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A B S T R A C T

The equilibrium between protein synthesis and degradation is key to maintaining efficiency in different phy-
siological processes. The proteinase inhibitor cystatin regulates protease activities in different developmental
and physiological contexts. Here we describe for the first time the identification and the biological function of
the cysteine protease inhibitor cystatin of Fragaria chiloensis, FchCYS1. Based on primary sequence and 3D-
structural homology modelling, FchCYS1 is a type II phytocystatin with high identity to other cystatins of the
Fragaria genus. Both the papain-like and the legumain-like protease inhibitory domains are indeed functional,
based on in vitro assays performed with Escherichia coli protein extracts containing recombinant FchCYS1.
FchCYS1 is differentially-expressed in achenes of F. chiloensis fruits, with highest expression as the fruit reaches
the ripened stage, suggesting a role in preventing degradation of storage proteins that will nourish the embryo
during seed germination. Furthermore, FchCYS1 responds transcriptionally to the application of salicylic acid
and to mechanical injury, strongly suggesting that FchCYS1 could be involved in the response against pathogen
attack. Overall these results point to a role for FchCYS1 in diverse physiological processes in F. chiloensis.

1. Introduction

Fragaria chiloensis is known as the white or beach strawberry, and
belongs to the Rosaceae family. It is an evergreen plant that develops
annual white flowers, and produces an exotic pinkish-white, perfumed
and sweet edible fruit. F. chiloensis grows in North and South America in
a wide variety of climates and conditions. Indeed native populations
grow in central and southern Chile, Hawaii and along the western coast
of North America from California to the Aleutian Islands (Hancock
et al., 1999). The ability to adapt to such varied environments points to
a high genomic flexibility, involving the activation of multiple mole-
cular programs that have lead to the extensive environmental radiation
of F. chiloensis populations. It has been reported that F. chiloensis found
in Chile are even more adaptive than the accessions growing in North
America (Hancock et al., 1999). Indeed, this specie is found growing
both on sandy beaches and in mountains in Chile, and is able to grow
under very high salt content and water stress conditions (Retamales
et al., 2005). Furthermore, F. chiloensis fruits are less sensitive than the

commercial red strawberry F. x ananassa to the infections caused by the
necrotic fungus Botrytis cinerea (González et al., 2013).

However, unraveling the molecular mechanisms that underlie such
biologically relevant traits in F. chiloensis is challenging, due to the
current lack of molecular and genetics tools for the white strawberry.
The genome sequence of this octoploid specie has yet to be deciphered,
hindering the direct identification of genes using reverse genomic ap-
proaches. Genetic tools are also restricted due to the difficulty of ob-
taining mutants and the lack of transformation protocols. However,
these challenges are gradually being overcome, as increasing amounts
of DNA sequence information are becoming available (Figueroa et al.,
2008; Opazo et al., 2010; Pimentel et al., 2010). Such ventures are
beginning to facilitate our understanding of the molecular mechanisms,
and their regulation, that confer special phenotypic traits to F. chiloensis
(Espinoza et al., 2016; Handford et al., 2014). In addition, insights can
be gained into the particular and distinctive characteristics of this
exotic specie, which has evolved with minimal human intervention.

With the aim of identifying and characterizing candidate genes that
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could impact development as well as resistance to biotic and abiotic
stress, we examined the available transcriptomic data of F. chiloensis
(Pimentel et al., 2010). This analysis highlighted a sequence with high
homology to known cystatins. Cystatins are low molecular weight
proteins that directly bind to the active site of cysteine proteases such as
papain-like (MEROPS peptidase family C1 (Rawlings et al., 2012),) and
legumain-like peptidases (MEROPS peptidase family C13 (Rawlings
et al., 2012),), inhibiting their activity (Benchabane et al., 2010; Margis
et al., 1998; Turk and Bode, 1991; van Wyk et al., 2016). The inter-
action with papain-like proteases is via the identified cystatin-like (CY)
domain. Cystatins from animals and plants share several structural si-
milarities. However due to some unique motifs, plant cystatins have
been classified as a new subfamily, called phytocystatins. The unique-
ness refers to a consensus motif located in the characteristic α-helix of
the CY domain (Benchabane et al., 2010; Margis et al., 1998). Phyto-
cystatins have been identified and characterized in a variety of plant
species (M. Abe et al., 1992; Gaddour et al., 2001; Gholizadeh, 2012;
Hwang et al., 2009; Martinez et al., 2005b; Shyu et al., 2011; Valdés-
Rodríguez et al., 2007). Their molecular function as a protease inhibitor
impacts a broad range of biological functions related to different as-
pects of plant development and physiology. First, their function in seeds
is linked to preventing protein degradation during seed development
(K. Abe et al., 1987; M. Abe et al., 1992; Diaz-Mendoza et al., 2016).
Cystatins could inhibit proteolysis of storage proteins that will be
subsequently used by the developed embryo during germination (Arai
et al., 2002; Diaz-Mendoza et al., 2016; Hwang et al., 2009). Another
role has been described during the defense response. Indeed cystatin
accumulation prevents cell death and the damage produced by biotic
responses (Belenghi et al., 2003). Cystatins also inhibit fungal growth
although the mechanism is still unclear (Abraham et al., 2006; Martinez
et al., 2005b; Shyu et al., 2011; Wang et al., 2008). Also these protease
inhibitors are able to act as insecticides causing deleterious effects on
herbivorous arthropods and nematodes (Carrillo et al., 2010; Goulet
et al., 2008). Phytocystatins have also been linked to abiotic stress
tolerance due to their inducible expression under such conditions
(Gaddour et al., 2001; Massonneau et al., 2005; Pernas et al., 2000;
Valdés-Rodríguez et al., 2007; Zhang et al., 2008) and their ability to
confer resistance to drought, heat shock and high salinity (Quain et al.,
2014; Van der Vyver et al., 2003; Zhang et al., 2008). Cystatins are
involved in stress responses as well as underlying physiological pro-
cesses, and are thus key proteins to identify and characterize. Here, the
identification of the first cystatin protein from F. chiloensis, FchCYS1, is
described. This protein belongs to the type II phytocystatin family,
sharing primary sequence as well as tertiary structure features with
other phytocystatins. A signal peptide-lacking version of FchCYS1 ef-
ficiently inhibits in vitro the proteolytic activity of both papain and
legumain. FchCYS1 is differentially expressed in achenes at different
stages of fruit development and responds to salicylic acid and me-
chanical stimulus, strongly suggesting a role for FchCYS1 in the phy-
siology and stress responses of F. chiloensis.

2. Material and methods

2.1. Plant material and treatments

Fragaria chiloensis fruits and flowers were collected from a com-
mercial field located at Purén, Araucania Region, Chile (latitude
38°.04′8.6″ S; longitude 73°.14'.2.96″ W). Fruits at developmental
stages C1-C4 were classified as described in Figueroa et al. (2008). Once
collected, fruits were maintained at 4 °C for 12 h, frozen under liquid
nitrogen and stored at −80 °C. Achenes were removed from receptacles
while fruits were still frozen.

Fresh F. chiloensis C4-stage fruits were treated with 100 μM salicylic
acid (SA) in a solution containing 60mM citric acid, 74mM NaHPO4,
2% DMSO, 5mM DTT, and 0.1% Tween 20 (pH 4.5) for 10min at room
temperature. Subsequently, the solution was removed, and fruits were

left for 6 and 12 h at room temperature. Fully-expanded leaves (ap-
proximately 8 cm-wide) of laboratory-propagated F. chiloensis plants
were mechanically damaged in each of their three leaflets by a single
5mm-diameter punch. After 6 and 24 h, leaves were collected.
Untreated leaves were used as controls. Genomic DNA and total RNA
were isolated by the modified CTAB protocol (Porebski et al., 1997).
Nucleic acid integrity and concentration were checked by electro-
phoresis and spectrophotometry (Nano Vue Plus).

2.2. FchCYS1 identification and cloning

F. vesca sequences were obtained from The Plant Genomics Resource
Phytozome (phytozome.jgi.doe.gov/pz/portal.html). Sequence align-
ment was performed using CLUSTALW Omega (www.ebi.ac.uk/Tools/
msa/clustal).

The FchCYS1 open reading frame (ORF) was amplified by PCR using
C4 cDNA and from leaf genomic DNA. PCR primers were designed
based on FveCYS v1 (AJ862660.1); forward 5′-GGTCAAAAACCAGACT
ATGAAATTG-3′ and reverse 5′-TCAGTGCTCCACCTCCATCTGAT-3′.
The FchCYS1 fragment of 708 bp was cloned into pCR8-TOPO
(Invitrogen). Cloned fragments were sequenced by Macrogen Inc. using
M13 primers. Afterwards, the fragment without the nucleotide se-
quence that codifies for the predicted N-terminal signal peptide (SP) of
FchCYS1 was PCR-amplified using the forward primer 5′-GGATCCATG
TCCACCCT-3′ and the reverse primer mentioned above. The amplified
product was cloned into the plasmids pDESt17 and pDEStHis6MBP
using Gateway™ LR Clonase™ for gene expression in E. coli.

2.3. Quantification of transcript levels

cDNA was synthesized from DNA-free RNA by the ImProm-II™
Reverse Transcription System (Promega). Transcript level quantifica-
tion was performed by qPCR using SensiMix SYBR Hi-ROX kit (Bioline)
in a Stratagene MX300P (Agilent Technologies) (Aguayo et al., 2013).
Specific primers were designed for amplifying a fragment of 90 bp to-
ward the 3′-end of the coding sequence of FchCYS1; forward 5′-AGCC
TTCAGCAGAAGTCCAA-3′ and reverse 5′-GATGGAAGAGCATGCCA
AGT-3`. FchPR5 transcript levels were detected by using the primers
forward 5′-CAAGGAGCCAACAAACAGGTCA-3′ and reverse 5′-CCACC
GTCAGCTACGATGTTG-3′ for amplifying a 200 bp fragment. FchRib314
(5′-ACCGTTGATTCGCACAATTGGTCATCG -3′ and 5′-TACTGCGGGTG
CGGC AATCGGACG-3′) and FaGAPDH (5′-TCCATCACTGCCACCCAGA
AGACTG-3′ and 5′-AGCAGGCAGAACCTTT CCGACAG-3) were used as
housekeeping genes in different organs and treatments (Amil-Ruiz
et al., 2011).

2.4. Expression of FchCYS1 in Escherichia coli

BL21 E. coli strain was transformed by electroporation with the
plasmid pDESt17 and pDEStHis6MBP containing the FchCYS1 sequence.
Transformed bacteria were selected using 100mg/L ampicillin.
Selected clones were grown in LB culture media to OD600= 0.5–1.0 and
IPTG was added to a final concentration of 1mM for inducing FchCYS1
expression. After 8 h at 28 °C, cells were collected, washed and re-
suspended in lysis buffer (20mM Tris-HCl (pH 8.0), 1 mM EDTA).
DNAase I (6u; Ambion) was added and cells were then sonicated (3
pulses of 3min each). Soluble protein extracts were collected from the
supernatant after 9,000× g centrifugation. Proteins were quantified
(Bradford based protein assay; BioRad), subjected to SDS-PAGE and
Coomassie staining for analyzing the presence of an over-accumulated
band after IPTG induction. Untransformed BL21 E. coli was evaluated
for the endogenous protein pattern, and protein extracts were used as
control of proteases activity.
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2.5. Protease inhibitory activity

Soluble E. coli protein extracts were added to the enzymatic reaction
for testing FchCYS1 inhibitory activity over papain and legumain.
Additionally, IPTG-induced soluble extracts were heated to 100 °C prior
to performing the protease inhibition assays. A papain- or legumain-
containing reaction without protease inhibitor was considered as 100%
activity (control; zero inhibition). The activity of papain (E.C. 3.4.22.2)
was measured using as substrate BANA (N-benzoyl-DL-arginine-β-
naphthylamide), following a modified protocol from Abe et al. (M. Abe
et al., 1992). The enzymatic reaction was performed with 50 μg/mL
papain in 10mM Tris-HCl (pH 8.5), 0.5 mM EDTA and 50mM 2-mer-
captoethanol. The reaction was incubated for 40min at 37 °C and
stopped by adding 2% HCl/ethanol. Then 0.06% ρ-dimethylamino-
cinnamaldehyde in ethanol was added for color development. After
30min, absorbance was measured at 540 nm. Legumain activity (E.C.
3.4.22.34) was determined performing a modified protocol from Za-
kharov et al. (Zakharov, 2004) using Bz-Asn-p-nitroanilide (Bachem) as
substrate. The reaction was performed incubating 1 ηg/μL of re-
combinant human legumain (R&D Systems) in 0.12M phosphate/ci-
trate (pH 5.6), 0.18M NaCl, 2 mM DTT and 0.5 mM EDTA for 30min at
30 °C and stopped afterwards by adding 6% acetic acid. The liberated p-
nitroaniline was measured at 405 nm.

2.6. The 3D structure of FchCYS1

A signal peptide (SP) prediction was performed with the deduced
protein sequence of FchCYS1 that was experimentally obtained from
the FchCYS1 cDNA sequence using SignalP-4.1 server (Petersen et al.,
2011) and Phobius (Käll et al., 2004) (Supplementary Fig. S2). BLAST
search (Basic local alignment search tool) (Altschul et al., 1997) and
PSIPRED (Protein Structure Prediction Server) (Jones, 1999) were
performed for selecting the 3D template with the closest homology
available in the Brookhaven Protein Data Bank (PDB; http://www.rcsb.

org/pdb/home/home.do). The crystal structure of PMC-567, corre-
sponding to the∼35 kDa peptide is composed of three cystatin domains
designated 5, 6, and 7 (Green et al., 2013; Nissen et al., 2009) from
potato (Solanum tuberosun) (PDB: 4LZI) was selected as template, with
43% of sequence identity (p-value 6e−30) and an alignment score of 311
determined by PSIPRED. All bioinformatics parameters were performed
as previously reported by Gaete-Eastman et al. (2015).

3. Results and discussion

3.1. Identification of FchCYS1 from Fragaria chiloensis

Partial cDNA sequences identified in F. chiloensis fruits (Pimentel
et al., 2010) display high similarity to the cystatin gene Cyf1 char-
acterized in F. x ananassa (XM_004307161.2; Martinez et al., 2005b). In
order to obtain the full-length sequence of F. chiloensis cystatins, the
publicly available genome of the closely-related specie F. vesca (Shulaev
et al., 2011) was used. Taking into account the evolutionary con-
servation between species belonging to the Fragaria genus, the pre-
dicted putative type II F. vesca cystatin, FveCYS variants 1 and 2, were
identified from the database, based on sequence homology to known
cystatins. Subsequently, primers for amplifying an open reading frame
(ORF) were designed based on the sequence of FveCYS v1. Using these
primers, a unique band was amplified from ripe fruit cDNA. The iso-
lated fragment was named FchCYS1, representing the first cystatin
identified in F. chiloensis (Gene Bank accession number MH183166).
The 708 bp nucleotide sequence of FchCYS1 (Supplementary Fig. S1) is
98% similar to FveCYS v1 (AJ862660.1) and 99% similar to the F. x
ananassa Cyf1 (XM_004307161.2; Martinez et al., 2005b).

Phylogenetic analysis has classified cystatins based on their genomic
structure, particularly by the number of introns (Margis et al., 1998).
The genomic version of the ORF of FchCYS1 was amplified, using the
same primers, from leaf genomic DNA as a fragment of 1320 bp.
Comparing the genomic and the cDNA sequence of FchCYS1 revealed

Fig. 1. FchCYS1 encodes a putative cystatin pro-
tein of F. chiloensis.
(A) Gene intron/exon structure of FchCYS1. Genomic
and cDNA fragments of the coding region of FchCYS1
were isolated and sequenced. Numbers indicate the
nucleotide positions delimiting exons (black boxes),
starting with the codon ATG. (B) The deduced
FchCYS1 protein sequence (235 aminoacids) contains
known motifs involved in the protease-cystatin in-
teraction (gray boxes). A distinctive extended C-
terminal tail sequence (SNSL) defines FchCYS1 as a
type II cystatin. A signal peptide sequence (SP) and a
cleavage site (arrow) are predicted by the SignalP
program. The consensus motif (PhyCys) that defines
the independent family of phytocystatins is shown.
(C) A phylogenetic tree was built including FchCYS1
and 10 different type II cystatins with the SNSL motif
from rosaceae and non-rosaceae species. Homo sa-
piens cystatin sequence (gi4503107) was used as the
root. Solanum tuberosum (gi588292978); Oryza sativa
(gi115435888); Glycine soja (gi734347029); Malus x
domestica (gi27752377); Vitis vinifera (gi225464047);
Fragaria vesca (gi470143070); Fragaria x ananassa
(gi70907497); Prunus mume (gi645281206); Prunus
persica (gi596049949); Arabidopsis thaliana
(gi79596870).
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the presence of three introns interrupting the ORF (Fig. 1A,
Supplementary Fig. S1). Most plant cystatin genes possess up to three
introns (Margis et al., 1998; Margis-Pinheiro et al., 2008; Martinez
et al., 2005a) which is in line with the genomic structure of FchCYS1.

After translating the cloned cDNA fragment in silico, FchCYS1 is a
protein of 235 amino acids, displaying 97.4% identity to FveCYS v1
(Supplementary Fig. S2). Interestingly, primary structure analysis of
FchCYS1 revealed a single CY domain with the corresponding three
features: Two glycine residues towards the N-terminal (G33 and G34),
the tryptophan residue (W109) as well as the papain inhibitory motif
QxVxG (Figs. 1B and 2B, Supplementary Fig. S2). Moreover, these three
motifs are involved in binding of the cystatin to the active site of pa-
pain-like cysteine proteases (Irene et al., 2012). The presence of an
extended C-terminal with the SNSL motif has been shown to be critical
for inhibition of legumain-like proteases (Martinez et al., 2007), also
present in FchCYS1 (S174-L177) classifying it as a type II cystatin
(Figs. 1B and 2, Supplementary Fig. S2). The presence of the consensus
motif LGRFAVDDHN (Benchabane et al., 2010; Margis et al., 1998) in
the primary sequence defined FchCYS1 as a phytocystatin, like most of
the cystatins identified so far in plant species (Fig. 1, Supplementary
Fig. S2). When comparing the protein sequence of FchCYS1 to other
type II cystatins, it was found that FchCYS1 was closely-related to type
II cystatins of the Fragaria genus (97% sequence identity) and with
other members of the Rosaceae family such as Prunus spp (72% se-
quence identity) and Malus domestica (74% sequence identity), and
more distantly (66 - 62% sequence identity) to orthologues in rice or
the known AtCYS6 from Arabidopsis thaliana ((Hwang et al., 2009);
Fig. 1C, Supplementary Table 1).

The first 28 amino acids of FchCYS1 were predicted with a high
score as a putative SP (Fig. 2, Supplementary Fig. S2). This score in-
dicated that FchCYS1 is most-likely synthesized at the endoplasmic
reticulum, like cystatins described in carrots, amaranth and jelly fig
(Ojima et al., 1997; Shyu et al., 2011; Valdés-Rodríguez et al., 2007).
Consequently, this program also predicted a cleavage site for peptidases

at the endoplasmic reticulum, strongly suggesting that the functional
protein loses its N-terminal region within this compartment (Fig. 1B,
Supplementary Fig. S2). However, no glycosylation signals, trans-
membrane domains or further targeting signals were detected in silico.
In Arabidopsis, seven cystatins have been identified, of which six
(AtCYS2-AtCYS7) are predicted to have an SP (Martinez et al., 2005a).
The type II cystatin AtCYS6, the closest Arabidopsis cystatin to FchCYS1,
has been predicted as two different protein products due to alternative
splicing of AtCYS6 (TAIR database). AtCYS6.2, that possesses the SP, is
predicted to be accumulated in the extracellular space, while isoform
AtCYS6.1 which lacks the SP has been detected in the cytoplasm by
proteomic approaches. Therefore, most likely FchCYS1 is secreted by
the cells, as described for cystatins of carrot and pineapple (Neuteboom
et al., 2009; Ojima et al., 1997). Taken together, the genomic and
protein characteristics strongly support the identity of FchCYS1 as a
phytocystatin.

3.2. FchCYS1 molecular comparative modelling reveals a conserved type II
cystatin 3D structure

In order to confirm that the identified amino acid residues confer
functional features in the tertiary structure of FchCYS1, comparative 3D
modelling was performed. Additionally, comparative 3D modelling al-
lowed determining the spatial coordinates of highly-conserved and
functionally-related amino acids of FchCYS1.

For this purpose, the crystalline structure of PMC-567 was selected
as template since it is the experimentally-determined structure with
both the highest sequence identity and coverage with respect to
FchCYS1 (42% and 82%, respectively) according to a BLASTp search
against the Protein Data Bank (PDB; S2 Table). PMC-567 is a multi-
cystatin from Solanum tuberosum (PDB ID code: 4LZI (Green et al.,
2013),) that has three CY domains, typical of the type III cystatin fa-
mily. Furthermore, a secondary structure prediction using the PSIPRED
tool of the target sequence (FchCYS1) was performed. The analysis

Fig. 2. FchCYS1 identity as a phytocys-
tatin type II is validated by comparative
3D structure modelling.
The predicted mature FchCYS1 sequence
was model
ed by comparison to the multicystatin from
Solanum tuberosum PDB ID code: 4LZI
(Green et al., 2013). (A) FchCYS1 displays
two domains: The inhibitory-papain domain
(CY domain) on the left, showing the char-
acteristic αβ roll structure constructed based
on one α-helix and four anti-parallels β-
strand; and the second domain on the right
(CY-L domain) corresponding to the ex-
tended C-terminal, showing an incomplete
αβ roll structure. The structures of the two
domains are shown in both surface re-
presentation in gray and colored new car-
toon where α-helix (purple), loops (cyan)
and β-sheet (yellow) are represented. (B)
The residues for the interaction with cy-
steine proteases are shown in a closer view
of the CY domain of FchCYS1. Residues are
shown in VDW representation. (C) The hy-
drophobic cluster located in the interface
between the α-helix and the β-sheet of the
CY domain of FchCYS1 is shown. Residues
from hydrophobic cluster are colored by
charge and shown in VDW representation.
(D) The SNSL anti-legumain motif was
found in an α-helix breaker solvent oriented
loop in the CY-L domain of FchCYS1. SNSL

residues are shown in VDW representation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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showed that the highest number of residues with defined 2D structure
aligned with the PMC-567 structure. Other putative templates showed
lower values (around 95–85 residues) and were therefore discarded.
More interestingly, the alignment score of PMC-567 has a value of 291,
which is similar to the other putative templates (300–291) which cover
only half of the FchCYS1 protein sequence (PSIPRED Score, S2 Table).
Additionally, FchCYS1 and PMC-567 proteins are predicted to be post-
translationally processed by cleavage of the N-terminal SP, and possess
moderate identity and similarity (43% and 57%, respectively). In con-
clusion, PMC-567 resulted to be the most suitable crystalline structure
to model FchCYS1 3D structure.

Manual optimization by incorporating information of phytocystatin
secondary structure was performed after sequence alignment between
FchCYS1 and the template PMC-567. Residues were incorporated
especially associated to structural motifs of the CY domain. Different
quality parameters were determined, due to the fact that FchCYS1 and
PMC-567 showed moderate amino acid identity. An exhaustive geo-
metric and energetic stability evaluation was performed for FchCYS1
(Supplementary Fig. S3). The best conformer was determined by using
different evaluation methods of 10 conformers obtained after energy
minimization. The favored regions after PROCHECK analysis corre-
sponded to 100% of the structure and no badly-modeled residues were
found (Supplementary Fig. S3A). Furthermore, a low ProSA energy
score was obtained in most structurally-conserved regions; however a
small region corresponding to a loop distant from the anti-papain motif
had an unfavorable ProSA energy score (Supplementary Fig. S3B). Fi-
nally, Verify3D showed favorable scores for the full 3D protein struc-
ture, and no residues showed values under 0, indicating congruence
between the 1D and 3D structures. The final FchCYS1 protein structure
was geometrically and energetically stable. All parameters measured
favored the acceptance of the model for subsequent analysis.

The FchCYS1 model displayed the two domain-like structures pro-
posed for type II cystatins: the cystatin domain (CY; residues 46–121)
and the extended cystatin-like domain (CY-L; 148–235), connected by a
linker (residues 122–147) (Fig. 2A). FchCYS1 contains an unstructured
N-terminus with a short β-strand (residues 29–45), followed by a
compact inhibitory domain (CY domain; 46–121). The compact CY
domain is composed of one α-helix and four β-sheets classified in the
CATH database as an αβ-roll structure, where the α-helix is encircled by
antiparallel β-strands (Fig. 2A; CY domain). Interestingly, the C-ex-
tension shows an apparently similar folding, with one β-sheet lacking
and a particular orientation of the inhibitor domain (Fig. 2A; CY-L
domain). The CY domain has three structural motifs that are highly-
conserved within the cystatin protein family and which are functionally
related to the putative roles of proteinase inhibitors: motif 1; G33, G34,
motif 2; E77, Q78, V79, V80, A81, G82, and motif 3; P108 and W109.
Additionally, our model included E77 (motif 2) and P108 (motif 3),
whose position was fully-conserved within the phytocystatin protein
family (van Wyk et al., 2016). Indeed, these two amino acids are the
most highly-conserved residues when 332 phytocystatin protein se-
quences were compared. Moreover, the three motifs of FchCYS1 were
located on one side of the CY domain in three loops (Fig. 2B), con-
cordant with other phytocystatin protein family members (van Wyk
et al., 2016), suggesting an interaction with papain-like proteases, as
has been suggested for cystatins in pineapple and barley (Irene et al.,
2012; Martinez et al., 2009). On the other hand, the compact globular
structure of the CY domain is stabilized by a hydrophobic cluster
composed of residues located at the interface between a β-sheet and an
α-helix, as shown in Fig. 2C. The α-helix contained the highly-con-
served residues in the phytocystatin protein family; the L51, G52, R53,
F54, A55, V56, D57, D58 and N60 motif (Supplementary Fig. S4). Also,
several residues from this α-helix interact with the structural counter-
part of the hydrophobic cluster composed of F69, V72, L87, V89, A102,
V104 and F118 located in the β-sheet (Irene et al., 2012).

The CY-L domain, previously described as a C-terminal extension
fold (Fig. 2A) is composed of 3 assembled β-strands and an incomplete

fourth β-strand in addition to an α-helix, forming an αß-roll structure
(Fig. 2A). Although this extension has some similarities with the CY
domain, and most of the sequence motifs could be partially identified,
the lack of critical residues suggested that this extension is a de-
generated part of a multi domain phytocystatin protein (Martinez et al.,
2007). Even though this domain is not conserved and has no inhibitory
activity over papain proteases, a second motif (SNSL) was found to
inhibit legumain cysteine proteases (Christoff et al., 2016; Martinez
et al., 2007). In the FchCYS1 3D model, this second motif was located in
a loop oriented towards the solvent, next to an α-helix (Fig. 2D). The
appearance of the SNSL motif suggested an inhibitory activity of
FchCYS1 against legumain proteases. Therefore, FchCYS1 could be a
bifunctional type II cystatin, using the N-terminal CY, and the C-ex-
tended SNSL terminal domain to inhibit papain-, and legumain-like
proteases, respectively, as found in a rice phytocystatin (Christoff et al.,
2016).

3.3. FchCYS1 inhibits papain and legumain protease activity

Bioinformatically, both primary sequence and tertiary protein
structure analysis indicated that FchCYS1 possesses both a papain and a
legumain protease inhibition domains. In order to determine the cy-
statin inhibitory activity of FchCYS1, the ORF lacking the SP nucleotide
sequence of FchCYS1 was cloned in bacteria expression plasmids (see
material and methods section for details). This strategy allowed the
IPTG-inducible accumulation of an N-terminal His-tagged fusion pro-
tein (pDESt17; FchCYS1-His6), and an N-terminal maltose binding
protein (MBP) fusion protein (pDEStHis6MBP; FchCYS1- His6MBP) in E.
coli, strain BL21. Expected bands of both FchCYS1-His6 (26 kDa) and
FchCYS1-His6MBP (65 kDa) were detected in soluble protein extracts of
transformed E. coli strains (Fig. 3A). These bands were not detected in
the corresponding extracts from untransformed BL21 cells, strongly
supporting their identity as recombinant FchCYS1 (Fig. 3A). FchCYS1-
His6 and FchCYS1-His6MBP accumulated in transformed E. coli even
without IPTG stimulation, but in much lower quantities than in the
IPTG-treated transformed strains. The IPTG-inducible promoter T7 has
been shown to be active even in the absence of the inductor (Rosano
and Ceccarelli, 2014). Therefore, the leaky expression of FchCYS1-His6
and FchCYS1-His6MBP could be considered as expected.

The in vitro enzymatic papain assay utilizes the synthetic substrate
BANA (N-benzoyl-DL-arginine-β-naphthylamide), and releases an in-
dole group which is quantifiable by spectrophotometry. The ability of
the soluble extract from FchCYS1-His6-and FchCYS1-His6MBP-expres-
sing E. coli to inhibit papain proteases was determined. Soluble protein
extracts from untransformed E. coli did not inhibit papain activity in-
dicating that there was no bacterial activity of cystatin. In fact, a 6%
increase in papain activity was detected in both control conditions and
in IPTG-treated untransformed bacteria, suggesting the presence of
endogenous papain activity or alternatively, a papain inducer compo-
nent (Supplementary Table 3). Fig. 3B shows that papain activity was
inhibited by up to 80% in the presence of soluble extracts containing
either FchCYS1-His6 or FchCYS1-His6MBP (Fig. 3, Supplementary
Table 3). Furthermore, papain inhibition increased even further when
either FchCYS1-His6 or FchCYS1-His6MBP transformed bacteria were
induced previously with IPTG, suggesting dependency on the abun-
dance of FchCYS1 in the soluble extract. Indeed, the inhibition of pa-
pain was dependent on the protein concentration of the total extracts
that accumulated FchCYS1 recombinant proteins, strengthening this
assertion (Supplementary Table S4). Surprisingly, both FchCYS1-His6
and FchCYS1-His6MBP were able to inhibit papain enzymatic activity
suggesting that His6MBP, a bulky protein of 42 kDa, did not interfere
with FchCYS1 activity (Fig. 3B). However, the extract containing
FchCYS1-His6MBP produced the same inhibition as the extract con-
taining FchCYS1-His6 although the different abundance of FchCYS1
proteins were noticeable, suggesting that FchCYS1-His6MBP activity is
less efficient (Fig. 3A and B).
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Fig. 3. FchCYS1 has inhibitory activity over pa-
pain and legumain proteases.
Soluble protein extracts of BL21 transformed with
pDESt17-FchCYS1-His6 (CYS1- His6) and pDESt-
FchCYS1-His6MBP (CYS1-His6MBP) and un-
transformed BL21, induced (+) or not (−) by IPTG
were obtained. (A) One hundred μg of protein ex-
tracts were subjected to SDS-PAGE and Coomassie
staining was performed to visualize proteins.
Molecular weight standards are indicated. Proteins of
26 (white arrowhead) and 65 kDa (black arrowhead)
are differentially accumulated in the CYS1-His6 and
CYS1- His6MBP extracts, respectively. (B-C) The ef-
fect of soluble protein extracts from E. coli that ac-
cumulated FchCYS1-His6 and FchCYS1-His6MBP on
papain (B) and legumain (C) enzymatic activity were
evaluated. Transformed and untransformed E. coli
BL21 strains were treated (+) or not (−) with a final
concentration of 1 mM IPTG for inducing re-
combinant FchCYS1 protein accumulation. Papain
and legumain activity were considered 100% in B
and C respectively. Results are informed as the re-
sidual activity when the enzymatic assay was per-
formed in presence of 500 μg protein and 50 μg ex-
tracts for papain (B) and legumain (C) activity. Error
bars represent standard error (n = 9). One-way
ANOVA and Tukey tests were performed *p ≤ 0.05;
**p ≤ 0.01 and ***p ≤ 0.001. (D) Protein extracts
were incubated at 100 °C for a period of time time for
analyzing FcCYS1-His6 and FcCYS1-His6MBP thermo-
stability over papain activity. Incubations of 10
(white bars), 20 (gray bars), and 60 min (black bars)
are shown.

Fig. 4. FchCYS1 is differentially expressed during
fruit development of Fragaria chiloensis.
(A) FchCYS1 transcript levels were quantified in
flowers and different stages of F. chiloensis fruit (C1-
C4). C1, green receptacle and green achenes; C2,
green receptacle and red achenes; C3, white re-
ceptacle and red achenes; and C4, ripe fruits with
pink receptacle and red achenes. Representative
flower and fruit stages are shown in the image.
Bar= 1 cm FchCYS1 transcript levels were also
quantified from achenes (B) and receptacles (C) col-
lected from C1 to C4 F. chiloensis fruits. Transcript
levels were measured by means of RT-qPCR. The
FchGAPDH transcript level was used as normalizer,
and the expression level in flowers (A), C1-stage
achenes (B) or C1-stage receptacles (C) was used as
calibrator. Error bars are shown (n = 9). One-way
ANOVA and Tukey tests were performed (*p ≤ 0.05;
**p ≤ 0.01 and ***p≤ 0.001). (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Furthermore, soluble extracts from FchCYS1-His6 expressing E. coli
were also able to inhibit the activity of legumain protease (Fig. 3C). The
ability of inhibiting legumain protease confirmed the functionality of
the extended C-terminal domain containing the SNSL motif (Figs. 1 and
2). Therefore, FchCYS1 was confirmed biochemically as a type II cy-
statin and is the first identified in F. chiloensis.

The inhibition of papain induced by FchCYS1-containing protein
extracts was dependent on a temperature-sensitive molecule. The cy-
statin activity of protein extracts fell when extracts were previously-
heated at 100 °C. However, the recombinant protein was partially re-
sistant to temperature treatments, since 60min of denaturation were
necessary to abolish 80% of the enzymatic inhibition over papain
(Fig. 3D, Supplementary Table 4). This highlights the thermo-stability
of FchCYS1, similar to reported phytocystatins from pineapple and jelly
fig (Arai et al., 2002; Shyu et al., 2011, 2004).

3.4. FchCYS1 is differentially-expressed in achenes during fruit
development and responds to biotic and mechanical stimuli

The stable genetic transformation of F. chiloensis has yet to be de-
veloped, hindering the generation of mutants or over-expressor lines for
the study of the function of specific genes. Therefore, we determined
the gene expression pattern of FchCYS1 in different organs, develop-
mental stages and in response to stimuli, in order to gain insights into
the potential physiological roles of this gene.

Cystatins from rice and amaranth have been shown to be involved in
inhibition of proteases during embryo development, correlating with
protein processing and abundance (K. Abe et al., 1987; Diaz-Mendoza
et al., 2016; Valdés-Rodríguez et al., 2007). In order to evaluate the
putative role of FchCYS1, its transcript levels were measured in fruits at
different stages of development. Figueroa et al. (2008) described four
distinctive stages of F. chiloensis fruit development based on physical
features which are related to physiological processes such as achenes
ripening, and receptacle coloration and softening. FchCYS1 transcripts
were detected in all four developmental stages (Fig. 4A), in both
achenes and receptacles (Fig. 4B and C). FchCYS1 expression increased
during the development of intact fruits (Fig. 4A). This increment arose
exclusively from an increase in expression in achenes (Fig. 4B), as levels
in receptacles remained constant throughout development (Fig. 4C).
This suggests that FchCYS1 could be involved in inhibiting storage
protein degradation during seed development in the Chilean strawberry
achenes. Such a finding is consistent with the expression profile ob-
served in the seeds of other plant species, such as rice (K. Abe et al.,
1987). The high similarity of FchCYS1 to the cystatin identified in F. x
ananassa Cyf1 whose expression is detected only in achenes (Martinez
et al., 2005b) suggests that the promoter region could contain different
information for regulating gene expression in these two closely-related
species. Thus, the changes in expression, combined with the inhibitory
activity of FchCYS1 shown above, strongly indicate that this protease
inhibitor could indeed play a role during the latter stages of fruit/seed
development in F. chiloensis.

Arabidopsis AtCYS1 and AtCYS2 are expressed in different tissues
and organs of plants (Hwang et al., 2010). Indeed, as well as being
expressed in fruits (Fig. 4A), FchCYS1 transcripts are also abundant in
flowers (Fig. 4A), and in vegetative tissues such as stolons, roots, and
young and old leaves (Fig. 5A). Comparatively, FchCYS1 transcript le-
vels were more abundant in leaves than in roots and stolons. Further-
more, FchCYS1 transcript abundance was three times greater in young
leaves compared to old leaves. Curiously, whereas transcript levels in-
creased with organ age in reproductive tissues, their levels fell in ve-
getative tissues (leaves), suggesting that the role of FchCYS1 is not
related to general senescence function as has been shown for cystatins
of other species (Tajima et al., 2010; van Wyk et al., 2014). On the other
hand, higher levels of FchCYS1 can be interpreted possibly as a pre-
ventive mechanism of the plant to cope with the attack of insects and/
or pathogens. However, insects produce injuries that trigger a different

hormonal cascade. Indeed chestnut cystatin transcript levels respond to
wounding as well as fungus infection (Pernas et al., 2000). In order to
get insights about such stimuli, the response of FchCYS1 to mechanical
damage was evaluated. The levels of transcript were evaluated when
old leaves were hole-punched, provoking and simulating mechanical
damage (see materials and methods section). Indeed FchCYS1 re-
sponded, with increasing transcript levels 6 h after the mechanical in-
jury (Fig. 5B). After 24 h, the level of transcript was almost double that
in non-stimulated leaves (Fig. 5B).

To determine whether FchCYS1 plays a dual role, both in F. chi-
loensis fruit development and stress responses, as performed by other
cystatins (discussed in Introduction section), the transcriptional re-
sponses of FchCYS1 to the phyto-regulator involved in signaling in re-
sponse to pathogens SA (Glazebrook, 2005) was evaluated. Application
of 100 μM SA to mature ripe fruit resulted in a statistically significant
increase in FchCYS1 transcript abundance within 12 h (Fig. 6A). This
concentration of SA mimics biotic stress since the SA-responsive FchPR-
5 gene of F. chiloensis (González et al., 2013) was also activated. A role
for FchCYS1 in defense from pathogens is predicted because gene ex-
pression responds to SA and the gene encodes a secreted protein. The
role of SA in plant growth and development in response to abiotic
stresses has been shown previously. Indeed in F. x ananassa, exogenous
application of SA improves the deleterious growth due to drought stress
(Ghaderi, 2015) implicating also the SA responsiveness genes, including
FchCYS1 in the response to cope with abiotic stress.

The transcriptional activation by mechanical damage and applica-
tion of SA suggest that FchCYS1 and its gene product are involved in the
mechanisms of defence response in F. chiloensis.

4. Conclusions

• This work describes the identification of a F. chiloensis gene FchCYS1
that codifies a type II cystatin that shares structural as well as
thermodynamic features with described phytocsytatins.

• FchCYS1 expressed as a recombinant protein in E. coli indeed pos-
sesses inhibitory activity over both papain and legumain proteases,
confirming the in silico predictions.

• FchCYS1 is regulated in achenes throughout fruit development and
responds to stimuli related with biotic stress.
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