architecture in A. thaliana wild type and 

strigolactone synthesis (max3-9) and signalling (max2-1) mutants 

 

The altered shoot and root branching phenotype observed in the OCI-expressing 

A. thaliana lines relative to the wild-type, is similar to that of strigolactone synthesis 

and signalling mutants (Gomez-Roldan et al., 2008; Beveridge et al., 2009). The 

relationship between changed CP activity and strigolactones was therefore examined 

further using A. thaliana mutants that are deficient in either strigolactone synthesis 

(max3-9) or signalling (max2-1) mutants. The effects of the CP inhibitor E64 on root 

branching was compared in the wild-type and max3-9 and max2-1 mutant genotypes 

(Table 2). In the absence of E64, lateral root densities were significantly higher in the 

max2-1 mutants than the wild-type plants and significantly lower in the max3-9 mutants 

than in the wild-type plants (Table 2). Lateral root densities were significantly increased 

in the wild-type and max2-1 (strigolactone signalling) mutants in the presence of E64 

but not in the max3-9 (strigolactone synthesis) mutants (Table 2).  

 

Responses to drought  

 

The rosette leaves of the wild type A. thaliana plants (AWt) showed signs of 

senescence after 15 days of drought (Figure 7a). In contrast, the leaves of transformed 



lines, AOCI-1, AOCI-3 and AOCI-4, showed no signs of drought-induced senescence 

(Figure 7a). At this stage, the AOCI-1, AOCI-3 and AOCI-4 had removed less water 

from the soil than the wild type A. thaliana plants, as indicated by the soil water 

contents (Figure 7b). Moreover, the leaves of the AOCI-1, AOCI-3 and AOCI-4 plants 

retained higher leaf water contents than the wild-type (Figure 7c).  

 

The leaves of the wild type soybean plants (SWt) were visibly flaccid after 6 

days of drought (Figure 8a). However, the leaves of transformed lines were visibly more 

turgid after 6 days of drought (Figure 8a). The rates of photosynthesis were measured at 

three leaf ranks on the stem (top, middle, bottom) of plants of the three independent 

transformed lines (SOCI-1, SOCI-2 and SOCI-3) and the wild-type under well-watered 

conditions (day 0) and after 3 and 6 days of drought (Figure 8b). Under well-watered 

conditions (day 0), the rates of photosynthesis measured in the bottom and top leaves of 

the transformed lines were similar to those at equivalent positions on the stem of the 

wild-type plants (Figure 8b). However, photosynthesis rates were significantly higher in 

the middle rank leaves of the SOCI-1 and SOCI-3 plants than those of the wild-type at 

an equivalent position (Figure 8b). The rates of photosynthesis were significantly 

decreased after 3 and 6 days of drought in all lines, particularly in the oldest bottom 

leaves, the drought-induced inhibition of photosynthesis was significantly less marked 

in transformed lines relative to the wild-type (Figure 8b). 

 

 



Discussion  

The data presented here show that ectopic OCI expression significantly enhances 

drought tolerance in soybean and A. thaliana. While we have not as yet been able to 

investigate the molecular mechanism that underpin the enhanced drought tolerance traits 

particularly the protection of photosynthesis against drought-induced inhibition, our 

previous studies in tobacco suggests that chloroplast proteins such as ribiluose-1, 5-

bisphosphate carboxylase oxygenase (RuBiSCO) and RuBiSCO activase are more 

stable in plants with ectopic OCI expression (Prins et al., 2008). Moreover, the observed 

effects of CP inhibition on root branching in A. thaliana, might also have a beneficial 

influence on drought tolerance.  

Although, growth was similar in the OCI-expressing soybeans relative to the 

wild type controls, OCI expression resulted in greater shoot branching and significantly 

higher levels of leaf chlorophyll at later stages of shoot development. Moreover, while 

the OCI-expressing A. thaliana rosettes had a slow growth relative to the wild type 

controls, they had enhanced lateral root densities, with significantly more leaves at 

flowering, which is very similar to phenotype we have described for OCI-expressing 

tobacco lines (Van de Vyver et al., 2003; Prins et al., 2008). Several lines of evidence 

suggest that these traits are linked to effects on the action of plant hormones, 

particularly strigolactones. Firstly, the altered branching and stress tolerance 

characteristics are very similar to those previously described in the A. thaliana max2 

mutant, which was initially called ore9 (Woo et al., 2001; Stirnberg et al., 2002; Woo et 

al., 2004). The max2 mutants have delayed leaf senescence and are more tolerant to 

oxidative stress than the wild type (Woo et al., 2001; Stirnberg et al., 2002; Woo et al., 

2004). Secondly, the abundance of transcripts encoding enzymes involved in the 



strigolactone pathway was decreased in OCI-expressing soybean leaves relative to 

controls. Thirdly, the enhanced root branching phenotype observed in the OCI-

expressing A. thaliana lines was also observed in the wild type in the presence of E64. 

Fourthly, lateral root densities were also significantly increased in the max2-1 

strigolactone signalling mutants in the presence of E64 but not in the max3-9 

strigolactone synthesis mutants. Taken together, these data demonstrate that CP-

regulated steps influence strigolactone synthesis but not MAX2-dependent strigolactone 

signalling pathways and hence ectopic OCI expression alters key traits such shoot and 

root branching, lifespan and senescence. These findings are consistent with the known 

role of CPs in the turnover of proteins involved in the control of plant development and 

senescence (Schlüter et al., 2010; Vorster et al., 2013).  

  

While a number of the traits described here in the OCI-expressing lines result 

from common effects on strigolactone-dependent processes in soybean and A. thaliana, 

the phenotypes produced by OCI expression do not precisely mirror each other in the 

two species. For example, like the OCI-expressing tobacco lines (Van der Vyver et al., 

2003), the OCI-expressing A. thaliana lines had a slow growth phenotype compared to 

the wild type having significantly more leaves at flowering, whereas vegetative growth 

was similar in the OCI-expressing soybean likes to the wild type. These interspecific 

variations may arise from differences in the interactions of the cystatin with the various 

CP forms present in each species, together with differences in the affinities of the CPs 

for OCI-binding. Moreover, the CP/cystatin balance may also vary between species. In 

these studies, OCI was not targeted to a specific cellular location using an appropriate 

peptide targeting signal, and this lack of targeting may also lead to variations between 



species. Regardless of species to species variations of OCI-interacting partners, the data 

presented here strongly suggest that interventions that impair or modify specific CP 

functions can be targeted to modify plant growth and development and also to improve 

seed quality traits. For example, seed numbers were greatly increased in OCI-expressing 

tobacco lines relative to the wild type. While seed production was not greatly increased 

in OCI-expressing soybean lines relative to the wild type, OCI-expressing soybean 

seeds accumulated significantly more protein. In the absence of a full analysis of the 

composition of soybean seed CPs, we can only speculate that CP action in soybean 

limits seed protein accumulation. While we are still in the process of identifying the 

exact CP targets of OCI in soybean, the observed increases in seed protein contents in 

the OCI-expressing soybean lines are commercially interesting because no adverse 

effects of OCI expression on seed germination were observed.  

 

Variations in the affinities of ectopically expressed protease inhibitors, such as 

OCI, for endogenous CPs may also explain previous observations of the absence of 

strong phenotypic effects arising from the ectopic expression of protease inhibitors in 

transformed plants (Masoud et al., 1993; Brunelle et al., 2004; Rivard et al., 2006; 

Badri et al., 2009) but not in others (Van der Vyver et al., 2003; Prins et al., 2008).  

Similarly, interspecific variations probably explain why the ecotopic expression of other 

protease inhibitors, such as cereal cystatin in potato (Munger et al., 2012) and a trypsin 

inhibitor in Nicotiana attenuate (Zavala et al., 2004) produce large differences in effects 

on growth phenotype and stress responses 

 

Conclusions and perspectives 



In this study, we have compared the effects of ectopic cystatin (OCI) expression 

in model and crop species, providing new information on the mechanism by which CPs 

exert control over plant growth, development and stress tolerance. Taken together, the 

data suggest that strigolactone synthesis is influenced in vivo by CPs, a process that can 

be controlled by phytocystatins. These data therefore complement studies on the 

proteasome, which is known to play a key role in the regulation of the abundance of 

proteins and transcription factors that mediate hormone-dependent growth (Eckardt, 

2001). The results presented here highlight the potential of using phytocystatins, such as 

OCI, in the control endogenous CP activities in order to regulate plant productivity and 

stress tolerance. While, data are presented here for three plant species to illustrate the 

central role the CPs play in the control of plant growth, development and stress 

tolerance, we have also observed very similar shoot phenotype changes to those 

reported here for tobacco and A. thaliana, in OCI-expressing cotton lines (Supplemental 

Fig. 1). Taken together, these findings demonstrate the potential of ectopic OCI 

expression as a useful tool for plant improvement, particularly with regard to drought 

tolerance, together with other agronomically useful traits such as delayed leaf 

senescence and enhanced nutrition characteristics, in addition to improved pest control 

(Kinney, 2006).  

 



Experimental procedures  

Soybean transformation 

The OCI gene was cloned as a SacI-XbaI fragment into the plasmid pTF101 to create 

plasmid pLBRPRKCys-I. This vector has a spectinomycin resistant marker gene (aadA) 

for bacterial selection. The plant selectable marker gene cassette consists of a double 

35S promoter (2x P35S) of the cauliflower mosaic virus (CaMV) and the 

phosphinothricin acetyl transferase gene from Streptomyces hygroscopicus that confers 

resistance to the herbicide phosphinothricin and its derivatives. Soybean transformation 

was performed at the Iowa State University Plant Transformation Facility for providing 

soybean transformation service following the method by Paz et al. (2006). Seeds of the 

wild type (SWt) and the T3 generation of three independent transformed lines (SOCI-1, 

SOCI-2 and SOCI-3) were sown in pots in Levington’s compost (Levington F2 plus 

Scotts Professional, Ipswich, UK) and grown in controlled environment chambers, at 

day/night temperatures of 28°C/20°C and an irradiance of 400 mol m-2s-1 with a 12h 

photoperiod. Pots were watered daily.   

 

Arabidopsis transformation  

Wild type Arabidopsis thaliana (ecotype Col-0) plants were grown in controlled 

environment chambers, at day/night temperatures of 25°C/20°C and an irradiance of 

400 mol m-2s-1 with a 16h photoperiod. Primary inflorescence buds were clipped to 

allow formation of secondary inflorescence buds and increase the transformation 

process by obtaining more flower buds per plant. Plants were grown for 8 weeks before 

floral dip transformation with Agrobacterium tumefaciens strain GV3101 carrying the 

plasmid pTF101.1-Cys-I (Clough and Bent, 1998). Secondary inflorescences were 



submerged into the A. tumefaciens cell suspension for 10s and then allowed to grow in 

the greenhouse until seed maturity. The following studies were performed on three 

independent transformed homozygous lines (AOCI1, AOCI3 and AOCI4) and the wild-

type (AWt) 

 

Tobacco 

Wild type tobacco (Nicotiana tabacum L.; NWt) and transformed line 4/5 (NOCI), as 

described previously (Van der Vyver, et al., 2003; Prins et al., 2008) were grown in 

compost in pots for 6 weeks in controlled environment chambers, at day/night 

temperatures of 26°C/20°C and an irradiance of 600 mol m-2s-1 with a 15h photoperiod 

for 28 weeks. Seed pods were photographed and weighted at 28 weeks. Forty seed pods 

were weighed and then seed numbers were counted.  

 

Drought stress treatments 

For studies on A. thaliana, watered plants of the transformed lines (AOCI1, AOCI3 and 

AOCI4) and the wild-type (AWt) were deprived of water for 15 days before analysis. 

For studies on soybean, well-watered plants of the transformed lines (SOCI1, SOCI3 

and SOCI4) and the wild-type (SWt) were deprived of water for 6 days before analysis. 

 

Effects of E64 on A. thaliana seedling growth  

Seeds of wild-type A. thaliana (ecotype Columbia; Col-0), the strigolactone synthesis 

mutant (max3-9) and the strigolactone signalling mutant (max2-1) were surface-

sterilized, immersed in ethanol 75% for 1 min, then in sodium hypochlorite 4% for 5 

min and then rinsed three times with sterilised water. They were then placed on 12 cm 



square plates with ½ strength MS medium solidified with 0.8% agar and supplemented 

with 0.01% myo-inositol, 0.05% MES buffer (pH 5.7) and 1% sucrose and grown 

vertically for 3 days. Then seedling were transferred to new plates and grown for 5 more 

days supplemented with E64 (10 M). All plates were cold stratified for 2 days and then 

placed to a plant growth cabinet with 16 h day photoperiod and 22°C. Three 

independent biological replicates with 5 plates per treatment and genotype and 8 seeds 

per plate were used. 

 

Root system architecture measurements in A. thaliana 

The root length and number of lateral roots formed per treatment was analyzed on 8 

days old seedlings. Photos were taken and the root length was measured using ImageJ 

software. Lateral root density was calculated as the division between the number of 

visible lateral roots and the main root length for each root analysed. 

 

Cathepsin-like CP activity measurements 

Cathepsin-like (Cat-L) activities were measured in extracts from leaf discs prepared in 

citrate phosphate buffer (0.1 M, pH 6.5) as previously described (Salvesen and Nagase, 

1989).  

 

Western blot analysis 

Leaf discs were extracted in buffer containing 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 

3 mM DTT, 6 mM PMSF and 30 mg insoluble PVPP. Proteins were separated by 

standard SDS-PAGE procedures. After transfer to nitrocellulose membranes (Hybond 



C-extra, Amersham Pharmacia Biotech, UK) protein detection was conducted using 

antibodies directed OCI. 

 

Statistical analysis 

The gas exchange data were analyzed by ANOVA. Data for all other physiological 

parameters was analyzed by the Student’s t-test or LSD test comparing directly wild-

type plants with transgenic plants. 

 

  



Acknowledgements  

This work was funded by FP7-PIRSES-GA-2008-230830 (LEGIM), PITN-GA-2008-

215174 (Chloroplast Signals; D.S.) and PIIF-GA-2011-299347 (Soylife; K.K.). We 

thank Iowa State University Plant Transformation Facility for providing soybean 

transformation service. We thank Dr. Sofie Goormachtig for critical reading of the 

manuscript, and Alice Montrose and Jacob Kirwan for technical assistance. M.Q. thanks 

the Schlumberger Foundation Faculty for the Future Award for her fellowship. B.M.G. 

thanks Subprograma Estancias de Movilidad posdoctoral en centros extranjeros (2009), 

Ministerio de Educación (Spain). The authors would like to thank Dr. Sofie 

Goormachtig and Dr. Ottoline Leyser for the max mutants and Dr Catherine Pannetier at 

INRA Versailles for providing us with transformed cotton seeds. We thank Dr Riekert 

van Heerden of the South African Sugar Association for collaboration to produce the 

data shown in supplemental figure 1.  

 

  



References  

 

Araus, J.L., Slafer, G., Royo, C. and Serret, M.D. (2008) Breeding for yield potential 

and stress adaptation in cereals. Crit. Rev. Plant Sci. 27, 377–412. 

 

Badri, M.A., Rivard, D., Coenen, K. and Michaud, D. (2009) Unintended molecular 

interactions in transformed plants expressing clinically-useful proteins–The case of 

bovine aprotinin travelling the potato leaf cell secretory pathway. Proteomics 9, 746–

756. 

 

Barrett, A.J. (1980) Fluorimetric assays for cathepsin B and cathepsin H with 

methylcoumarylamide substrates. Biochem. J. 187, 909-912. 

 

Belenghi, B., Acconcia, F., Trovato, M., Perazzolli, M., Bocedi, A. et al. (2003) 

AtCYS1, a cystatin from Arabidopsis thaliana, suppresses hypersensitive cell death. 

Eur. J. Biochem. 270, 2593-2604. 

 

Benchabane, M., Schlüter, U., Vorster, J., Goulet, M.C. and Michaud, D. (2010) Plant 

cystatins. Biochimie 92, 1657-1666. 

 

Beers, E.P., Woffenden, B.J. and Zhao, C. (2000) Plant proteolytic enzymes: possible 

roles during programmed cell death. Plant Mol. Biol. 44, 399-415. 

 



Beveridge, C.A., Dun, E.A. and Rameau, C. (2009) Pea has its tendrils in branching 

discoveries spanning a century from auxin to strigolactones. Plant Physiol. 151, 985–

990. 

 

Botella, M.A., Xu, Y., Prabha. T.N., Zhao, Y., Narasimhan, M.L. et al. (1996) 

Differential expression of soybean cysteine proteinase inhibitor genes during 

development and in response to wounding and methyl jasmonate. Plant Physiol. 112, 

1201-1210. 

 

Bray, E.A. (1997) Plant responses to water deficit. Trends Plant Sci. 2, 48-54. 

 

Brunelle, F., Cloutier, C. and Michaud, D. (2004) Colorado potato beetles compensate 

for tomato cathepsin D inhibitor expressed in transformed potato. Arch. Insect Biochem. 

Physiol. 55, 103–113. 

 

Christou, P., Capell, T., Kohli, A., Gatehouse, J. and Gatehouse, A. (2006) Recent 

developments and future prospects in insect pest control in transformed crops. Trends 

Plant Sci. 11, 302-308. 

 

Cleays, H. and Inze, D. (2013) The agony of choice: how plants balance growth and 

survival under water-limiting conditions. Plant Physiol. 162, 1768-1779. 

 

Clough, S. J. and Bent, A. F. (1998) Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana. Plant J. 16, 735-743. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20Y%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prabha%20TN%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20Y%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Narasimhan%20ML%5Bauth%5D


 

Diop, N.N., Kidrič, M., Repellin, A., Gareil, M., D’Arcy-Lameta, A. et al. (2004) A 

multicystatin is induced by drought-stress in cowpea (Vigna unguiculata (L.) Walp.) 

leaves. FEBS Lett. 577, 545-550. 

 

D’Silva, I., Poirier, G.G. and Heath, M.C. (1998) Activation of cysteine proteases in 

cowpea plants during the hypersensitive response – a form of programmed cell death. 

Exp. Cell Res. 245, 389-399. 

 

Eckardt, N.A. (2001) Auxin and the power of the proteosome in plants. Plant Cell 13, 

2161-2163. 

 

Gomez-Roldan, V., Fermas, S., Brewer, P.B., Puech-Pagès, V., Dun, E.A. et al. (2008) 

Strigolactone inhibition of shoot branching. Nature 455, 189–194. 

 

Gruis, D.F., Selinger, D.A., Curran, J.M. and Jung, R. (2002) Redundant proteolytic 

mechanisms process seed storage proteins in the absence of seed-type members of the 

vacuolar processing enzyme family of cysteine proteases. Plant Cell 14, 2863–2882. 

 

Hwang, J.E., Hong, J.K., Lim, C.J., Chen, H., Je, J. et al. (2010) Distinct expression 

patterns of two Arabidopsis phytocystatin genes, AtCYS1 and AtCYS2, during 

development and abiotic stresses. Plant Cell Rep.29, 905-915. 

 



Kapulnik, Y, Delaux, P-M., Resnick, N., Mayzlish-Gati, E., Wininger, S. et al. (2010) 

Strigolactones affect lateral root formation and root hair elongation in Arabidopsis. 

Planta 233, 209-216. 

 

Kiggundu, A., Muchwezi, J., van der Vyver, C., Viljoen, A., Vorster, J. et al. (2010) 

Deleterious effects of plant cystatins against the banana weevil Cosmopolites sordidus. 

Arch. Insect Biochem. Physiol. 73, 87–105. 

 

Kinney, A.J. (2006) Metabolic engineering in plants for human health and nutrition. 

Curr. Opin. Biotechnol. 17, 130-138. 

 

Kucharik, C.J. and Ramankutty, N. (2005) Trends and variability in U.S. corn yields 

over the 20th century. Earth Inter. 9, 1-29. 

 

Lawlor, D.W. (2002) Limitations to photosynthesis in water-stressed leaves: stomata vs. 

metabolism and the role of ATP. Ann. Bot. 89, 871-885. 

 

Lawlor, D.W. (2013) Genetic engineering to improve plant performance under drought: 

physiological evaluation of achievements, limitations and possibilities. J. Expt. Bot. 64, 

83-108. 

 

Leyser, O. (2009) The control of shoot branching: an example of plant information 

processing. Plant Cell Environ. 32, 694–703. 

 



Lohman, K.N., Gan, S., John, M.C. and Amasino, R.M. (1994) Molecular analysis of 

natural leaf senescence in Arabidopsis thaliana. Physiol. Plant. 92, 322-328. 

 

Masoud, S.A., Johnson, L.B., White, F.F. and Reeck, G.R. (1993) Expression of a 

cysteine proteinase inhibitor (oryzacystatin-I) in transformed tobacco plants. Plant Mol. 

Biol. 21, 655–663. 

 

Munger, A., Coenen, K., Cantin, L., Goulet, C., Vaillancourt, L-P. et al. (2012) 

Beneficial unintended effects of a cereal cystatin in transformed lines of potato, 

Solanum tuberosum. BMC Plant Biol. 12, 198. 

 

Parry, M.A.J., Wang, J. and Araus, J-L. (2012) New technologies, tools and approaches 

for improving crop breeding. J. Integ. Plant Biol. 54, 210-214. 

 

Paz, M.M., Martinez, J.C., Kalvig, A.B. Fonger, T.M. and Wang, K. (2006) Improved 

cotyledonary node method using an alternative explants derived from mature seed for 

efficient Agrobacterium-mediated soybean transformation Plant Cell Rep. 25, 206-213. 

 

Pernas, M., Sanchez-Mong, R. and Salcedo, G. (2000) Biotic and abiotic stress can 

induce cystatin expression in chestnut. FEBS Lett. 467, 206-210.  

 

Pillay, P., Kibido, T., dePlessis, M., Vyver, C., Beyene, G. et al. (2102) Use of 

transformed oryzacystatin-I-expressing plants enhances recombinant protein production. 

Appl Biochem Biotechnol. 168, 1608-20 



 

Prins, A., Van Heerden, P.D.R., Olmos, E., Kunert, K.J. and Foyer, C.H. (2008) Cysteine 

proteinases regulate chloroplast protein content and composition in tobacco leaves: a 

model for dynamic interactions with ribulose-1, 5-bisphosphate carboxylase/oxygenase 

(Rubisco) vesicular bodies. J. Expt Bot. 59, 1935-1950. 

 

Rivard, D., Anguenot, R., Brunelle, F., Le, V.Q., Vézina, L-P. et al. (2006) An in-built 

proteinase inhibitor system for the protection of recombinant proteins recovered from 

transformed plants. Plant Biotech J. 4, 359–368. 

 

Ruyter-Spira, C., Kohlen, W., Charnikhova, T., van Zeijl, A., van Bezouwen, L. et al. 

(2011) Physiological effects of the synthetic strigolactone analog GR24 on root system 

architecture in Arabidopsis: another belowground role for strigolactones? Plant Physiol. 

155, 721-734. 

 

Salas, C.E., Gomes, M.T.R., Hernandez, M. and Lopes, M.T.P. (2008) Plant cysteine 

proteinases: Evaluation of the pharmacological activity. Phytochem. 69, 2263-2269. 

 

Salvesen, G. and Nagase, H. (1989) Inhibition of proteolytic enzymes. Proteolytic 

enzymes: A practical approach, pp 83-104. 

 

Schlüter, U., Benchabane, M., Munger, A., Kiggundu, A., Vorster, J. et al. (2010) 

Recombinant protease inhibitors for herbivore pest control: a multitrophic perspective. 

J, Expt. Bot. 61, 4169-4183. 



 

Sheokand, S., Dahiya, P, Vincent, J.L. and Brewin, N.J. (2005) Modified expression of 

cysteine protease affects seed germination, vegetative growth and nodule development 

in transformed lines of Medicago truncatula. Plant Sci. 169, 966-975. 

 

Stirnberg, P., van de Sande, K. and Leyser, H.M. (2002) MAX1 and MAX2 control shoot 

lateral branching in Arabidopsis. Development 129, 1131–1141. 

 

Van der Vyver, C., Schneidereit, J., Driscoll, S., Turner, J., Kunert, K. and Foyer, C.H. 

(2003) Oryzacystatin-1 expression in transformed tobacco produces a conditional 

growth phenotype and enhances chilling tolerance. Plant Biotech. J. 1, 101-112. 

 

Vorster, J., Michaud, D., Kiggundu, A. and Kunert, K. (2010) Crop damage. Quest 6, 

30-32. 

 

Vorster, B.J., Schlüter, U., du Plessis, M., van Wyk, S., Makgopa, M.E. et al. (2013) 

The cysteine protease–cysteine protease inhibitor system explored in soybean nodule 

development. Agronomy 3, 550-570. 

 

Woo, H.R, Chung, K.M., Park J-H., Oh, S.A., Ahn, T. et al. (2001) Ore 9, an F-box 

protein that regulates leaf senescence in Arabidopsis. Plant Cell 13, 1779-1790. 

 



Woo, H.R., Kim, J.H., Nam, H.G. and Lim P.O. (2004) The delayed leaf senescence 

mutants of Arabidopsis, ore1, ore3, and ore9 are tolerant to oxidative stress. Plant Cell 

Physiol. 45, 923–932. 

 

Zavala, J.A., Patankar, A.G., Gase, K. and Baldwin, I.T. (2004) Constitutive and 

inducible trypsin proteinase inhibitor production incurs large fitness costs in Nicotina 

attenuata. PNAS 101, 1607-1612. 

 

Zhang, X., Liu, S. and Takano, T. (2008) Two cysteine proteinase inhibitors from 

Arabidopsis thaliana, AtCYSa and AtCYSb, increasing the salt, drought, oxidation and 

cold tolerance. Plant Molecular Biol. 68, 131-143. 

 



Figure legends  

 

Figure 1. The effects of ectopic OCI expression on soybean. a. Identification of the 

presence of OCI sequence in the leaves of three independent transformed lines (SOCI-1, 

SOCI-2 and SOCI-3) relative to the wild-type (SWt); b. Western blot showing the 

presence of the OCI protein in SOCI-1, SOCI-2 and SOCI-3 leaves; c, comparison of 

shoot phenotypes at 3 weeks, d, stem height, e, shoot biomass (fresh weight), f, number 

of axillary branches and g, chlorophyll content in the three independent transformed 

lines (SOCI-1, SOCI-2 and SOCI-3) relative to the wild-type.. Values represent the 

mean from 3 different plants per line ± SD. Asterisks denote significant differences 

between the lines at *P<0.01. 

 

Figure 2. The effects of ectopic OCI expression on seed and leaf protein contents 

and on cathepsin-like, (Cat-L) activities. Comparison of the protein contents of dry 

and imbibed seeds; b, leaf protein contents; c, seed cathepsin L-like, (Cat-L) activities 

and d, leaf Cat-L activities in the three independent transformed lines (SOCI-1, SOCI-2 

and SOCI-3) relative to the wild-type (SWt); Values represent the average of 20 

repetitions ± SD. Asterisks denote significant differences between the lines at *P<0.01.  

 

Figure 3. The effects of ectopic OCI expression on seed production and 

germination in tobacco and soybean. A comparison of a. seed pod phenotype and b, 

seed number s and dry weights in OCI-expressing tobacco plants (NOCI) plants relative 

to wild-type (NWt) controls: c. comparison of  a. seed production and .d. seed biomass 

(fresh weight) in the three independent transformed lines (SOCI-1, SOCI-2 and SOCI-



3) relative to the wild-type (SWt). Values represent the average of 20 repetitions ± SD. 

Asterisks denote significant differences between the lines at *P<0.01. 

 

Figure 4. The effects of ectopic OCI expression on senescence in soybean.  A 

comparison of a, the shoot phenotype at 18 weeks, b, leaf chlorophyll contents and c, 

photosynthetic CO2 assimilation rates in the three independent transformed soybean 

lines (SOCI-1, SOCI-2 and SOCI-3) relative to the wild type (SWt). Values represent 

the mean from 3 different plants per line ± SD. Asterisks denote significant differences 

between the lines at *P<0.01. 

 

Figure 5. The effects of ectopic OCI expression on the abundance of transcripts 

encoding carotenoid cleavage dioxygenases 7 (CCD7) and CCD8 in Arabidopsis 

thaliana. a. A simple depiction of the strigolactone synthesis pathway. The relative 

abundance of b. CCD7 mRNAs and c. CCD8 mRNAs in the leaves of three independent 

transformed lines (AOCI1, AOCI3 and AOCI4) relative to the wild-type (AWt). Values 

represent the mean from 3 different plants per line ± SD. Asterisks denote significant 

differences between the lines at *P<0.01. 

 

Figure 6. The effects of ectopic OCI expression on the development of Arabidopsis 

thaliana shoots and roots. a. comparison of rosette phenotype at 4 weeks, b. 

identification of the presence of the OCI transgene in the leaves of three independent 

transformed lines (AOCI1, AOCI3 and AOCI4) relative to the wild-type (AWt) , lateral 

root densities measured on seedlings at 8 days, c. rosette diameter at 4 weeks and f 



rosette phenotype at 16 weeks. Values represent the mean from 3 different plants per 

line ± SD. Asterisks denote significant differences between the lines at *P<0.01. 

 

Figure 7. The effects of ectopic OCI expression on drought-tolerance in 

Arabidopsis thaliana. A comparison of a. rosette phenotypes,  b. soil water, c leaf water 

contents and d. leaf protein contents in well-watered plants of the transformed lines 

(AOXI1, AOCI3 and AOCI4) and the wild-type (AWt) with plants that had been 

deprived of water for 15 days (Drought). Values represent the mean from 3 different 

plants per line ± SD. Asterisks denote significant differences between the lines at 

*P<0.01. 

 

Figure 8. The effects of ectopic OCI expression on drought-tolerance in soybean 

soybean. A comparison of a. shoot phenotypes after 6 days of drought and b. 

photosynthetic CO
2
 assimilation rates in three different leaf ranks (top, middle, bottom) 

of six week-old SOCI-1 and wild type (SWt) plants under well watered conditions (day 

0) and plants that had been deprived of water for 3 and 6 days; Values represent the 

mean from 3 different plants per line ± SD. Asterisks denote significant differences 

between the lines at *P<0.01. 

 

  



Table 1: The effect of OCI expression on the abundance of transcripts encoding leaf 
papain-like cysteine proteases (CP), cystatins (Cys) and vacuole processing enzymes 
(VPE) in plants grown for 3, 6 and 12 weeks. The relative abundance of transcripts in 
SOCI-1 is expressed relative to the wild-type (SWt) plants 
  

Sequence Accession Relative expression (2-ǻǻct) 

  3 wks 6 wks 12 wks 

CP     

SWtCP1 

SOCICP1 

Glyma04g04400 1.01±0.11 

0.56±0.06 

1.00±0.10 

1.01±0.41 

1.00±0.06 

1.87±0.17 

SWtCP2 

SOCICP2 

Glyma17g05670 1.00±0.05 

1.85±0.18 

1.01±0.15 

1.22±0.46 

1.00±0.05 

0.84±0.07 

SWtCP4 

SOCICP4 

Glyma14g40670 1.02±0.12 

1.22±0.11 

1.04±0.15 

0.57±0.03 

1.01±0.13 

0.54±0.04 

SWtCP5 

SOCICP5 

Glyma04g03090 1.01±0.10 

1.39±0.17 

1.01±0.08 

0.67±0.04 

1.00±0.06 

0.51±0.05 

     

Cystatin     

SWtCy1 

SOCICy1 

Glyma15g36180 1.02±0.16 

1.54±0.14 

1.04±0.20 

0.42±0.06 

1.01±0.11 

1.17±0.12 

SWtCy2 

SOCICy2 

Glyma14g04250 1.00±0.00 

1.85±0.16 

1.03±0.18 

1.17±0.18 

1.03±0.18 

1.17±0.18 

SWtCy4 

SOCICy4 

Glyma05g28250 1.03±0.19 

1.23±0.16 

1.0±0.06 

1.5±0.11 

1.01±0.10 

0.53±0.05 

     

VPE     

SWtVPE1 

SOCIVPE1 

Glyma17g14680 1.04±0.21 

2.05±0.44 

1.08±0.30 

1.52±0.20 

1.0±0.00 

2.28±0.42 

SWtVPE2 

SOCIVPE2 

Glyma05g04230 1.00±0.02 

1.65±0.19 

1.02±0.14 

2.08±0.38 

1.00±0.04 

1.48±0.1 

SWtVPE3 

SOCIVPE3 

Glyma14g10620 1.03±0.16 

1.31±0.17 

1.00±0.04 

1.92±0.14 

1.00±0.04 

0.50±0.06 



Table 2: E64-dependent inhibition of primary root length, the number of lateral roots 
and lateral root densities in wild-type Arabidopsis seedlings and in max-2-1 and in 
max-3-9 Arabidopsis mutants measured at 8 days in wild-type Arabidopsis seedlings 
and in max-2-1 and in max-3-9 Arabidopsis mutants 
 
 

Line Primary root length  

(cm)  

Lateral roots 

(number/plant) 

Root density 

(roots/cm) 

Wild-type-control 

+ E64 

Fold-change 

3.63 ± 0.11b 

2.12 ± 0.05d 

1.71 

1.90 ± 0.23c 

1.48 ± 0.17c 

1.28 

0.52 ± 0.07 

0.70 ± 0.08 

 

 

max-2-1-control 

+ E64 

Fold-change 

 

3.60 ± 0.08b 

1.96 ± 0.08d 

1.83 

 

3.95 ± 0.22a 

2.55 ± 0.17b 

1.55 

 

1.09 ± 0.05 

1.36 ± 0.10 

 

 

max-3-9-control 

+ E64 

Fold-change 

 

4.23 ± 0.06a 

2.44 ± 0.06c 

1.73 

 

1.47 ± 0.19c 

0.77 ± 0.17e 

1.90 

 

0.34 ± 0.04 

0.32 ± 0.07 

 
Letters indicate significant differences for either primary root length or later root 
number (p<0.01). Comparisons were made for each genotype in control and E64 
treatment conditions, as well as between genotypes. Statistics were performed using 
Anova and Tukey post hoc test. Data are shown as mean ± standard error of 40 samples 
per genotype and condition. 
 

 


