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Summary

Subtilases (SBTs) are serine peptidases that are found in all three domains of life. As compared

with homologs in other Eucarya, plant SBTs are more closely related to archaeal and bacterial

SBTs,withwhich they sharemanybiochemical and structural features.However, in the course of

evolution, functional diversification led to the acquisition of novel, plant-specific functions,

resulting in the present-day complexity of the plant SBT family. SBTs aremuchmorenumerous in

plants than in any other organism, and include enzymes involved in general proteolysis aswell as

highly specific processing proteases. Most SBTs are targeted to the cell wall, where they

contribute to the control of growth and development by regulating the properties of the cell wall

and the activity of extracellular signalingmolecules. Plant SBTs affect all stages of the life cycle as

they contribute to embryogenesis, seed development and germination, cuticle formation and

epidermal patterning, vascular development, programmed cell death, organ abscission,

senescence, and plant responses to their biotic and abiotic environments. In this article we

provide a comprehensive picture of SBT structure and function in plants.

I. Introduction

The erection of anything new is usually preceded by the demolition
of the old. Likewise, de novo protein synthesis is intricately linked to

proteolytic degradation of proteins that are no longer needed,
damaged, or misfolded and potentially harmful. In addition to this
important housekeeping function, protein turnover is also a
prerequisite for acclimatization, as accommodation to changing
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environmental conditionsmay require proteomic adjustments. But
there is more to proteases than protein turnover; they also serve
important regulatory functions (Schaller, 2004; van der Hoorn,
2008). As proteolysis is essentially irreversible, it controls many
aspects of plant growth, development and defense by selective
degradation of regulatory proteins (Vierstra, 2009). Besides protein
degradation, proteases are also responsible for the post-
translational modification of other proteins by limited proteolysis
at highly specific sites. Limited proteolysis may be required for
protein assembly and subcellular targeting, and the specific
processing of precursor proteins controls the activity of enzymes,
regulatory proteins and signaling peptides (Schaller, 2004). This
implies that the proteases involved are substrate-specific, and that
their activity is tightly regulated, in both time and space (van der
Hoorn, 2008).

Most proteases in plants belong to the catalytic class of serine
peptidases. Among the serine peptidases, those related to bacterial
subtilisin constitute the largest family (the subtilase (SBT) family).
SBTs include enzymes for unselective protein degradation and
others for specific precursor processing. They have been implicated
in protein turnover, and in the regulation of growth and
development (Schaller et al., 2012). However, the specific function
and the physiological substrates of SBTs and other regulatory
proteases have long remained elusive in plants (van der Hoorn,
2008). Since the last comprehensive review of the plant SBT family
(Schaller et al., 2012), considerable progress has beenmade in these
areas.We are now beginning to understand how SBTs execute their
specific roles, and how their function in vivo relates to structure and
biochemistry. These are the issues that will be addressed in this
Tansley review.

II. Biochemistry and structure of plant SBTs

Subtilases, the S8 peptidase family according to the classification
in the MEROPS database (Rawlings et al., 2010), constitute the
second largest family of serine proteases. They derive their name
from subtilisins found in the Bacillus subtilis group of Gram-
positive bacteria, which are characterized by a specific arrange-
ment of the Asp, His and Ser residues of the catalytic triad
(Smith et al., 1966), and by a unique structural fold consisting of
a highly twisted, seven-stranded b-sheet sandwiched between
two layers of a-helices (Wright et al., 1969). Bacterial subtilisins
are synthesized as preproenzymes with an amino terminal signal
peptide for secretion, a prodomain that is autocatalytically
cleaved during zymogen maturation, and the catalytic subtilisin
domain. These features and the general preproprotein structure
are shared between bacterial subtilisins and SBTs in plants and
other eukaryotes (Schaller et al., 2012). However, plant SBTs
typically possess two additional domains including the protease-
associated (PA) domain as a large insertion between the His and
the Ser residues of the catalytic triad, and a C-terminal
fibronectin (Fn) III-like domain. The function of the individual
domains has been analyzed in detail for SlSBT3 from tomato
(Cedzich et al., 2009) and for cucumisin from melon fruits
(Yamagata et al., 1994), which can be regarded as prototypical
members of the plant SBT family (Fig. 1).

The prodomain serves dual functions. First, it assists in
folding and is thus required for enzyme maturation during
passage through the secretory pathway. Prodomain deletion
mutants do not pass endoplasmic reticulum (ER) quality control
and are retained intracellularly (Cedzich et al., 2009). Secretion
is restored upon coexpression of the prodomain as a separate
polypeptide chain in trans (Meyer et al., 2016b). Prodomain
function in plant SBTs thus resembles that of subtilisin
propeptides, which have been described as intramolecular
chaperones that are required for successful folding and secretion
of the catalytic domain (Zhu et al., 1989; Bryan, 2002). Second,
the prodomain inhibits the activity of its own protease. After
separation from the enzyme proper by autocatalytic cleavage
(Cedzich et al., 2009), the prodomain is not released but binds
to the subtilisin domain with high affinity, forming an
autoinhibited complex of exceptional stability (Nakagawa et al.,
2010; Meyer et al., 2016b). Crystal structure analysis of the
cucumisin/prodomain complex revealed the mode of interaction
and enzyme inhibition. The C-terminus of the prodomain binds
to the active site cleft in a substrate-like manner. Additional
exosite interactions of the prodomain with two parallel surface
helices of the protease contribute to complex formation (Fig. 1;
Sotokawauchi et al., 2017). In contrast to SlSBT3, which shows
high specificity for its own prodomain (Meyer et al., 2016b),
cucumisin is also inhibited by distantly related prodomains of
SBTs from rice and Arabidopsis (Nakagawa et al., 2010).
Considering the substrate-like binding of the prodomain to
the active site of the protease, the higher substrate selectivity of
SlSBT3 as compared with cucumisin offers an explanation for
this difference in specificity. For the release of autoinhibition,
the prodomain is cleaved autocatalytically in a strictly pH-
dependent manner (Meyer et al., 2016b). In addition, further
trimming of the N-terminus in a second pH-dependent
processing step may be required for enzyme maturation (Janzik
et al., 2000). These two factors, the stability of the complex on
the one hand, and pH-dependence of prodomain cleavage and
release from autoinhibition on the other, provide efficient means
to keep the protease inactive until it reaches the acidic
environment of the trans Golgi, and to prevent precocious
activation in earlier compartments of the secretory pathway.

The PA domain is known from several classes of unrelated
proteins, and has generally been described as a protein–protein
interaction module (Mahon & Bateman, 2000). As such it is
responsible for the binding of cargo proteins to plant vacuolar
sorting receptors (Luo et al., 2014) and for endosomal trafficking
of PA-domain E3 ligases (Yamazaki et al., 2013; van Dijk et al.,
2014); in proteases it contributes to substrate recognition and may
control access to the active site (Bruinenberg et al., 1994; Luo &
Hofmann, 2001; Kagawa et al., 2009; Kurata et al., 2010).
Interacting with the substrate, particularly with substrate residues
on the prime side (i.e. downstream) of the cleaved peptide bond,
the PA domain also contributes to substrate selectivity in plant
SBTs (Murayama et al., 2012; Tan-Wilson et al., 2012). The
residue two positions downstream of the substrate’s scissile bond
(P20) interacts with Arg433 in the PA domain of SlSBT3 (Tan-
Wilson et al., 2012), explaining its strong preference for
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negatively charged Glu in this position (Meyer et al., 2016b). In
soybean C1 protease, on the other hand, interaction of the PA
domain with the P40 residue determines its preference for longer
peptide substrates (Tan-Wilson et al., 2012). Extended substrate
recognition motives that include prime-side residues distinguish
plant SBTs from bacterial subtilisins, which lack the PA domain
and thus depend on nonprime-side residues for substrate
recognition (Tan-Wilson et al., 2012). The PA domain thus
contributes to increased substrate selectivity in plant SBTs as
compared with bacterial subtilisins. In SlSBT3 the PA domain
serves an additional role as it mediates homodimerization as a
prerequisite for enzyme activation. Within the SlSBT3 dimer, the
PA domain of one protomer interacts with a prominent b-hairpin
of the other to keep the active site accessible for substrates
(Ottmann et al., 2009; Fig. 1). Structural modeling of represen-
tative Arabidopsis SBTs indicated that the b-hairpin is not
conserved in the entire family and, therefore, this autoregulatory
mechanism is unlikely to be operating in all plant SBTs (Rose
et al., 2010).

The C-terminal FnIII-like domain, on the other hand, is a more
general feature of plant SBTs and is functionally required for some
(e.g. SlSBT3; Cedzich et al., 2009) but not all SBTs (e.g.
cucumisin; Yamagata et al., 1994). In SlSBT3, it is clipped onto
the catalytic domain by its extreme C-terminus which inserts into a
hydrophobic pocket close to the substrate binding channel, thus
stabilizing the loop system near the active site (Schaller, 2013).
Further contributing to the stability of the enzyme, the FnIII-like
domain shields hydrophobic surface patches from solvent
(Ottmann et al., 2009). The extraordinary thermostability of
SlSBT3 and cucumisin is all the more remarkable given that both
enzymes lack calcium (Ottmann et al., 2009; Murayama et al.,
2012). Outside the plant kingdom, stability of SBTs depends on
the binding of several calcium ions which contribute their binding
energy to the overall free energy of folding (Alexander et al., 2001).
It thus seems that evolution has taken a different path toward
stabilization of the subtilisin fold in plants as compared with other
organisms.

III. Phylogeny of plant SBTs and family organization

The MEROPS database distinguishes two SBT subfamilies, S8B
with kexin from the yeast Saccharomyces cerevisiae as the type
example, and S8A which comprises subtilisin Carlsberg from
Bacillus licheniformis as the prototype, as well as thermitase,
lantibiotic leader peptidase, proteinase K and pyrolysin-like
enzymes as additional homology groups (Siezen & Leunissen,
1997). Kexins are well known in mammals for their role as
proprotein convertases (PCs), which are involved in the specific
processing of peptide hormone precursors, receptor proteins, viral
surface proteins and bacterial toxins at basic cleavage sites (Steiner,
1998; Seidah et al., 2013). Seven kexin-like PCs are found in the
S8B subfamily in mammals, in addition to two pyrolysins and
proteinase K in S8A. Plants do not have kexins; in lieu thereof the
S8A subfamily is largely expanded, comprising 56pyrolysin-related
enzymes in Arabidopsis thaliana. The six SBT subgroups that were
distinguished by Rautengarten et al. (2005) are largely supported
by phylogenetic analysis and gene structure (Fig. 2; Supporting
Information Fig. S1). The two most distantly related enzymes,
AtSBT6.1 and AtSBT6.2, are the orthologs of mammalian site-1-
protease (S1P) and tripeptidyl peptidase II (TPP2), respectively,
while all other familymembers in subgroups SBT1 to SBT5 appear
to be plant-specific. Large SBT gene families have also been
identified in other plant species, comprising 63 pyrolysin genes in
rice (Oryza sativa; Tripathi & Sowdhamini, 2006), 82 in grape
(Vitis vinifera; Cao et al., 2014; Figueiredo et al., 2016), and 82 in
potato (Solanum tuberosum; Norero et al., 2016). As compared
with the entire genome of Arabidopsis, 60% of which is contained
in large duplicated segments, SBT family expansion has been driven
predominantly by tandem gene duplications. The majority of SBT
genes in Arabidopsis and grape are found in tandem gene clusters,
the most prominent example being 13 members tandemly arrayed
on grape chromosome 13 (Rautengarten et al., 2005; Cao et al.,
2014). These 13 genes form a single phylogenetic clade, suggesting
that they arose from recent tandem duplications (Cao et al., 2014).
Only 16 orthologous pairs were identified in a comparison of SBT

N317D144 H215 S538

1 23 113 473 655343 761

N307D140 H204 S525

1 23 111 465 634331 731

SlSBT3Cucumisin

Signal
peptide

Prodomain Subtilase
domain

PA
domain

FnIII-like
domain

Fig. 1 Structure of SlSBT3 and cucumisin. The
tertiary structure is shown for cucumisin on the
left (Protein Data Bank (PDB) code 3VTA) and
SlSBT3 on the right (PDB code 3I74).
Covalently bound inhibitors are shown in
green. The side chains of the active-site Asp,
His, andSer residuesare shown in skyblue.The
salient b-hairpin of SlSBT3 is highlighted in
magenta, and the two surface helices that
interact with the prodomain of cucumisin are
in cyan. Figures were generated using UCSF
Chimera (Pettersen et al., 2004). Schematic
representations of the primary structure are
shown below. Numbers label amino acids at
the domain junctions and active site residues.
The color scheme for the different domains is
indicated.
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Fig. 2 Phylogenetic tree of Arabidopsis subtilases (SBTs). Amino acid sequences of Arabidopsis SBTs as annotated in the latest The Arabidopsis Information
Resource (TAIR) release (TAIR 10) were aligned with CLUSTALX using the default parameter settings. The phylogenetic tree was obtained with the neighbor-
joiningmethodusing SBT6.1 and 6.2 as an outgroup, and it was visualized using TREEVIEW. Different genemodels as a result of alternative splicing or alternative
start codons are numbered consecutively as AtXgXXXXX.1, .2, etc. Different colors are used to distinguish the SBT subfamilies 1–6. Exon–intron structure is
shown at the indicated scale, except for SBT6.2,which had to be reduced in size by 50%.The length of very large introns is indicated in base pairs (bp). SBT4.10
(marked by an asterisk) was included here even though it may be a pseudogene and is no longer shown in TAIR 10.
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families between rice and Arabidopsis, while more often several
genes in one species collectively are orthologs of a single gene in the
other. Similarly, 17 SBT genes in Arabidopsis (SBT3.1- SBT3.17)
form a clade that is orthologous to a single potato gene
(P0001177G1000585) and, vice versa, AtSBT1.9 is the ortholog
of four SBTs in potato. Such unequal distribution of individual
clades indicates that these genes evolved as a result of gene
duplication events subsequent to speciation (Tripathi & Sowd-
hamini, 2006; Norero et al., 2016). Positive selection that was
shown to act on some critical sites of grape SBTs may then have
contributed to functional diversification of paralogous sequences
(Cao et al., 2014). These observations suggest that the SBT family
was shaped in different species by evolutionary forces that are
specific for their respective ecological niche, and we may thus
predict that many SBTs are involved in processes related to the
interaction of plants with their biotic and abiotic environments.

IV. Physiological roles of plant SBTs

Our knowledge of SBT function in a physiological context is most
advanced in Arabidopsis, and all functionally characterized
Arabidopsis SBTs that will be covered in this article are compiled
in Table 1. SBTs of known function in other plant species will also
be included in the discussion.

1. Orthologs of mammalian SBTs

Site-1-protease and TPP2 are the two mammalian pyrolysins.
AtSBT6.1 and 6.2 have been identified as their orthologs in
Arabidopsis. These enzymes are involved in processes that are
conserved across kingdoms. TPP2 is the only known exopeptidase
among SBTs catalyzing the release of tripeptides from the N-
terminus of its oligopeptide substrates. It also differs from other
plant SBTs with respect to its cytoplasmic/nuclear localization.
TPP2 consists of two polypeptides, both derived from the
AtSBT6.2 precursor, that assemble into a large oligomeric complex
(Book et al., 2005). In mammals, TPP2 is mainly involved in
general protein turnover and in the formation of peptides forMHC
class I antigen presentation (Tomkinson&Lind�as, 2005). Likewise
in Arabidopsis, TPP2 (AtSBT6.2) acts downstream of the
proteasome in a proteolytic pathway for the degradation of
proteins that are damaged after heavy metal exposure (Polge et al.,
2009). The lack of any obvious phenotype for the Atsbt6.2mutant
indicates that TPP2 function is not essential for plant growth and
development under controlled conditions (Book et al., 2005).

Site-1-protease (AtSBT6.1) is involved in the unfolded protein
response (UPR) which contributes to a sophisticated quality
control system in the ER of both animals and plants. It initiates the
transduction of stress signals from the ER to the nucleus by
activation of membrane-anchored transcription factors, activating
transcription factor 6 (ATF6) in mammals, and bZIP28 in
Arabidopsis (Liu & Howell, 2010). When unfolded proteins
accumulate, ER-resident bZIP28 moves to the Golgi where it is
cleaved by S1P (AtSBT6.1) and themetalloprotease S2P. Thereby,
the N-terminal bZIP domain is released and translocates to the
nucleus where it regulates UPR gene expression (Liu et al., 2007a;

Che et al., 2010; Liu&Howell, 2010). The samemechanism leads
to the activation of a secondmembrane-bound transcription factor,
bZIP17, which is cleaved by AtSBT6.1 as part of the salt stress
response (Liu et al., 2007b).

In addition to themembrane-anchored transcription factors that
are cleaved in a S1P-like manner, pectin methylesterases (PMEs)
and the precursors of several peptide growth factors have been
identified as further substrates of AtSBT6.1. The inhibitory
prodomain of group II PMEs is responsible for retention within
theGolgi. Prodomain cleavage byAtSBT6.1 is thus required for the
release and secretion of the mature enzyme (Wolf et al., 2009).
PME prodomains and bZIP transcription factors are processed by
AtSBT6.1 at the carboxy-side of typical S1P cleavage sites (R[R,K]
XL). Similar sites are also found in the precursors of the signaling
peptides R(apid) AL(kalinization) F(actor) 23 (RRIL; Srivastava
et al., 2009) and GOLVEN1 (RRLR, RRAL; Ghorbani et al.,
2016), and these sites are also processed by AtSBT6.1. While
cleavage by AtSBT6.1 appears to be required for RALF23 and
GOLVEN1 function, it does not yield the bioactive peptides.
Therefore, additional as yet unidentified proteases are implicated in
peptide maturation.

2. Plant SBTs in biotic interactions

Subtilases as modulators of plant immune responses The first
plant SBT cloned from a higher plant and characterized as being
involved in plant defense was P69, an extracellular protease from
tomato plants (Vera & Conejero, 1988; Vera et al., 1989; Tornero
et al., 1996a). P69 was characterized initially as a pathogenesis-
related (PR) protein (PR-7) playing a role in pathogen defense,
whose expression and accumulation were significantly enhanced in
pathogen-infected tomato plants. P69 was later found to comprise
different SBTs of c. 69 kDa in size (P69A–P69F) with their
encoding genes arranged in clusters in the tomato genome (Tornero
et al., 1997; Jord�a et al., 1999, 2000;Meichtry et al., 1999). Two of
these protease genes, P69B and P69C, are coordinately and
systemically induced by pathogen infection and salicylic acid
treatment (Jord�a & Vera, 2000; Jord�a et al., 2000). Tomato P69C
was found to process an extracellularmatrix-associated leucine-rich
repeat protein (LRP), the first physiological substrate for an
extracellular SBT identified in plants (Tornero et al., 1996b). This
processing of LRP by a P69 SBT was speculated to mediate
molecular recognition to initiate immune signaling.

More recently, such a role was confirmed for AtSBT3.3, the
ortholog of tomato P69C in Arabidopsis (Ram�ırez et al., 2013).
AtSBT3.3was found in a genetic screen aiming at the identification
of factors that suppress constitutive expression of the P69C::GUS
transgene in the pathogen-resistant constitutive subtilisin3 (csb3)
mutant background (Gil et al., 2005). Interestingly, the overex-
pression of AtSBT3.3 results in enhanced innate immune
responses, while its loss of function in Atsbt3.3 mutants compro-
mises them. AtSBT3.3 expression initiates a durable autoinduction
mechanism that involves chromatin remodeling and the activation
of SA-dependent priming of defense genes for an amplified
response. Moreover, the expression of AtSBT3.3 sensitizes plants
for enhanced activation of mitogen-activated protein (MAP)
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kinases following pathogen attack. Conversely, the pathogen-
induced expression of SA-dependent defense genes and MAP
kinase activation are reduced in the Atsbt3.3 mutant. Likewise,
chromatin remodeling of defense-related genes was also impaired
in Atsbt3.3, further supporting the importance of the protease for
the establishment of immune priming. Although the extracellular
target(s) of AtSBT3.3 remain to be identified, these data highlight
the P69C/AtSBT3.3 SBT as amajor regulator of primed immunity
(Fig. 3a).

A recent study identified AtSBT5.2 as an atypical Arabidopsis
SBT that is involved in the transcriptional regulation of defense
responses by a mechanism previously undescribed in eukaryotes
(Serrano et al., 2016). AtSBT5.2 is alternatively spliced, producing
transcripts for two alternative proteins: the regular secreted protease
AtSBT5.2(a) and the noncanonical intracellular SBTAtSBT5.2(b)
(Fig. 3b). Retention of the first intron of AtSBT5.2 results in
AtSBT5.2(a), while the fully spliced transcript leads to a truncated
protein that is subject toN-terminal myristoylation.Myristoylated
AtSBT5.2(b) is targeted to endosomal vesicles, where it is able not
only to interferewith endosomal trafficking but also to interactwith
the transcription factor MYB30 (Serrano et al., 2016). MYB30 is a
positive regulator of pathogen defense and hypersensitive cell death
(HR)-associated responses (Raffaele&Rivas, 2013). AtSBT5.2(b)-
mediated nuclear exclusion of MYB30 thus interferes with the
defense gene-inducing activity of the transcription factor, resulting
in a suppression of HR and impaired resistance, in a process that is
independent of SBT catalytic activity (Serrano et al., 2016;
Fig. 3b).

By contrast, a barley protease that was recently shown to be
involved in the production of thionins, clearly depends on its
catalytic activity for its function in plant defense. Thionins are

plant-specific antimicrobial peptides that are processed from larger
precursor proteins (Bohlmann et al., 1988). The thionin-
processing protease enzyme (TPPE) of barley was identified as a
SBT (accession no. BAJ93208; Plattner et al., 2015). However,
whether the processing activity is required for disease resistance
remains to be shown. A contribution to insect resistance was
demonstrated for SlSBT3 in tomato. Transgenic plants silenced for
SlSBT3 expression are impaired in the systemic induction of
defense genes after wounding, and resistance against insect
caterpillars is reduced (Meyer et al., 2016a). The data support a
role for SlSBT3 in systemic wound signaling, but its mechanism of
action and physiological substrates remain to be identified. This is
also the case for AtSBT3.14, which was found to be required for
basal immunity to cyst nematodes in Arabidopsis. The expression
of AtSBT3.14 is strongly down-regulated in response to venom
allergen-like proteins, which are part of the effector repertoire of
plant-parasitic nematodes, and resistance against Heterodera
schachtii is impaired in AtSBT3.14 loss-of-function mutants
(Lozano-Torres et al., 2014). Direct interaction with a pathogen
effector was shown for GbSBT1 from cotton (Gossypium
barbadense). The protease was shown to interact with a prohibitin
(PHB)-like effector protein which is secreted by Verticillium
dahliae during infection (Duan et al., 2016). Gain- and loss-of-
function studies confirmed a role for GbSBT1 in Verticillium wilt
resistance (Duan et al., 2016). Yet, the proposed link between the
GbSBT1/PHB interaction and the resistance phenotype remains to
be established.

In the earlier examples, plant defense is generally improved and
resistance enhanced by SBT activity. Interestingly, this weapon in
the defensive arsenal of plants was turned upon themselves by
phytopathogenic fungi in the genusColletotrichum. Approximately

Table 1 Compilation of Arabidopsis subtilases (SBTs) discussed in this article

Locus ID Name Alias Function Substrate References

At1g01900 AtSBT1.1 Callus induction
Embryo development

PSK4
Unknown

Srivastava et al. (2008)
D’Erfurth et al. (2012)

At1g04110 AtSBT1.2 SDD1 Stomata development Unknown Berger & Altmann (2000) and von Groll et al. (2002)
At3g14067 AtSBT1.4 SASP Reproductive

development
Unknown Martinez et al. (2015)

At5g67370 AtSBT1.7 ARA12 Mucilage release Unknown Rautengarten et al. (2008)
At1g62340 AtSBT2.4 ALE1 Cuticle development Unknown Tanaka et al. (2001) and Xing et al. (2013)
At1g32960 AtSBT3.3 Immune priming Unknown Ram�ırez et al. (2013)
At1g32940 AtSBT3.5 Root development PME17 Senechal et al. (2014)
At4g21630 AtSBT3.14 Nematode resistance Unknown Lozano-Torres et al. (2014)
At5g59090 AtSBT4.12 Abscission IDA Schardon et al. (2016)
At5g59120 AtSBT4.13 Abscission IDA Schardon et al. (2016)
At1g20160 AtSBT5.2a

AtSBT5.2b
CRSP Stomata development,

Abscission,
Attenuation of defense
gene expression

EPF2, IDA
MYB30

Engineer et al. (2014), Schardon et al. (2016)
and Serrano et al. (2016)

At2g04160 AtSBT5.3 AIR3 Lateral root development Unknown Veth-Tello (2005)
At5g59810 AtSBT5.4 Meristem maintenance Unknown Liu et al. (2009)
At5g19660 AtSBT6.1 AtS1P Precursor processing bZIPs, PMEs,

RALFs, GLV1
Liu et al. (2007a,b), Srivastava et al. (2009),
Wolf et al. (2009), Liu & Howell (2010),
Ghorbani et al. (2016) and Stegmann et al. (2017)

At4g20850 AtSBT6.2 TPP2 Protein turnover Nonspecific Book et al. (2005), Polge et al. (2009) and
Ghorbani et al. (2016)
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150 million years ago, the Colletotrichum lineage acquired a plant
SBT gene by horizontal gene transfer (Armijos Jaramillo et al.,
2013b; Gan et al., 2013). Consistent with a role as a virulence
factor, the plant-like SBT of C. graminicola is up-regulated during
infection of maize, concomitant with the down-regulation of
several host SBTs (Armijos Jaramillo et al., 2013a). Direct evidence
for a virulence function of plant-like SBTs in Colletotrichum is still
missing, however.We conclude that the functions of plant SBTs in
immune responses aremanifold, ranging from immune priming to
the regulation of defense gene expression, the generation of
antimicrobial peptides, and the recognition or processing of
pathogen effectors. Inmost cases, however, themode of SBT action
and their physiological substrates remain to be discovered.

Subtilases as modulators of beneficial interactions with microor-
ganisms In addition to the contribution of SBTs to the regulation
of plant immune responses, other studies have highlighted the
involvement of SBTs in the interaction of plants with symbiotic
microbes. A role for SBTs in mutualistic interactions was first
reported for actinorhizal nodule formation in Alnus glutinosa
(Ribeiro et al., 1995). Expression levels of the SBT-encoding gene
Ag12 are markedly increased in cortical cells of the prefixation zone
of actinorhizal nodules during early infection stages, and Ag12 was
thus proposed as an early nodulin gene involved in nodule
development. The timing ofAg12 expression further suggested that
the protease is probably involved in protein processing rather than
protein degradation (Ribeiro et al., 1995). Similarly, the Ag12
homologCg12 ofCasuarina glauca is induced in infected root hairs
and nodule cortical cells in the very early stages after infection with
Frankia. Cg12 expression decreases with the establishment of
nitrogen fixation and was not observed after infection with
noninvasive strains, or ecto- or endomycorrhizal fungi (Svistoonoff
et al., 2003). Based on the specific induction of Cg12 at early
infection stages, it was suggested that the protease may be involved
in the degradation of cell wall-associated proteins or in the
maturation of a polypeptide in the signaling cascade triggered by
Frankia infection (Svistoonoff et al., 2003).

Several SBT genes are induced in Lotus japonicus during
arbuscular mycorrhiza (AM) development after infection with
Glomus interradices (SbtM1, SbtM3, SbtM4 and SbtS), or during
nodule formation after infection with the symbiotic bacterium
Mesorrhizobium loti (SbtM4 and SbtS) (Kistner et al., 2005; Takeda
et al., 2009). AM-induced expression of SbtM1, SbtM3 and SbtM4
depends on a signaling pathway that is common to both symbioses,
whilst SbtS is regulated by an independent pathway (Takeda et al.,
2011). Loss-of-function studies confirmed a role for SbtM1 and
SbtM3 during the development of intracellular infection structures
for arbuscule development. Potential substrates of SbtM1 and
SbtM3 include extracellular proteins from both fungus and plant
that are present in the periarbuscular space (Takeda et al., 2009).

Subtilases as pathogen targets The examples provided earlier
build a strong case for the important role of SBTs in modulating
plant immune responses as well as cell-to-cell signaling during
symbiosis. This notion is further supported by the observation that
pathogens target apoplastic SBTs in an attempt to suppress host
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Fig. 3 Different roles for subtilases (SBTs) in biotic interactions. (a)
Mechanism of SBT3.3 self-activation and expression maintenance during
immune priming. Pathogen perception triggers expression of SBT3.3/P69C.
Once expressed and secreted to the apoplast, SBT3.3/P69C activates an
MAP kinase-mediated signaling loop that negatively regulates epigenetic
RNA-mediated DNAmethylation (RdDM). As RdDMkeeps defense-related
genes silent in plants before pathogen encounter, the blocking of RdDM
primes defense-related genes, including SBT3.3, for enhanced activation
upon pathogen attack (Ram�ırez et al., 2013). Overexpression of SBT3.3 in
transgenic plants activates this positive self-regulatory loop that maintains
RdDM compromised and defense genes primed. SBT3.3 expression also
sensitizes plants for enhanced expression of the OXI1 kinase, reactive
oxygen species (ROS) production, and mitogen-activated protein (MAP)
kinase activation following pathogen attack. SBT3.3 is thus a key player in
memory-based plant immunity and induced resistance. (b) The atypical
subtilase SBT5.2(b) attenuates transcriptional activation of defense.
Retention of an intron in AtSBT5.2 results in a canonical secreted subtilase,
SBT5.2(a), that was previously shown to regulate stomatal density under
high CO2 conditions (Engineer et al., 2014). Alternative splicing leads to
SBT5.2(b) which is N-terminally myristoylated and targeted to endosomal
vesicles where it retains the defense-related transcription factor MYB30.
Nuclear exclusion of MYB30 impairs target gene expression and, therefore,
attenuates defense-related hypersensitive cell death (Serrano et al., 2016).
(c) InhibitionofP69B(-like) SBTsbyKazal inhibitors fromoomycetes.Tomato
P69B is an extracellular pathogenesis-related (PR) protein that is targeted by
theKazal-like inhibitors EPI1 and EPI10 secretedby the oomycetepotato late
blightpathogenPhytophthora infestans. Kazal-like inhibitors are commonto
oomycete pathogens of plants, and presumably target similar, P69B-like
secreted defense-related host SBTs. Dotted and solid lines indicate transport
of transcripts and proteins, respectively, whilst dashed lines indicate
regulatory interactions.
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defense. The interaction of pathogen effectors with plant proteases
at the plant–pathogen interface thus constitutes evidence for the
important role played by apoplastic proteases during plant–
pathogen coevolution (Dong et al., 2014; Ilyas et al., 2015).

The inhibition of SBT activity by pathogen-derived Kazal-like
proteinase inhibitor has been described for several host–pathogen
interactions in both plants and animals. The Kazal family consists
of small (5 kDa) serine protease inhibitors classified as typical or
atypical, based on the number of disulfide bonds. While typical
Kazal inhibitors also inhibit other serine proteases, mainly trypsin-
like enzymes (Morris et al., 2002; Lai et al., 2016; Pariani et al.,
2016), atypicalKazals aremore specific for SBTs (Tian&Kamoun,
2005). Kazal-like inhibitors secreted by the apicomplexan parasite
Toxoplasma gondii inhibit host-derived SBTs, possibly contribut-
ing to colonization (Morris et al., 2002; Pszenny et al., 2002;
Morris & Carruthers, 2003). The genome of Phytophthora
infestans, a devastating oomycete pathogen of potato and tomato,
codes for 33 Kazal-like protease inhibitors, two of which were
functionally characterized: Extracellular Protease Inhibitor (EPI) 1
and EPI10 (Tian et al., 2004, 2005; Tian & Kamoun, 2005). The
expression of EPI1 increases during infection of tomato leaves and
the protein was shown to interact with the host protease P69B
(Fig. 3c). Recombinant EPI1 inhibits P69B and subtilisin-A but
not trypsin or chymotrypsin, suggesting specificity towards S8
serine proteases (Tian et al., 2004). S8 specificity is mediated by the
atypical Kazal-domain (EPI1a) of the two-headed EPI1 inhibitor
(Tian et al., 2004; Tian&Kamoun, 2005). EPI10, comprising one
atypical and two typical Kazal domains, is also expressed during
infection. Similar to EPI1, EPI10 interacts with P69B and inhibits
apoplastic SBTs of tomato (Tian et al., 2005) and Arabidopsis
(Schardon et al., 2016). The finding that P. infestans targets
apoplastic SBTs using at least two independent multidomain
Kazal inhibitors corroborates a role of these proteases in tomato
plant defense (Fig. 3c).

In the last few years, aided by the advances in genome
sequencing, several research groups have reported the existence of
Kazal-like inhibitors in other plant pathogenic oomycetes, includ-
ing P. ramorum, P. palmivora, Plasmopara halstedii and Pythium
ultimum (Meijer et al., 2006; Cheung et al., 2008; Chinnapun
et al., 2009; Sharma et al., 2015).However, these inhibitors remain
to be functionally characterized, and genetic data supporting their
role in virulence are still scarce. It is worth noting that Kazal-like
inhibitors are not present in the genomes of fungal and bacterial
plant pathogens (Tian & Kamoun, 2005). Given that these
pathogens also populate the apoplast and are thus exposed to
secretedP69B-like defense proteases, it is tempting to speculate that
they have their own SBT inhibitors, different from the Kazal
family, that still await discovery.

3. Plant SBTs as regulators of cell death

Given the large number of SBT family members in each plant
species, it is probably not surprising that some of these enzymes also
were found to be engaged in programmed cell death (PCD). What
is surprising is the substrate specificity of cell death-related SBTs.
These proteases are unusual with respect to their strict aspartate

specificity of hydrolysis. Substrate specificity is very similar to that
of animal cysteine-dependent death proteases, caspases, and hence
they were called phytaspases (Chichkova et al., 2010). Like
caspases, phytaspases recognize several amino acid residues
preceding the scissile peptide bond of their substrates, which
confers exclusive specificity to phytaspase-mediated hydrolysis.
However, unlike caspases, the preferred phytaspase recognition
motif is remarkably hydrophobic (Galiullina et al., 2015).

Phytaspases, like other plant SBTs, are synthesized as inactive
preproenzymes, in which the signal peptide guides entry into the
secretory pathway, where the prodomain is autocatalytically
cleaved (Cedzich et al., 2009; Chichkova et al., 2010). In accord
with phytaspase cleavage specificity, an Asp residue is positioned at
the prodomain–peptidase domain junction. This characteristic
‘junction Asp’ can serve as a phytaspase signature within the plant
SBT family. Gain- and loss-of-function studies in Nicotiana
tabacum confirmed the involvement of phytaspases in PCD.
Overexpression of the phytaspase gene markedly enhanced PCD
triggered by biotic (tobacco mosaic virus infection of N gene-
containing plants) and abiotic (oxidative and high salt) stresses.
Down-regulation of phytaspase activity in transgenic phytaspase-
silenced plants and in wild-type plants treated with a phytaspase
inhibitor, by contrast, suppressed PCDmanifestations (Chichkova
et al., 2004, 2010). Thus, in the absence of aspartate-specific
caspase orthologs in plants, subtilisin-like proteases appear to
adopt, at least in part, their role in PCD.

Secretion of mature phytaspase into the apoplast under normal
conditions of plant growth evidently protects intracellular proteins
from phytaspase-mediated fragmentation. However, upon appli-
cation of PCD-inducing stresses, phytaspases are rapidly relocal-
ized back into the cell through a specific, as yet unknown
mechanism, thus getting access to intracellular targets (Chichkova
et al., 2010; Fig. 4). Therefore, phytaspase-mediated cleavage of
intracellular proteins is controlled not at the level of protease
activity, as is the case for animal caspases, but rather by
sequestration of the active enzyme in the apoplast and retrograde
transport overcoming spatial separation from its intracellular
substrates (Fig. 4; Vartapetian et al., 2011; Chichkova et al., 2012).

While cell death-related substrates are still unknown, a few
phytaspase targets have been identified that are involved in biotic
interactions. The VirD2 protein of phytopathogenic
Agrobacterium tumefaciens is hydrolyzed by tobacco and rice
phytaspases at a single site close to the C-terminus. This cleavage
detaches the nuclear localization signal ofVirD2 that is required for
delivery of bacterial T-DNA into the plant cell nucleus. Phytaspase-
mediated fragmentation of VirD2 was thus proposed to restrict
transport of the T-DNA and integration into the nuclear genome
(Chichkova et al., 2004; Reavy et al., 2007). A second phytaspase
target, which is not originating from the pathogen but rather from
the plant itself, is prosystemin, the precursor protein of the tomato
wound hormone systemin (Beloshistov et al., 2017). Prosystemin is
cleaved by phytaspases purified from tomato leaves at two sites
flanking the systemin sequence, thus excising the peptide hormone
from its precursor. In agreement with this in vitro evidence for the
involvement of phytaspases in prohormone processing, mutating
the phytaspase cleavage sites in prosystemin abolished its defense
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signaling activity in tomato plants (Beloshistov et al., 2017). Most
recently, phytaspase was found to hydrolyze and inactivate the
human gastrointestinal peptide hormones gastrin and cholecys-
tokinin in vitro (Galiullina et al., 2015). This finding prompted the
idea to modulate concentrations of these human hormones in
pathological conditions by ingestion of plant food with high
phytaspase content.

Apart from phytaspases, two unidentified SBTs called saspases
were isolated from oat (Avena sativa) treated with the death-
inducing fungal toxin victorin (Coffeen &Wolpert, 2004). These
enzymes displayed aspartate specificity of hydrolysis, although their
preferred recognitionmotifs are different from those of phytaspases
known from tobacco and rice. It is possible that saspases belong to
the oat phytaspase group, yet a notable distinction of saspases is the
increase in their activity in the apoplast upon death induction.
Clearly distinct from phytaspases but also involved in cell death is
the defense-related tomato SBT P69B. P69B is cleaved and
inactivated by tomato matrix metalloproteinases (MMPs). P69B
accumulates in cell walls of MMP-deficient tomato plants
concomitant with spontaneous cell death that is initiated in
epidermal and outer cortical cells of the hypocotyl (Zimmermann
et al., 2016). Cell death is suppressed upon silencing of P69B,
suggesting that MMPs and SBTs act in an extracellular proteolytic
cascade contributing to the regulation of cell death in tomato
(Zimmermann et al., 2016).

4. Plant SBTs as regulators of growth and development

Plant SBTs play important roles in shaping plant architecture,
establishing the developmental fates of cells, and in cell-to-cell
communication, thus modulating many different developmental

programs. They appear to be involved in virtually all stages of the
plant life cycle, ranging from embryo and seed development
(Tanaka et al., 2001; D’Erfurth et al., 2012) to germination
(Rautengarten et al., 2008), the mobilization of seed reserves (Qi
et al., 1992), vegetative growth (Srivastava et al., 2008), reproduc-
tive development and senescence (Wang et al., 2013; Martinez
et al., 2015; Schardon et al., 2016). While knockout or overex-
pression mutants have provided solid evidence for the involvement
of SBTs in many aspects of development, the exact mode of SBT
action remains to be identified in most cases.

Subtilases contributing to the regulation of cell wall struc-
ture Several SBTs were found to affect cell wall structure and
stability by regulating the activity of PMEs, and thus the
methylesterification state of homogalacturonan as the major
constituent of pectin. AtSBT6.1 (AtS1P) is required for the
processing of the inhibitory prodomain and for export into the cell
wall of group II PMEs (Wolf et al., 2009). Likewise, AtSBT3.5 was
shown to participate in PME processing during root development
(Senechal et al., 2014). AtSBT1.7 (ARA12), on the other hand,
rather than processing PMEs, appears to negatively regulate PME
activity during the later stages of seed development (Rautengarten
et al., 2008). In AtSBT1.7 loss-of-function mutants, the apparent
increase in PME activity results in de-methylesterification of seed
mucilage. Consequently, mucilage fails to be released upon hydra-
tion, and germination of theAtSBT1.7mutant is reducedunder low-
water conditions (Rautengarten et al., 2008). A similar phenotype
was reported for PME Inhibitor 6 (PMEI6)-deficient plants, and the
importance of AtSBT1.7 in addition to PMEI6 for down-regulation
of PME activity and mucilage release was confirmed by the additive
phenotype of the double mutant (Saez-Aguayo et al., 2013).

Subtilases contributing to root development, stem cell mainte-
nance, and reproductive development A role in root develop-
ment was shown for AtSBT5.3 (Auxin-Induced in Root cultures 3,
AIR3). AtSBT5.3 is expressed in the primary root, specifically in
the outer cell layers at sites of lateral root formation, and its
expression is enhanced by auxin (Neuteboom et al., 1999).
Whereas loss of AtSBT5.3 function did not cause any phenotypic
aberrations, constitutive overexpression leads to plants with longer
lateral roots, without changes in lateral root density or cell wall
abnormalities (Veth-Tello, 2005). AtSBT5.3 acts downstream of
the transcription factor NAC1 mediating auxin-induced lateral
root growth (Xie et al., 2000). Lateral root growth is inhibited by
high nitrate concentrations, andAtSBT5.3 overexpression partially
overcomes this inhibitory effect, suggesting that AtSBT5.3 activity
is modulated by nutritional conditions (Veth-Tello, 2005).

Subtilases also seem to contribute tomaintenance of the stem cell
population at the shoot apical meristem, apparently by interacting
with the CLAVATA3 (CLV3) signaling pathway. Ectopic overex-
pression of AtSBT5.4, a gene that is not normally expressed in the
shoot apex, led to fasciated inflorescence stems, extrafloral organs
and misshaped siliques resembling the clv3 phenotype. Interest-
ingly, the overexpression phenotype is more pronounced in clv3 as
compared with the wild-type background, resulting in the
production of stem cell-like meristematic tissues and suppressing
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Fig. 4 Control of phytaspase activity by sequestration in the apoplast. The
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organ formation (Liu et al., 2009). While AtSBT5.4 appears to
affect the CLV3 signaling pathway, it does not seem to be involved
in the processing of the CLV3 precursor and the formation of the
signaling peptide. An extracellular serine protease activity has been
implicated in this process, but the enzyme has not been identified
and it remains to be seen whether or not it belongs to the SBT
family (Ni et al., 2011).

Other SBTs are involved in reproductive development. The
development of reproductive structures is modulated by AtSBT1.4
(Senescence Associated Subtilisin Protease, SASP; Martinez et al.,
2015). AtSBT1.4 is expressed in all above-ground organs, partic-
ularly in senescing leaves, and its expression and activity are highly
increased in plants at the reproductive stage. AtSBT1.4 down-
regulates branching and silique production during monocarpic
senescence, and its function is at least partially conserved between
Arabidopsis and rice. A loss-of-function mutant (sasp1) exhibits
more highly branched inflorescences, more siliques and increased
seed yield. The increase in seed number is accompanied by a
reduction in seed size. Seed sizemay be reduced in sasp1 because of a
decrease either in cell size or in cell number, as a result of
competition for resources. In legumes, seed size depends on
endosperm-localized SBT1.1 controlling cell number in cotyle-
dons (D’Erfurth et al., 2012). The apparent relevance of senes-
cence-associated AtSBT1.4 for inflorescence branching (apical
dominance), seed number and seed size suggests that the protease
may act in a pathway for correlative control (influence of one organ
over another), allowing seeds control over maternal resources and
simultaneously restricting seed number (Wuest et al., 2016).

Subtilases contributing to the formation of signaling pep-
tides AtSBT2.4 was found to be involved in embryo develop-
ment. Transposon tagging identified AtSBT2.4 as the gene
responsible for impaired epidermal functions and conditional
lethality of the abnormal leaf shape1 (ale1) mutant (Tanaka et al.,
2001). AtSBT2.4 (ALE1) expression depends on ZHOUPI
(ZOU), a transcription factor that also controls the expression of
two leucine-rich repeat receptor-like kinases, GASSHO1 (GSO1)
and GSO2, which act with AtSBT2.4 in the same genetic pathway
regulating the formation of the embryonic cuticle in developing
seeds (Tsuwamoto et al., 2008; Yang et al., 2008; Xing et al., 2013).
These findings suggest that AtSBT2.4 may be responsible for the
formation of a peptide signal that activates the GSO1 and GSO2
receptor kinases. However, the substrate of AtSBT2.4 and the
ligand of GSO1/GSO2 remain to be identified.

A role in the formation of an unidentified peptide signal was also
proposed for stomatal density and distribution 1 (SDD1). The
SDD1 gene was identified in a forward genetic screen formutations
affecting stomata development in Arabidopsis. Loss of SDD1
(AtSBT1.2) functionresults inatwo- to fourfold increase instomatal
density (Berger&Altmann,2000).Consistentwitharole instomata
development,AtSBT1.2expression isweak inmesophyll cells,much
higher instomata initials andguardmothercells,butundetectable in
mature guard cells (von Groll et al., 2002). SDD1 negatively
regulates the entryofprotodermal cells into the stomatal lineage and
the number of stomata produced per cell lineage. Therefore,
stomataldensity increases in the sdd1mutant anddecreases inSDD1

overexpressor lines (Berger & Altmann, 2000; von Groll et al.,
2002). As stomatal density is of paramount importance for limiting
water loss through the regulation of transpiration, either overex-
pressionofSDD1ormutationsof its transcriptional repressorGTL1
(GT-2 like1)mayreducewater loss andresult in increasedwater-use
efficiency (Yoo et al., 2010; Liu et al., 2015).

Suppression of stomata development by SDD1 depends on the
leucine-rich repeat receptor-like protein Too Many Mouths
(TMM; Nadeau & Sack, 2002; von Groll et al., 2002), suggesting
that SDD1 may be involved in the formation of a peptide signal as
the ligand for TMM.While SDD1 targets have not been identified
so far, Epidermal Patterning Factor 2 (EPF2), which also controls
entry into the stomatal lineage by inhibiting protodermal cells from
adopting themeristemoidmother cell fate (Hara et al., 2009;Hunt
& Gray, 2009), was found to be a substrate of AtSBT5.2 (CO2

Response Secreted Protease, CRSP).Under high ambient CO2, the
EPF2 precursor is processed by AtSBT5.2 to restrict stomatal
development (Engineer et al., 2014).

The earlier examples implicate plant SBTs in the formation of
peptides with hormone-like signaling properties. Signaling by
small secreted peptides is, in fact, emerging as an important
regulatory phenomenon in plant development (Matsubayashi,
2014; Tavormina et al., 2015), and in some cases SBTs were
shown to be involved. As mentioned earlier, the formation of the
wound signal systemin involves phytaspases in tomato
(Beloshistov et al., 2017), while in Arabidopsis, AtSBT6.1
contributes to the formation of growth-regulating peptides,
including RALFs and GOLVEN1 (Srivastava et al., 2009;
Ghorbani et al., 2016; Stegmann et al., 2017). However, the
cleavage products generated by AtSBT6.1 from the respective
precursor proteins are not the mature and bioactive peptides.
Cleavage by AtSBT6.1 produces larger intermediates and,
therefore, additional proteases are required for signal biogenesis.
Similarly, AtSBT1.1 was implicated in the maturation of
phytosulfokine (PSK), a sulfated pentapeptide serving as a
noncell-autonomous signal for cell expansion, cell division in the
root apical meristem, funicular pollen tube guidance, and the
modulation of immune responses (Matsubayashi & Sakagami,
1996; Sauter, 2015). PSK is proteolytically processed from larger
(80–120 amino acids) prepropolypeptides encoded by six differ-
ent genes in Arabidopsis. One of the precursors, AtPSK4, is
cleaved three amino acids upstream of the PSK sequence fairly
specifically by SBT1.1 (Srivastava et al., 2008). In SBT1.1 loss-
of-function mutants, this cleavage does not occur (Srivastava
et al., 2008). However, despite the apparent requirement of
SBT1.1 for AtPSK4 processing, no PSK-related phenotypes have
been reported for the mutant. It is thus questionable whether or
not processing by SBT1.1 is part of the endogenous PSK
maturation process.

The biogenesis of Inflorescence Deficient in Abscission (IDA;
Butenko et al., 2003) and the abscissionoffloral organs, on theother
hand, clearly depend on SBTs in vivo. When SBT activity is
inhibited in abscission zones by tissue-specific expression of the
Kazal inhibitors EPI1a or EPI10, floral organs fail to abscise
(Schardon et al., 2016). Redundant SBTs, including SBT4.13,
SBT4.12 and SBT5.2, were found to be responsible for precursor
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processing and release of themature IDApeptide inabscission zones
(Schardon et al., 2016; Fig. 5). The released peptide binds to the
extracellular leucine-rich repeat domain of the receptor-like kinases
HAESA (Jinn et al., 2000; Santiago et al., 2016) and HAESA-
LIKE2 (Cho et al., 2008; Stenvik et al., 2008), and promotes
association with coreceptors of the SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK) family
(Meng et al., 2016; Santiago et al., 2016). An intracellular MAP
kinase cascade is activated (Cho et al., 2008) and relays the signal to
transcription factors regulating the expression of genes that execute
the abscissionprocess (Niederhuth et al., 2013).Polygalacturonases
and other hydrolytic enzymes degrade the pectin matrix in
abscission zones, resulting in cell separation and the shedding of
floral organs (Ogawa et al., 2009; Gonz�alez-Carranza et al., 2012;
Niederhuth et al., 2013). The IDA pathway is thus far the only
peptide signalingpathway inplants, forwhichall elementshavebeen
identified, ranging from the peptide precursor to the processing
proteases, the mature peptide signal, the receptors, intracellular
signaling components, transcription factors and target genes.

We conclude that the function of (at least some) SBTs during
plant growth and development resembles that of animal proprotein
convertases. Several SBTs have been implicated in precursor
processing for the formation of signaling peptides and, considering
the size of the SBT family as well as the number of predicted peptide
hormones, we anticipate that many more will be identified in the
near future. In their role as proprotein convertases, SBTs exhibit
redundancy and pleiotropy. They act redundantly, as several SBTs
were found to process the same signals (e.g. processing of IDA by at
least three SBTs; Schardon et al., 2016). They have pleiotropic
activities, in the sense that a single SBT may control different
processes (e.g. SBT5.2 which is involved in organ abscission
(Schardon et al., 2016), stomatal density regulation (Engineer
et al., 2014), and plant defense (Serrano et al., 2016)), depending
on which SBT target proteins are expressed in the different tissues
or developmental scenarios.

V. Conclusions and outlook

Our progress in understanding the biochemistry and biological
involvement of SBTs in plants has taken exciting and unexpected
turns over the past 15 years. Thewidespread attempts to unravel the
nature and function of plant SBTs, and their impact on a variety of
signaling pathways, have led to exciting discoveries. SBTs were
found to regulate plant development in most stages of the plant life
cycle, from embryogenesis and organogenesis to senescence and
PCD, and to play pivotal roles in many of the stress responses and
adaptation mechanisms evolved by plants to their changing
environment. Such multifaceted outputs of plant SBTs is, to some
extent, reflected by the observation that SBTs are by far more
numerous in plants than in other eukaryotes or prokaryotes. From
the early discovery of cucumisin in melon fruits and of P69 in
tomato plants in the 1990s, the more recent availability of genome
sequences for many plant species has allowed researchers to expand
the repertoire of SBTs and to begin to understand their evolution
and functional diversification. On the other hand, it has become
obvious that we have only scratched the surface with respect to SBT
function and that there may be fundamental pathways linked to
SBT activity that are yet to be discovered. Whatever these
connections turn out to be, we are confident that exciting and
important findings are still to come. Therefore, any advance in our
understanding of SBT networks will help to reveal the basis and
complexities of this remarkable signaling system in plants and
provide a perspective on its origin and evolution. Moreover,
although a few biologically relevant substrates have been identified,
the difficulty of linking a given SBT to its physiological substrates
represents amajor bottleneck for further progress in understanding
the molecular basis of how these proteases function. Likewise, we
know very little of other proteins that may be required for SBT
function and the regulation of SBT activity, and the molecular
details of these potential interactions are not yet known. A sharper
focus on these challenging areas of researchwill help to elucidate the

GVPIPPSAPSKRHN

(a) (b)

(c) Pre-pro-IDA

Variable region

Fig. 5 Subtilases (SBTs) in Inflorescence Deficient in Abscission (IDA) maturation and floral organ abscission. (a) Promoter:reporter (uidA) gene analysis
indicates expression of SBTs in the abscission zones of floral organs in Arabidopsis flowers. (b) Floral organs do not abscise when SBT activity is inhibited in
abscission zones by tissue-specific expression of the SBT-specific EPI10 inhibitor (Schardon et al., 2016). (c) Precursor processing by several functionally
redundant SBTs is required for the biogenesis of the mature IDA peptide (GVPIPPSAPSKRHN; Schardon et al., 2016).
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operationalmode of SBTs and expand our vision of this proteolytic
system regulating not only morphological transitions but also
immune responses and stress adaptation in plants.

Acknowledgements

I.S. is supported by the Institut National de la Recherche
Agronomique (INRA) and an AgreenSkills fellowship within the
EU Marie-Curie FP7 COFUND People Programme (grant
agreement no. 267196). Research at the LIPM is supported by
the French Laboratory of Excellence project ‘TULIP’ (ANR-10-
LABX-41; ANR-11-IDEX-0002-02). Research at the IBMCP is
supported by the SpanishMINECO (BFU2015-68199-R to P.V.)
andGeneralitat Valenciana (PrometeoII/2014/024 to P.V.).Work
at Moscow State University is supported by the Russian Science
Foundation (grant no. 16-14-10043) and the Russian Foundation
for Basic Research (grant nos. 14-04-00232, 14-04-00256, 14-04-
91330). Research at the University of Oxford is supported by an
ERC consolidator grant (616449 ‘GreenProteases’), and the work
at University of Hohenheim is supported by the German Research
Foundation (DFG; SCHA 591/8-1).

References

Alexander PA, Ruan B, Bryan PN. 2001. Cation-dependent stability of subtilisin.

Biochemistry 40: 10634–10639.
Armijos Jaramillo VD, Vargas WA, Sukno SA, Thon MR. 2013a.Horizontal

transfer of a subtilisin gene from plants into an ancestor of the plant pathogenic

fungal genus Colletotrichum. PLoS ONE 8: e59078.

Armijos Jaramillo VD, Vargas WA, Sukno SA, Thon MR. 2013b.New insights

into the evolution and structure of Colletotrichum plant-like subtilisins (CPLSs).

Communicative & Integrative Biology 6: e25727.
Beloshistov RE, Dreizler K, Galiullina RA, Tuzhikov AI, Serebryakova MV,

Reichardt S, Shaw J, Taliansky ME, Pfannstiel J, Chichkova NV et al. 2017.
Phytaspase-mediated precursor processing and maturation of the wound

hormone systemin. New Phytologist. doi: 10.1111/nph.14568.
Berger D, Altmann T. 2000. A subtilisin-like serine protease involved in the

regulation of stomatal density and distribution in Arabidopsis thaliana. Genes &
Development 14: 1119–1131.

Bohlmann H, Clausen S, Behnke S, Giese H, Hiller C, Reimann-Philipp U,

Schrader G, Barkholt V, Apel K. 1988. Leaf-specific thionins of barley-a novel

class of cell wall proteins toxic to plant-pathogenic fungi and possibly involved in

the defence mechanism of plants. EMBO Journal 7: 1559–1565.
Book AJ, Yang PZ, Scalf M, Smith LM, Vierstra RD. 2005. Tripeptidyl peptidase

II. An oligomeric protease complex fromArabidopsis.Plant Physiology138: 1046–
1057.

Bruinenberg PG, Doesburg P, Alting AC, Exterkate FA, Devos WM, Siezen RJ.

1994. Evidence for a large dispensable segment in the subtilisin-like catalytic

domain of the Lactococcus lactis cell-envelope proteinase. Protein Engineering 7:
991–996.

Bryan PN. 2002. Prodomains and protein folding catalysis. Chemical Reviews 102:
4805–4815.

Butenko MA, Patterson SE, Grini PE, Stenvik G-E, Amundsen SS, Mandal A,

Aalen RB. 2003. INFLORESCENCE DEFICIENT IN ABSCISSION controls

floral organ abscission in Arabidopsis and identifies a novel family of putative

ligands in plants. Plant Cell 15: 2296–2307.
Cao J, Han X, Zhang T, Yang Y, Huang J, Hu X. 2014. Genome-wide and

molecular evolution analysis of the subtilase gene family in Vitis vinifera. BMC
Genomics 15: 1116.

CedzichA,Huttenlocher F,KuhnBM,Pfannstiel J,Gabler L, StintziA, SchallerA.

2009. The protease-associated (PA) domain and C-terminal extension are

required for zymogen processing, sorting within the secretory pathway, and

activity of tomato subtilase 3 (SlSBT3). Journal of Biological Chemistry 284:
14068–14078.

Che P, Bussell JD, ZhouW, Estavillo GM, Pogson BJ, Smith SM. 2010. Signaling

from the endoplasmic reticulum activates brassinosteroid signaling and promotes

acclimation to stress in Arabidopsis. Science Signaling 3: ra69.
Cheung F,Win J, Lang JM,Hamilton J, VuongH, Leach JE, Kamoun S, Levesque

CA, Tisserat N, Buell CR. 2008.Analysis of the Pythium ultimum transcriptome

using Sanger and pyrosequencing approaches. BMC Genomics 9: 542.
Chichkova NV, Kim SH, Titova ES, KalkumM, Morozov VS, Rubtsov YP,

Kalinina NO, Taliansky ME, Vartapetian AB. 2004. A plant-caspase-like

protease activated during hypersensitive response. Plant Cell 16: 157–171.
ChichkovaNV, Shaw J,Galiullina RA,DruryGE,Tuzhikov AI, KimSH,Kalkum

M,HongTB, Gorshkova EN, Torrance L et al. 2010. Phytaspase, a relocalisable
cell death promoting plant protease with caspase specificity. EMBO Journal 29:
1149–1161.

Chichkova NV, Tuzhikov AI, Taliansky M, Vartapetian AB. 2012. Plant

phytaspases and animal caspases: structurally unrelated death proteases with a

common role and specificity. Physiologia Plantarum 145: 77–84.
Chinnapun D, Tian M, Day B, Churngchow N. 2009. Inhibition of a Hevea
brasiliensis protease by a Kazal-like serine protease inhibitor from Phytophthora
palmivora. Physiological and Molecular Plant Pathology 74: 27–33.

Cho SK, Larue CT, Chevalier D, Wang H, Jinn TL, Zhang S, Walker JC. 2008.

Regulation of floral organ abscission in Arabidopsis thaliana. Proceedings of the
National Academy of Sciences, USA 105: 15629–15634.

Coffeen WC, Wolpert TJ. 2004. Purification and characterization of serine

proteases that exhibit caspase-like activity and are associated with programmed

cell death in Avena sativa. Plant Cell 16: 857–873.
D’Erfurth I, Le SignorC,AubertG, SanchezM,VernoudV,DarchyB,Lherminier

J, Bourion V, Bouteiller N, Bendahmane A et al. 2012.A role for an endosperm-

localized subtilase in the control of seed size in legumes.NewPhytologist176: 738–
751.

van Dijk JR, Yamazaki Y, Palmer RH. 2014. Tumour-associated mutations

of PA-TM-RING ubiquitin ligases RNF167/RNF13 identify the PA

domain as a determinant for endosomal localization. Biochemical Journal
459: 27–36.

DongS, StamR,CanoLM,Song J, Sklenar J, YoshidaK,BozkurtTO,OlivaR,Liu

Z, Tian M et al. 2014. Effector specialization in a lineage of the Irish potato

famine pathogen. Science 343: 552–555.
Duan X, Zhang Z, Wang J, Zuo K. 2016. Characterization of a novel cotton

subtilase gene GbSBT1 in response to extracellular stimulations and its role in

Verticillium resistance. PLoS ONE 11: e0153988.

Engineer CB, GhassemianM, Anderson JC, Peck SC, Hu H, Schroeder JI. 2014.

Carbonic anhydrases, EPF2 and a novel proteasemediateCO2 control of stomatal

development. Nature 513: 246–250.
Figueiredo J, Costa GJ, Maia M, Paulo OS, Malho R, Sousa Silva M, Figueiredo

A. 2016. Revisiting Vitis vinifera subtilase gene family: a possible role in

grapevine resistance against Plasmopara viticola. Frontiers in Plant Science 7:
1783.

Galiullina RA, Kasperkiewicz P, Chichkova NV, Szalek A, Serebryakova MV,

Poreba M, Drag M, Vartapetian AB. 2015. Substrate specificity and possible

heterologous targets of phytaspase, a plant cell death protease. Journal of Biological
Chemistry 290: 24806–24815.

Gan P, Ikeda K, Irieda H, Narusaka M, O’Connell RJ, Narusaka Y, Takano Y,

Kubo Y, Shirasu K. 2013. Comparative genomic and transcriptomic analyses

reveal the hemibiotrophic stage shift ofColletotrichum fungi.NewPhytologist197:
1236–1249.

Ghorbani S, Hoogewijs K, Pe�cenkov�a T, Fernandez A, Inz�e A, Eeckhout D, Kawa

D, De Jaeger G, Beeckman T, Madder A et al. 2016. The SBT6.1 subtilase
processes the GOLVEN1 peptide controlling cell elongation. Journal of
Experimental Botany 67: 4877–4887.

Gil MJ, Coego A, Mauch-Mani B, Jord�a L, Vera P. 2005. The Arabidopsis csb3
mutant reveals a regulatory link between salicylic acid-mediated disease

resistance and the methyl-erythritol 4-phosphate pathway. Plant Journal 44:
155–166.

Gonz�alez-Carranza ZH, Shahid AA, Zhang L, Liu Y, Ninsuwan U, Roberts JA.

2012. A novel approach to dissect the abscission process in Arabidopsis. Plant
Physiology 160: 1342–1356.

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist12

https://doi.org/doi: 10.1111/nph.14568.


vonGroll U, BergerD, AltmannT. 2002.The subtilisin-like serine protease SDD1

mediates cell-to-cell signaling during Arabidopsis stomatal development. Plant
Cell 14: 1527–1539.

Hara K, Yokoo T, Kajita R, Onishi T, Yahata S, Peterson KM, Torii KU,

KakimotoT. 2009.Epidermal cell density is autoregulated via a secretorypeptide,

EPIDERMALPATTERNINGFACTOR2 in Arabidopsis leaves. Plant and Cell
Physiology 50: 1019–1031.

van der Hoorn RAL. 2008. Plant proteases: from phenotypes to molecular

mechanisms. Annual Review of Plant Biology 59: 191–223.
Hunt L, Gray JE. 2009. The signaling peptide EPF2 controls asymmetric cell

divisions during stomatal development. Current Biology 19: 864–869.
IlyasM,Horger AC, Bozkurt TO, van denBurgHA,Kaschani F, KaiserM, Belhaj

K, SmokerM, JoostenMH,Kamoun S et al. 2015. Functional divergence of two
secreted immune proteases of tomato. Current Biology 25: 2300–2306.

Janzik I, Macheroux P, Amrhein N, Schaller A. 2000. LeSBT1, a subtilase from
tomato plants. Overexpression in insect cells, purification and characterization.

Journal of Biological Chemistry 275: 5193–5199.
Jinn T-L, Stone JM,Walker JC. 2000.HAESA, an Arabidopsis leucine-rich repeat

receptor kinase, controls floral organ abscission. Genes & Development 14: 108–
117.

Jord�a L, Coego A, Conejero V, Vera P. 1999. A genomic cluster containing four

differentially regulated subtilisin-like processing protease genes in tomato plants.

Journal of Biological Chemistry 274: 2360–2365.
Jord�a L, Conejero V, Vera P. 2000. Characterization of P69E and P69F, two
differentially regulated genes encoding new members of the subtilisin-like

proteinase family from tomato plants. Plant Physiology 122: 67–74.
Jord�a L, Vera P. 2000. Local and systemic induction of two defense-related

subtilisin-like protease promoters in transgenic Arabidopsis plants. Luciferin

induction of PR gene expression. Plant Physiology 124: 1049–1058.
Kagawa TF, O’Connell MR, Mouat P, Paoli M, O’Toole PW, Cooney JC. 2009.

Model for substrate interactions in C5a peptidase from Streptococcus pyogenes: a
1.9�A crystal structure of the active formof ScpA. Journal ofMolecular Biology386:
754–772.

Kistner C, Winzer T, Pitzschke A, Mulder L, Sato S, Kaneko T, Tabata S, Sandal

N, Stougaard J, Webb KJ et al. 2005. Seven Lotus japonicus genes required for
transcriptional reprogramming of the root during fungal and bacterial symbiosis.

Plant Cell 17: 2217–2229.
Kurata A, Uchimura K, Kobayashi T, Horikoshi K. 2010. Collagenolytic

subtilisin-like protease from the deep-sea bacterium Alkalimonas collagenimarina
AC40T. Applied Microbiology and Biotechnology 86: 589–598.

Lai Y, Li B, Liu W, Wang G, Du C, Ombati R, Lai R, Long C, Li H. 2016.

Purification and characterization of a novel Kazal-type trypsin inhibitor from the

leech of Hirudinaria manillensis. Toxins 8: 229.
Liu J-X, Howell SH. 2010. Endoplasmic reticulum protein quality control and its

relationship to environmental stress responses in plants. Plant Cell 22: 2930–
2942.

Liu J-X, Srivastava R, Che P, Howell SH. 2007a. An endoplasmic reticulum stress

response in Arabidopsis is mediated by proteolytic processing and nuclear

relocation of a membrane-associated transcription factor, bZIP28. Plant Cell 19:
4111–4119.

Liu J-X, Srivastava R, Che P, Howell SH. 2007b. Salt stress responses in

Arabidopsis utilize a signal transduction pathway related to endoplasmic

reticulum stress signaling. Plant Journal 51: 897–909.
Liu J-X, Srivastava R, Howell S. 2009.Overexpression of an Arabidopsis gene

encoding a subtilase (AtSBT5.4) produces a clavata-like phenotype. Planta 230:
687–697.

Liu Y, Qin L, Han L, Xiang Y, Zhao D. 2015.Overexpression of maize SDD1
(ZmSDD1) improves drought resistance in Zea mays L. by reducing stomatal

density. Plant Cell, Tissue and Organ Culture 122: 147–159.
Lozano-Torres JL, Wilbers RHP, Warmerdam S, Finkers-Tomczak A, Diaz-

Granados A, van SchaikCC,Helder J, Bakker J, Goverse A, Schots A et al. 2014.
Apoplastic Venom Allergen-like proteins of cyst nematodes modulate the

activation of basal plant innate immunity by cell surface receptors.PLoS Pathogens
10: e1004569.

Luo F, Fong YH, Zeng Y, Shen J, Jiang L,Wong K-B. 2014.How vacuolar sorting

receptor proteins interact with their cargo proteins: crystal structures of apo and

cargo-bound forms of the protease-associated domain from an Arabidopsis
vacuolar sorting receptor. The Plant Cell 26: 3693–3708.

Luo X, Hofmann K. 2001. The protease-associated domain: a homology domain

associated with multiple classes of proteases. Trends in Biochemical Sciences 26:
147–148.

MahonP,BatemanA. 2000.ThePAdomain: a protease-associated domain.Protein
Science 9: 1930–1934.

Martinez DE, Borniego ML, Battchikova N, Aro EM, Tyystjarvi E, Guiamet JJ.

2015. SASP, a Senescence-Associated Subtilisin Protease, is involved in

reproductive development and determination of silique number in Arabidopsis.

Journal of Experimental Botany 66: 161–174.
Matsubayashi Y. 2014. Posttranslationallymodified small-peptide signals in plants.

Annual Review of Plant Biology 65: 385–413.
Matsubayashi Y, Sakagami Y. 1996. Phytosulfokine, sulfated peptides that induce

the proliferation of single mesophyll cells of Asparagus officinalis L. Proceedings of
the National Academy of Sciences, USA 93: 7623–7627.

Meichtry J, Amrhein N, Schaller A. 1999. Characterization of the subtilase gene

family in tomato (Lycopersicon esculentumMill.).PlantMolecular Biology39: 749–
760.

Meijer HJ, van de Vondervoort PJ, Yin QY, de Koster CG, Klis FM, Govers F, de

Groot PW. 2006. Identification of cell wall-associated proteins from

Phytophthora ramorum.Molecular Plant-Microbe Interactions 19: 1348–1358.
MengX, Zhou J, Tang J, Li B, deOliveiraMarcos VV, Chai J, He P, Shan L. 2016.

Ligand-induced receptor-like kinase complex regulates floral organ abscission in

Arabidopsis. Cell Reports 14: 1330–1338.
Meyer M, Huttenlocher F, Cedzich A, Procopio S, Stroeder J, Pau-Roblot C,

Lequart-Pillon M, Pelloux J, Stintzi A, Schaller A. 2016a. The subtilisin-like

protease SBT3 contributes to insect resistance in tomato. Journal of Experimental
Botany 67: 4325–4338.

Meyer M, Leptihn S, Welz M, Schaller A. 2016b. Functional characterization of

propeptides in plant subtilases as intramolecular chaperones and inhibitors of the

mature protease. Journal of Biological Chemistry 291: 19449–19461.
Morris MT, Carruthers VB. 2003. Identification and partial characterization of a

second Kazal inhibitor in Toxoplasma gondii.Molecular and Biochemical
Parasitology 128: 119–122.

Morris MT, Coppin A, Tomavo S, Carruthers VB. 2002. Functional analysis of

Toxoplasma gondii protease inhibitor 1. Journal of Biological Chemistry 277:
45259–45266.

Murayama K, Kato-Murayama M, Hosaka T, Sotokawauchi A, Yokoyama S,

Arima K, Shirouzu M. 2012. Crystal structure of cucumisin, a subtilisin-like

endoprotease from Cucumis melo L. Journal of Molecular Biology 423: 386–396.
Nadeau JA, Sack FD. 2002.Control of stomatal distribution on the Arabidopsis leaf

surface. Science 296: 1697–1700.
NakagawaM,UeyamaM, TsurutaH, UnoT, Kanamaru K,Mikami B, Yamagata

H. 2010. Functional analysis of the cucumisin propeptide as a potent inhibitor of

its mature enzyme. Journal of Biological Chemistry 285: 29797–29807.
Neuteboom LW, Veth-Tello LM, Clijdesdale OR, Hooykaas PJ, van der Zaal BJ.

1999. A novel subtilisin-like protease gene from Arabidopsis thaliana is expressed
at sites of lateral root emergence. DNA Research 6: 13–19.

Ni J,GuoY, JinH,Hartsell J,Clark SE. 2011.Characterization of aCLEprocessing

activity. Plant Molecular Biology 75: 67–75.
Niederhuth CE, Patharkar OR,Walker JC. 2013. Transcriptional profiling of the

Arabidopsis abscission mutant hae hsl2 by RNA-Seq. BMC Genomics 14: 37.
Norero NS, Castellote MA, de la Canal L, Feingold SE. 2016. Genome-wide

analyses of subtilisin-like serine proteases on Solanum tuberosum. American
Journal of Potato Research 93: 485–496.

Ogawa M, Kay P, Wilson S, Swain SM. 2009. Arabidopsis dehiscence zone

polygalacturonase1 (ADPG1), ADPG2, and Quartet2 are polygalacturonases

required for cell separation during reproductive development inArabidopsis.Plant
Cell 21: 216–233.

Ottmann C, Rose R, Huttenlocher F, Cedzich A, Hauske P, Kaiser M, Huber R,

Schaller A. 2009. Structural basis for Ca2+-independence and activation by

homodimerization of tomato subtilase 3. Proceedings of the National Academy of
Sciences, USA 106: 17223–17228.

Pariani S, Contreras M, Rossi FR, Sander V, CoriglianoMG, Sim�on F, Busi MV,

Gomez-Casati DF, Pieckenstain FL, Duschak VG et al. 2016. Characterization

� 2017 The Authors

New Phytologist� 2017 New Phytologist Trust
New Phytologist (2017)

www.newphytologist.com

New
Phytologist Tansley review Review 13



of a novel Kazal-type serine proteinase inhibitor ofArabidopsis thaliana.Biochimie
123: 85–94.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,

FerrinTE. 2004.UCSFChimera – a visualization system for exploratory research

and analysis. Journal of Computational Chemistry 25: 1605–1612.
Plattner S, Gruber C, Stadlmann J, Widmann S, Gruber CW, Altmann F,

Bohlmann H. 2015. Isolation and characterization of a thionin

proprotein-processing enzyme from barley. Journal of Biological Chemistry 290:
18056–18067.

Polge C, Jaquinod M, Holzer F, Bourguignon J, Walling L, Brouquisse R. 2009.

Evidence for the existence in Arabidopsis thaliana of the proteasome proteolytic

pathway. Journal of Biological Chemistry 284: 35412–35424.
Pszenny V, Ledesma BE, Matrajt M, Duschak VG, Bontempi EJ, Dubremetz JF,

Angel SO. 2002. Subcellular localization and post-secretory targeting of TgPI, a

serine proteinase inhibitor from Toxoplasma gondii.Molecular and Biochemical
Parasitology 121: 283–286.

Qi X, Wilson KA, Tan-Wilson AL. 1992. Characterization of the major protease

involved in the soybean beta-conglycinin storage protein mobilization. Plant
Physiology 99: 725–733.

Raffaele S, Rivas S. 2013. Regulate and be regulated: integration of defense and

other signals by theAtMYB30 transcription factor.Frontiers in Plant Science4: 98.
Ram�ırez V, L�opez A, Mauch-Mani B, Gil MJ, Vera P. 2013. An extracellular

subtilase switch for immune priming in Arabidopsis. PLoS Pathogens 9:
e1003445.

Rautengarten C, Steinhauser D, B€ussis D, Stintzi A, Schaller A, Kopka J,

Altmann T. 2005. Inferring hypotheses on functional relationships of genes:

analysis of the Arabidopsis thaliana subtilase gene family. PLoS Computational
Biology 1: e40.

Rautengarten C, Usadel B, Neumetzler L, Hartmann J, Bussis D, Altmann T.

2008. A subtilisin-like serine protease essential for mucilage release from

Arabidopsis seed coats. Plant Journal 54: 466–480.
Rawlings ND, Barrett AJ, Bateman A. 2010.MEROPS: the peptidase database.

Nucleic Acids Research 38: D227–D233.

Reavy B, Bagirova S, Chichkova NV, Fedoseeva SV, Kim SH, Vartapetian AB,

Taliansky ME. 2007. Caspase-resistant VirD2 protein provides enhanced gene

delivery and expression in plants. Plant Cell Reports 26: 1215–1219.
Ribeiro A, Akkermans ADL, van Kammen A, Bisseling T, Pawlowski K. 1995. A

nodule-specific gene encoding a subtilisin-like protease is expressed in early stages

of actinorhizal nodule development. Plant Cell 7: 785–794.
Rose R, Schaller A, Ottmann C. 2010. Structural features of plant subtilases. Plant
Signaling & Behavior 5: 100–183.

Saez-Aguayo S, RaletM-C, Berger A, Botran L, Ropartz D,Marion-Poll A, North

HM. 2013. PECTINMETHYLESTERASE INHIBITOR6 promotes

Arabidopsismucilage release by limiting methylesterification of

homogalacturonan in seed coat epidermal cells. Plant Cell 25: 308–323.
Santiago J, Brandt B, Wildhagen M, Hohmann U, Hothorn LA, Butenko MA,

Hothorn M. 2016.Mechanistic insight into a peptide hormone signaling

complex mediating floral organ abscission. eLife 5: e15075.
Sauter M. 2015. Phytosulfokine peptide signalling. Journal of Experimental Botany
66: 5161–5169.

Schaller A. 2004. A cut above the rest: the regulatory function of plant proteases.

Planta 220: 183–197.
SchallerA. 2013.Chapter 717–Plant subtilisins. In: RawlingsND, SalvesenG, eds.

Handbook of proteolytic enzymes. London, UK: Academic Press, 3247–3254.
Schaller A, Stintzi A, Graff L. 2012. Subtilases – versatile tools for protein turnover,
plant development, and interactionswith the environment.Physiologia Plantarum
145: 52–66.

SchardonK,HohlM,Graff L, SchulzeW, Pfannstiel J, Stintzi A, Schaller A. 2016.

Precursor processing for plant peptide hormone maturation by subtilisin-like

serine proteinases. Science 354: 1594–1597.
SeidahNG, SadrMS, Chr�etienM,MbikayM. 2013.Themultifaceted proprotein

convertases: their unique, redundant, complementary, and opposite functions.

Journal of Biological Chemistry 288: 21473–21481.
Senechal F, Graff L, Surcouf O, Marcelo P, Rayon C, Bouton S, Mareck A,

Mouille G, Stintzi A, Hofte H et al. 2014. Arabidopsis PECTIN
METHYLESTERASE17 is co-expressed with and processed by SBT3.5, a

subtilisin-like serine protease. Annals of Botany 114: 1161–1175.

Serrano I, Buscaill P, Audran C, Pouzet C, Jauneau A, Rivas S. 2016. A non

canonical subtilase attenuates the transcriptional activation of defence responses

in Arabidopsis thaliana. eLife 5: e19755.
Sharma R, Xia X, Cano LM, Evangelisti E, Kemen E, Judelson H, Oome S,

Sambles C, van den Hoogen DJ, Kitner M et al. 2015. Genome analyses of the

sunflower pathogen Plasmopara halstedii provide insights into effector evolution
in downy mildews and Phytophthora. BMC Genomics 16: 741.

Siezen RJ, Leunissen JA. 1997. Subtilases: the superfamily of subtilisin-like serine

proteases. Protein Science 6: 501–523.
Smith EL, Markland FS, Kasper CB, DeLange RJ, Landon M, Evans WH. 1966.

The complete amino acid sequence of two types of subtilisin, BPN’ andCarlsberg.

Journal of Biological Chemistry 241: 5974–5976.
Sotokawauchi A, Kato-MurayamaM,MurayamaK,Hosaka T,Maeda I, OnjoM,

OhsawaN, KatoD-i, ArimaK, ShirouzuM. 2017. Structural basis of cucumisin

protease activity regulation by its propeptide. Journal of Biochemistry 161: 45–53.
Srivastava R, Liu J-X, GuoH, Yin Y, Howell SH. 2009.Regulation and processing

of a plant peptide hormone, AtRALF23, in Arabidopsis. Plant Journal 59: 930–
939.

Srivastava R, Liu JX, Howell SH. 2008. Proteolytic processing of a precursor

protein for a growth-promoting peptide by a subtilisin serine protease in

Arabidopsis. Plant Journal 56: 219–227.
StegmannM, Monaghan J, Smakowska-Luzan E, Rovenich H, Lehner A, Holton

N, Belkhadir Y, Zipfel C. 2017. The receptor kinase FER is a RALF-regulated

scaffold controlling plant immune signaling. Science 355: 287–289.
SteinerDF. 1998.The proprotein convertases.CurrentOpinion in Chemical Biology
2: 31–39.

Stenvik G-E, Tandstad NM, Guo Y, Shi C-L, KristiansenW, Holmgren A, Clark

SE, Aalen RB, Butenko MA. 2008. The EPIP peptide of INFLORESCENCE

DEFICIENT IN ABSCISSION is sufficient to induce abscission in Arabidopsis
through the receptor-like kinases HAESA and HAESA-LIKE2. Plant Cell 20:
1805–1817.

Svistoonoff S, LaplazeL,AuguyF,Runions J,DuponnoisR,Haseloff J, FrancheC,

Bogusz D. 2003. cg12 expression is specifically linked to infection of root hairs

and cortical cells during Casuarina glauca and Allocasuarina verticillata
actinorhizal nodule development.Molecular Plant-Microbe Interactions 16: 600–
607.

Takeda N, Haage K, Sato S, Tabata S, Parniske M. 2011. Activation of a Lotus
japonicus subtilase gene during arbuscular mycorrhiza is dependent on the

common symbiosis genes and two cis-active promoter regions.Molecular Plant-
Microbe Interactions 24: 662–670.

Takeda N, Sato S, Asamizu E, Tabata S, Parniske M. 2009. Apoplastic plant

subtilases support arbuscular mycorrhiza development in Lotus japonicus. Plant
Journal 58: 766–777.

TanakaH, Onouchi H, KondoM,Hara-Nishimura I, NishimuraM,Machida C,

Machida Y. 2001. A subtilisin-like serine protease is required for epidermal

surface formation in Arabidopsis embryos and juvenile plants.Development 128:
4681–4689.

Tan-Wilson A, Bandak B, Prabu-JeyabalanM. 2012.The PA domain is crucial for

determining optimum substrate length for soybean protease C1: structure and

kinetics correlate with molecular function. Plant Physiology and Biochemistry 53:
27–32.

Tavormina P, De Coninck B, Nikonorova N, De Smet I, Cammue BPA. 2015.

Theplant peptidome: an expanding repertoire of structural features andbiological

functions. The Plant Cell 27: 2095–2118.
TianM, Kamoun S. 2005.A two disulfide bridge Kazal domain from Phytophthora
exhibits stable inhibitory activity against serine proteases of the subtilisin family.

BMC Biochemistry 6: 15.
Tian MY, Benedetti B, Kamoun S. 2005. A second kazal-like protease inhibitor

from Phytophthora infestans inhibits and interacts with the apoplastic
pathogenesis-related protease P69B of tomato. Plant Physiology 138: 1785–1793.

TianMY,HuitemaE, daCunhaL,Torto-AlaliboT,KamounS. 2004.AKazal-like

extracellular serine protease inhibitor from Phytophthora infestans targets the
tomato pathogenesis-related protease P69B. Journal of Biological Chemistry 279:
26370–26377.

Tomkinson B, Lind�as A-C. 2005. Tripeptidyl-peptidase II: a multi-purpose

peptidase. The International Journal of Biochemistry & Cell Biology 37: 1933–
1937.

New Phytologist (2017) � 2017 The Authors

New Phytologist� 2017 New Phytologist Trustwww.newphytologist.com

Review Tansley review
New
Phytologist14



Tornero P, Conejero V, Vera P. 1996a. Primary structure and expression of a

pathogen-induced protease (PR-P69) in tomato plants: similarity of functional

domains to subtilisin-like endoproteases. Proceedings of the National Academy of
Sciences, USA 93: 6332–6337.

Tornero P, Conejero V, Vera P. 1997. Identification of a new pathogen-induced

member of the subtilisin-like processing protease family from plants. Journal of
Biological Chemistry 272: 14412–14419.

Tornero P, Mayda E, G�omez MD, Ca~nas L, Conejero V, Vera P. 1996b.

Characterization of LRP, a leucine-rich repeat (LRR) protein from tomato plants

that is processed during pathogenesis. Plant Journal 10: 315–330.
Tripathi L, Sowdhamini R. 2006.Cross genome comparisons of serine proteases in

Arabidopsis and rice. BMC Genomics 7: 200.
Tsuwamoto R, Fukuoka H, Takahata Y. 2008. GASSHO1 and GASSHO2
encoding a putative leucine-rich repeat transmembrane-type receptor kinase are

essential for the normal development of the epidermal surface in Arabidopsis

embryos. Plant Journal 54: 30–42.
Vartapetian AB, Tuzhikov AI, Chichkova NV, TalianskyM,Wolpert TJ. 2011.A

plant alternative to animal caspases: subtilisin-like proteases. Cell Death And
Differentiation 18: 1289–1297.

Vera P, Conejero V. 1988. Pathogenesis-related proteins of tomato. P-69 as an

alkaline endoproteinase. Plant Physiology 87: 58–63.
Vera P, Hern�andez Yago J, Conejero V. 1989. Immunogold localization of the

citrus exocortis viroid-induced pathogenesis-related proteinase P69 in tomato

leaves. Plant Physiology 91: 119–123.
Veth-Tello LM. 2005. Analysis of gene expression in the outer cell layers of

Arabidopsis roots during lateral root development. PhD thesis, Faculty of

Mathematics&Natural Sciences, Institute of Biology, LeidenUniversity, Leiden,

the Netherlands.

Vierstra RD. 2009. The ubiquitin-26S proteasome system at the nexus of plant

biology. Nature Reviews Molecular Cell Biology 10: 385–397.
WangR, Liu S,Wang J,DongQ, XuL, RuiQ. 2013.Purification, characterization

and identification of a senescence related serine protease in dark-induced

senescent wheat leaves. Phytochemistry 95: 118–126.
Wolf S, Rausch T, Greiner S. 2009. The N-terminal pro region mediates retention

of unprocessed type-I PME in the Golgi apparatus. Plant Journal 58: 361–375.
Wright CS, Alden RA, Kraut J. 1969. Structure of subtilisin BPN0 at 2.5 angstr€om
resolution. Nature 221: 235–242.

Wuest SE, Philipp MA, Guthorl D, Schmid B, Grossniklaus U. 2016. Seed

production affects maternal growth and senescence in Arabidopsis. Plant
Physiology 171: 392–404.

Xie Q, Frugis G, Colgan D, Chua NH. 2000. ArabidopsisNAC1 transduces auxin

signal downstream of TIR1 to promote lateral root development. Genes &
Development 14: 3024–3036.

Xing Q, Creff A, Waters A, Tanaka H, Goodrich J, Ingram GC. 2013. ZHOUPI

controls embryonic cuticle formation via a signalling pathway involving the

subtilisin protease ABNORMAL LEAF-SHAPE1 and the receptor kinases

GASSHO1 and GASSHO2. Development 140: 770–779.
Yamagata H, Masuzawa T, Nagaoka Y, Ohnishi T, Iwasaki T. 1994. Cucumisin, a

serine protease frommelon fruits, shares structural homology with subtilisin and is

generated froma largeprecursor. Journal ofBiologicalChemistry269: 32725–32731.
YamazakiY, Sch€onherrC,VarshneyGK,DogruM,HallbergB,PalmerRH.2013.

Goliath family E3 ligases regulate the recycling endosome pathway via VAMP3

ubiquitylation. EMBO Journal 32: 524–537.
Yang S, JohnstonN,TalidehE,Mitchell S, JeffreeC,Goodrich J, IngramG. 2008.

The endosperm-specific ZHOUPI gene of Arabidopsis thaliana regulates
endosperm breakdown and embryonic epidermal development. Development
135: 3501–3509.

Yoo CY, PenceHE, Jin JB,Miura K, GosneyMJ, Hasegawa PM,MickelbartMV.

2010. The Arabidopsis GTL1 transcription factor regulates water use efficiency

and drought tolerance by modulating stomatal density via transrepression of

SDD1. Plant Cell 22: 4128–4141.
Zhu X, Ohta Y, Jordan F, Inouye M. 1989. Pro-sequence of subtilisin can guide the

refolding of denatured subtilisin in an intermolecular process.Nature339: 483–484.
Zimmermann D, Gomez-Barrera JA, Pasule C, Brack-Frick UB, Sieferer E,

Nicholson TM, Pfannstiel J, Stintzi A, Schaller A. 2016. Cell death control by

matrix metalloproteinases. Plant Physiology 171: 1456–1469.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information tab for this article:

Fig. S1 Phylogenetic relationship of Arabidopsis SBT genes.

Please note: Wiley Blackwell are not responsible for the content or
functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews. 

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged. 
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <28 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

� 2017 The Authors

New Phytologist� 2017 New Phytologist Trust
New Phytologist (2017)

www.newphytologist.com

New
Phytologist Tansley review Review 15


