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Abstract

Background: Recent studies have reported agronomically useful ectopic effects for recombinant protease inhibitors
expressed in leaves of transgenic plants, including improved tolerance to abiotic stress conditions and partial
resistance to necrotrophic pathogens. Here we assessed the effects of these proteins on the post-dormancy

sprouting of storage organs, using as a model potato tubers expressing cysteine protease inhibitors of the cystatin
protein superfamily.

Results: Sprout emergence and distribution, soluble proteins, starch and soluble sugars were monitored in tubers
of cereal cystatin-expressing clones stored for several months at 4 °C. Cystatin expression had a strong repressing
effect on sprout growth, associated with an apparent loss of apical dominance and an increased number of small
buds at the skin surface. Soluble protein content remained high for up to 48 weeks in cystatin-expressing tubers
compared to control (untransformed) tubers, likely explained by a significant stabilization of the major storage
protein patatin, decreased hydrolysis of the endogenous protease inhibitor multicystatin and low cystatin-sensitive
cysteine protease activity in tuber tissue. Starch content decreased after several months in cystatin-expressing
tubers but remained higher than in control tubers, unlike sucrose showing a slower accumulation in the
transgenics. Plantlet emergence, storage protein processing and height of growing plants showed similar
time-course patterns for control and transgenic tubers, except for a systematic delay of 2 or 3 d in the latter group
likely due to limited sprout size at sowing.

Conclusions: Our data point overall to the onset of metabolic interference effects for cereal cystatins in sprouting
potato tubers. They suggest, in practice, the potential of endogenous cysteine proteases as relevant targets for the

development of potato varieties with longer storage capabilities.

Keywords: Cereal cystatins, Endogenous proteolysis, Potato (Solanum tuberosum), Transgenic crops, Tuber

Sprouting

Background

Dozens of papers have discussed the potential of plant
protease inhibitors as effective antidigestive compounds
to engineer herbivore pest resistance in food and com-
modity crops [1, 2]. Recent studies have also assessed
their usefulness as ectopic modulators of endogenous
proteases to introduce traits of agronomical value such
as pathogen resistance or abiotic stress tolerance in leaf
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tissues [2], or to prevent unintended proteolysis of ec-
topically expressed biopharmaceuticals in plants used as
vehicles for recombinant protein production [3]. Cyst-
eine (Cys) protease inhibitors of the cystatin protein
superfamily [4] were shown for instance to provide host
plants with partial resistance to necrotrophic fungi [5]
and broad tolerance to drought, chilling, oxidation or
salt stress [6—8]. Recombinant cystatins were shown also
to prevent degradation of recombinant proteins in leaf
tissue when coexpressed as accessory proteins to inhibit
endogenous proteolysis in the cytosol [9] or along the
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cell secretory pathway [10, 11]. Little is known about the
endogenous targets of cystatins in planta, but the ectopic
effects reported for these proteins, the large numbers of
Cys protease-encoding genes in plant genomes [10] and
the well established roles of Cys proteases in such key
physiological processes as programmed cell death, senes-
cence, defense and storage protein mobilization [12]
now make the regulation of these enzymes an interesting
route for crop improvement.

In this study we assessed the potential of recombinant
cystatins to downregulate Cys protease activity and pre-
vent protein loss in non-dormant storage organs, using
cereal cystatin-expressing potato tubers as an example of
economic value. Gene expression studies have estab-
lished clear correlations between storage protein depos-
ition or mobilization, cystatin content, and Cys protease
activity in seeds or vegetative storage organs of different
plants [4, 12]. For instance, a positive link was estab-
lished between deposition of the major storage protein
patatin, high transcript numbers for the 88-kDa Cys pro-
tease inhibitor potato multicystatin (PMC) and low Cys
protease activity in developing potato tubers [13]. Pata-
tin mobilization was shown by contrast to correlate with
low numbers of PMC transcripts, Cys protease up-
regulation and increased protease activity in sprouting
tubers [14]. A simple working model was proposed to
predict the fate of storage proteins in reproductive or-
gans, involving the cystatin::Cys protease stoechiometric
balance as a key determinant of the resulting output [4].
Inhibitory cystatins are actively synthesized in develop-
ing storage organs to eventually outnumber Cys prote-
ases and promote storage protein deposition. An
elevated, abscisic acid-dependent cystatin::Cys protease
balance in dormant tissues allows for the pool of storage
proteins to be maintained over dormancy and remain
available to the growing plantlets upon germination or
sprouting [13, 15-17]. A gibberellin-induced up-regulation
of Cys protease genes concomitant with the repression of
cystatin genes leads, finally, to a low cystatin::Cys protease
balance favoring storage protein mobilization and plantlet
growth [14, 17-20].

The physiological significance of a low cystatin:Cys
protease balance upon germination was supported em-
pirically with transgenic Arabidopsis lines overexpress-
ing AtCYS6, a seed endogenous cystatin naturally
responsive to gibberellins and abscisic acid [17]; or with
Arabidopsis lines expressing BrCYSI, a heterologous
cystatin from Chinese cabbage also responsive to these
hormones [21]. In line with the assumed repressing ef-
fect of cystatins on germination, transgenic seeds consti-
tutively expressing either cystatins exhibited low Cys
protease activity and delayed germination compared to
non-transgenic seeds [17, 21], in sharp contrast with
AtCYS6 knockout seeds showing higher Cys protease
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activity and early germination [17]. Here we assessed the
impact of two ectopically expressed cereal seed cystatins,
oryzacystatin I (OCI) [15] and corn cystatin II (CCII)
[22], on the sprouting behaviour, protein catabolism and
growing potential of potato tubers stored for several
months at 4 °C.

Results and discussion
OCl accumulates at low levels in potato tubers
Two OClI-expressing potato lines, K52 and K53, were se-
lected for the experiments from a collection of inde-
pendent transformants established earlier in our
laboratory [23]. OCI in these lines bears no signal pep-
tide at the N terminus and accumulates in the cytosol
under the control of the Cauliflower mosaic virus
(CaMV) 35S constitutive promoter. Reverse transcript-
ase (RT) polymerase chain reaction (PCR) assays were
performed to estimate levels of OCI-encoding tran-
scripts in leaves and tubers. Comparable levels of OCI
transcripts were found in the 5% leaf of lines K52 and
K53, compared to undetectable levels in the 5% leaf of
control line K used as parent for genetic transformation
(Fig. 1a). Roughly similar transcript levels were found in
cDNA samples prepared from 1-cm?® tuber flesh pieces
collected ~5 cm down from the apical buds of tubers
stored for 36 weeks at 4 °C (Fig. 1la), indicating compar-
able ability of the viral promoter to drive OCI transgene
expression in sprouting tubers and mature leaves.
Despite similar transcript signals, recombinant OCI
was detected at low relative levels of ~0.08-0.15 % of
total soluble proteins in tuber extracts of both lines K52
and K53, five to ten times less than levels measured in
mature leaves [24] (Fig. 1b). One explanation for this
could be a rapid turnover of the inhibitor in heterol-
ogous cellular environments harbouring distinct proteo-
lytic machineries, as discussed earlier for a number of
recombinant proteins reported to be unstable in plant-
based expression systems [3]. A more likely explanation
given the documented stability of plant cystatins in
protease-rich heterologous environments such as plant
leaf and microbial cells [10, 11, 25] would be a natural
sink effect of highly abundant storage proteins on amino
acid resources, inherently unfavorable to heterologous
protein accumulation [26]. Studies have reported higher
levels of recombinant protein in reproductive organs of
storage protein-depleted mutants [27, 28] or transfor-
mants [29-32], presumably associated with increased
energy and/or amino acid resources in planta. Such ob-
servations, while strengthening the idea of a limited
proteome plasticity in storage organs, could also explain
the low levels of recombinant proteins such as OCI (this
study) or tomato cathepsin D inhibitor in transgenic po-
tato tubers [26] compared to steady-state levels in leaves
of the same plants.
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Fig. 1 OCl expression in leaves and tubers of line K52, line K53 and control line K. a mRNA transcript relative levels in tuber flesh and leaf 5 down
from the apex. b OCl relative content in tuber flesh and leaf 5 down from the apex. Data on panels (a) and (b) are expressed relative to mean
levels in the fifth leaf of K52 plants (arbitrary value of 1.00, corresponding on panel (b) to ~0.85 % of total soluble proteins [24]). Each bar on both
panels is the mean of biological replicates from three different plants + SD. Bars with different letters on panel (b) are significantly different

o

OCl relative level

K K52 K53
Plant line

OCI expression delays tuber sprouting at 4 °C

Distribution patterns of growing buds and sprouts were
recorded on stored tubers of line K52, line K53 and con-
trol line K to look for eventual macroscopic effects of
OCI on tuber sprouting despite a limited accumulation
in tuber flesh tissue (Fig. 2). At least six ~10 cm-long tu-
bers harvested from different plants of each line were
stored in the dark at 4 °C for 48 weeks (ca. 11 months)
prior to visual inspection. Following a resting period of
several weeks after harvest, endodormancy is released in
potato tubers and one, or a few, apical buds start grow-
ing and using storage nutrients [33]. Accordingly, three
to five well developed, ~10 mm-long sprouts were found
at the apex of stored control tubers after 48 weeks, asso-
ciated with visible signs of skin dehydration (Fig. 2). By
comparison, about 12 small, ~2.5 mm-long buds were
counted on tubers of lines K52 and K53 (Fig. 2b, ¢), as-
sociated with a visually unaltered skin surface similar to

that of freshly harvested tubers (see Fig. 2a for line K52).
Similar observations were made with a number of add-
itional lines expressing OCI at comparable or lower
levels (Additional file 1), suggesting a sprout-repressing
effect of this protein even at very low levels in tuber
tissue.

As expected given the establishment of apical domin-
ance at early sprouting [34], most, if not all, growing
sprouts on control line K tubers were found at-or
around-the apex, on the upper (apical) half of the tuber
(Fig. 2c). Buds on K52 and K53 tubers were also found
mostly on the apical half, but a consistent number of
two or three buds were also observed on the basal half
(Fig. 2c). These observations pointed, overall, to an alter-
ation of the apical dominance pattern in OCI-expressing
tubers and to a significant retarding effect of recombin-
ant OCI on sprout growth presumably associated with
limited metabolic activity in the tubers and/or apical
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Fig. 2 Number, length and distribution of buds and sprouts on tubers of lines K, K52 and K53 stored for 48 weeks at 4 °C. a General aspect of K
and K52 tubers after storage, showing well developed sprouts and visible skin deterioration on tubers of the control line. b Mean length of buds
and sprouts at the surface of stored tubers. ¢ Number and distribution of buds and sprouts on the apical (black bars) and basal (grey bars) halves
of stored tubers. Each bar on panels (b) and (c) is the mean of six biological (tuber) replicate values + SD. On each panel, bars with a different
letter are significantly different (post-ANOVA Tukey's test, P < 0.05)
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buds. These data suggest, in practice, the feasibility of
preventing early tuber sprouting during long-term stor-
age by the ectopic expression of recombinant cystatins
at low levels, with a minimal demand in endogenous
amino acid resources and a likely negligible effect on the
tuber protein complement.

Storage protein catabolism is delayed in OCl-expressing
tubers

Soluble proteins were assayed in tubers of lines K, K52
and K53 to assess the overall impact of OCI expression
on storage protein deposition in developing tubers and
protein catabolism during early sprouting, after storage
for 36 or 48 weeks at 4 °C (Fig. 3). One-cm?® tuber tissue
pieces were collected at 0 cm (‘edge’ tissue containing
skin cells) or 4.5 cm (‘flesh’ tissue) down from the apex,
beneath the emerging apical sprouts (Fig. 3a). Soluble
protein content in flesh tissue samples of freshly har-
vested tubers (time 0) was estimated at ~0.65 % fresh
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weight in both transgenic and control lines, suggesting a
null impact of OCI on total storage protein deposition
in growing tubers (ANOVA; P = 0.398, F = 1.077) (Fig. 3b).
By contrast, protein content in flesh tissue of line K
decreased to 0.55 % fresh weight after 36 weeks and
then to 0.39 % after 48 weeks, while remaining signifi-
cantly higher in flesh tissue of K52 and K53 tubers after
both 36 (P=0.014, F =9.447) and 48 weeks (P =0.010,
F=11.13), at ~0.55-0.62 % fresh weight.
Immunodetections were carried out to compare PMC
levels in control and transgenic line protein samples.
PMC accumulates in growing potato tubers along with
the major storage protein patatin, and then disappears
upon sprouting to release free endogenous Cys proteases
and help provide free amino acids for plantlet growth
[13, 14]. Similar to total soluble proteins, PMC was
found at comparable levels in OCl-expressing and con-
trol tubers at time 0 in both edge and flesh tissues (see
immunoblot image on Fig. 3c), again suggesting no
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Fig. 3 Soluble proteins, potato multicystatin (PMC) and protease activity in tubers of line K52, line K53 and control line K stored for different
periods at 4 °C. a Diagram showing the position of tuber ‘edge’ and ‘flesh’ tissues collected for the analyses. b Total soluble proteins in crude
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protein extracts of flesh tissue after storage for 0, 36 or 48 weeks. Data are expressed as percentages on a fresh weight basis. ¢ Immunodetection
of PMC in crude protein extracts of tuber edge and flesh tissues upon harvesting (0 week) or after storage for 48 weeks. Densitometric data are
expressed for stored tubers relative to initial levels at time O (arbitrary value of 1.0). PMC on the immunoblot image corresponds to PMC purified
from tuber skin. d Gelatin hydrolysis zymogram for the main proteases of flesh tissue (P1, P2 and P3) in line K and line K52 tubers after storage
for 48 weeks. +rOC|, crude extract incubated with recombinant OCI expressed in E. coli before electrophoretic migration. Each bar on panels (b)
and (c) is the mean of six biological (tuber) replicates + SE. Identical volumes of crude extract were loaded in each well on panels () and (d). For
each time point or tissue type, bars with the same letter are not significantly different (post-ANOVA Tukey's test ; P> 0.05)
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effect of OCI on tuber protein deposition. Extensive deg-
radation of the endogenous cystatin was observed in line
K after 48 weeks, down to a residual level of 40 % com-
pared to time O in edge tissue, and to barely detectable
levels in flesh tissue. By comparison, PMC content in
edge tissue remained unchanged in both lines K52 and
K53 after 48 weeks (ANOVA; P> 0.05), and was still de-
tectable in flesh tissue despite significant degradation
(Fig. 30).

Gelatin-polyacrylamide gel electrophoresis (PAGE) zy-
mograms [35] were produced to visualize major protease
(gelatinase) forms in stored tuber protein samples
(Fig. 3d). In accordance with the anti-papain inhibitory
activity of OCI [15] and the predominance of papain-
like Cys proteases in sprouting tubers [36], protease ac-
tivity after 48 weeks was less important in OCI-
containing protein samples than in line K samples. rOCI,
a recombinant form of OCI produced in E. coli [36], was
incubated with line K samples prior to gelatin-PAGE to
confirm the occurrence of OClI-sensitive Cys protease(s)
in sprouting tubers (Fig. 3d). As shown for the major
gelatinase P1, rOCI had a sharp inhibitory effect on en-
dogenous proteases causing an almost complete loss of
gelatinase activity compared to the non-inhibited con-
trol. These findings, although not excluding alternative
effects in vivo, support the hypothesis of a protease
inhibition-mediated mechanism for the sprouting re-
pression effect of OCI in potato tubers, in line with
the protease regulatory role of this inhibitor in rice
seeds [15] and as also suggested for the germination-
retarding effect of recombinant cystatins in Arabidop-
sis seeds [17, 21].

Starch processing is delayed in OCl-expressing tubers

Sugar assays were conducted to assess the impact of
OCI expression on starch processing and soluble sugar
content in transgenic tubers (Table 1). Starch hydrolysis
is known to occur in sprouting tubers, typically associ-
ated with an increase in soluble sugars [37]. Starch con-
tent in flesh samples of freshly harvested tubers was
here estimated at ~14.5 % of total fresh weight for the
three tested lines (ANOVA; P=0.594, F =0.569), com-
parable to starch levels observed earlier in tubers of the
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same cultivar [26, 38]. By contrast, starch content in line
K decreased to 11.8 % after 36 weeks of storage, com-
pared to a greater, almost unchanged mean value of
~14 % in the OCl-expressing tubers (P=0.002, F=
19.40). Starch content further decreased in control tu-
bers after 36 weeks to reach 6.3 % of total fresh weight
at 48 weeks, lower than the levels of about 8 % measured
in OClI-expressing tubers (P =0.012, F = 10.12).

Similar to starch, comparable levels of sucrose
(ANOVA; P=0.969, F = 0.032) and glucose (P =0.304, F
=1.463) were found in tubers of control and transgenic
lines upon harvesting, estimated at ~0.20 and ~0.14 % of
tuber fresh weight, respectively, similar to previously re-
ported contents [26, 38]. Glucose content gradually in-
creased in tubers of all three lines, to reach about 1 % of
tuber fresh weight at 48 weeks (P =0.736, F=0.323).
Sucrose content also increased during storage but
remained lower in the OCI tubers, about half the levels
observed in control tubers after storage for 48 weeks
(P=0.002, F=22.40). These observations suggest on
the one hand a negligible effect of OCI expression on
the deposition of starch and soluble sugars in growing
tubers. They indicate on the other hand a significant
interfering effect of the cystatin on sugar catabolism
during long-term storage, concomitant with the above-
described repressing effects of this protein on sprout-
ing and endogenous protease activity.

Germination and plantlet growth are delayed, but not
compromised, in OCl-expressing tubers

A sowing assay was conducted with tubers of lines K
and K52 stored for 48 weeks at 4 °C to assess the ability
of OClI-expressing tubers of producing viable plantlets
despite limited bud outgrowth after long-term storage,
and hence of being of eventual interest to produce seed
tubers for vegetative propagation (Fig. 4). In brief, plant-
lets started to emerge from control tubers 5 d after sow-
ing to reach an overall emergence rate of 80 % (i.e. 16
tubers emerged out of 20 sown) after 17 d, comparable
to line K52 tubers exhibiting a 90 % emergence rate (18
tubers out of 20) recorded from 6 to 15 d post-sowing
(Fig. 4a). Soluble protein content showed a gradual de-
crease after sowing in flesh tissue of both control and

Table 1 Starch, sucrose and glucose contents in control and OCl-expressing potato tubers stored at 4 °C for 0, 36 or 48 weeks

Sugar Concentration (% fresh weight) !

0 week (harvest) 36 weeks 48 weeks

K K52 K53 K K52 K53 K K52 K53
Starch 148 14.6 14.3 118a 141 b 138b 6.28 A 7.87 B 840 B
Sucrose 0.20 0.19 0.20 045 0.29 030 133 A 057 B 071 B
Glucose 0.16 013 0.12 0.28 0.24 029 1.03 1.00 0.87

'Data are expressed as mean relative contents in flesh tissue of three tubers harvested from different plants. For each storage period, data with different letters

on the same line are significantly different (post-ANOVA Tukey'’s test, P < 0.05)
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total soluble protein content in sown tubers, 0 to 21 d post-sowing. Protein contents, reported as percentages of tuber fresh weight (FW) [26],
represent mean values for three biological (tuber) replicates + SE. Emergence rates are expressed as cumulative percentage of tubers giving
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K52 tubers, down to a low, negligible residual level after
18 d (Fig. 4a). Overall plantlet growth —as estimated by
mean plant height after emergence— showed a similar
trend over time for the two lines, let apart a systematic
delay of 2-3 d for the OCI-expressing tubers (Fig. 4b).
Likewise, total cumulative numbers of leaves and stems
on emerged plantlets showed similar incremental pat-
terns for the two lines, except for a 2-3 d delay with the
K52 line (data not shown). These observations suggest
overall no clear effect of recombinant OCI on plantlet
emergence and growth, with the notable exception of a
short delay for the transgenic tubers likely explained by
limited sprout size after storage.

Corn cystatin Il also delays storage protein breakdown in

potato tubers

Patatin, PMC and the serine (Ser) protease inhibitors
Kunitz trypsin inhibitors and proteinase inhibitor II [26]
were monitored in transgenic potato tubers engineered
to express a maize functional homologue of OCI, corn
cystatin CCII [22], to gain further confirmation for the
retarding effect of ectopic cystatin expression on storage
protein catabolism (Fig. 5). Two CClI-expressing potato
lines, line 9.4 and line 10.4, were selected for the experi-
ments among a collection of stable transformants de-
rived from control parental line K [5]. Similar to OCI in
lines K52 and K53 (see above), CCII in lines 9.4 and 10.4
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b Residual amounts of patatin, PMC or Ser PI's after 30 weeks compared to initial amounts at time 0 (arbitrary value of 1.00). Similar amounts of
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bears no N-terminal signal peptide and accumulates in
the cytosol under the control of the CaMV 35S constitu-
tive promoter. Ten cm-long tubers produced from
greenhouse-acclimated plantlets were harvested for each
line and stored at 4 °C for 0 (‘harvest’ control) or
30 weeks (ca. 7 months) prior to storage protein ana-
lysis. Soluble proteins extracted from flesh tissue were
resolved by sodium dodecyl sulfate (SDS)-PAGE and
stained with Coomassie blue (Fig. 5a), and the relative
amounts of patatin, PMC and Ser protease inhibitors es-
timated by densitometric analysis of the corresponding
bands (Fig. 5b). Unlike the Ser protease inhibitors still
found at their initial levels upon harvest, patatin and
PMC underwent extensive degradation in tubers of con-
trol line K after 30 weeks, down to residual levels of ~35
and ~15 % the amounts found in freshly harvested tu-
bers, respectively. By contrast, patatin and PMC showed
respective residual levels of up to 60 % and about 100 %
after the same period in CClI-expressing tubers, well
above the corresponding levels in control tubers
(ANOVA; P<0.05). These observations indicate overall
a significant delaying effect of CCII on storage protein
catabolism in stored tubers, as observed above with OCI
in lines K52 and K53.

Conclusions

Previous studies reported ectopic effects for recombin-
ant protease inhibitors in transgenic plants, altering such
important processes as programmed cell death, leaf sen-
escence, protein biosynthesis, protein turnover and
stress-inducible protein expression [5, 39-42]. Usually
considered as pesticidal compounds to inhibit herbivor-
ous pest digestive proteases [2], these proteins are now
seen also as potential regulators of endogenous proteoly-
sis in planta for the implementation of valuable quality
traits such as salt and drought tolerance [8, 43, 44], chill-
ing or oxidative stress tolerance [6, 41], resistance to mi-
crobial pathogens [5], tolerance to nitrogen deficiency
[45], increased protein content [41] or reduced endogen-
ous protease activity in plant protein biofactories [9-11].
Here we document the retarding effects of these proteins
on storage protein catabolism and bud outgrowth in a
vegetative reproductive organ. Cystatin ectopic expres-
sion was shown previously to delay seed germination in
Arabidopsis, presumably via an inhibition of endogenous
Cys proteases involved in storage protein breakdown
[17, 21]. We report similar effects, and the practical po-
tential of such effects, for cereal cystatins ectopically
expressed in vegetative storage organs, using potato tu-
bers as a model of economic value.

Potato is an important staple crop worldwide and sus-
tained efforts have been made over the years to improve
its attributes as a food, using both classical breeding and
biotechnological approaches [46]. The potato tuber is a
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rich source of valuable nutrients, such as starch and pro-
teins [47], that need to be preserved between harvesting
and eventual human consumption or use as ‘seed’ mater-
ial for vegetative propagation [48]. Towards this goal,
our data provide empirical evidence for the potential of
recombinant cystatin expression as an ‘in-built’ strategy
to control sprouting and nutrient depletion during stor-
age, in complement to current approaches involving
chemical sprouting inhibitors [49-51] or physical means
such as postharvest irradiation or pressure treatments
[52, 53]. Work is underway to characterize interactions
between endogenous Cys proteases and recombinant
cystatins in cystatin-expressing tubers, taking into ac-
count the complex hormone- and sugar-mediated signal-
ing networks shaping the dormancy and sprouting
processes of potato tubers [54, 55]. Work is also under-
way to compare the anti-sprouting effects of OCI and
CCII with the eventual effects of improved cystatin func-
tional variants developed earlier in our laboratory [56].

Methods

Plant lines

Transgenic potato lines (Solanum tuberosum cv. Ken-
nebec) expressing OCI or CCII were selected from
in-house collections of independent transformants
maintained in vitro at 20 °C in 25 mm-wide x 15-cm
long glass tubes, under a 16 h:8 h day/night photo-
period [23, 57]. Gene constructs for transformation
included either the OCI-encoding sequence (GenBank
Accession No. J03469) or a CCll-encoding sequence
(GenBank Accession No. D38130) without the native
N-terminal peptide signals for cellular secretion. They
also included an original CaMV 35S promoter (OCI
lines) or a duplicated version of this promoter (CCII
lines); a tobacco etch virus enhancer sequence (CCII
lines); and a nopaline synthase (OCI lines) or a
CaMV 35S (CCII lines) terminator sequence (see refs.
[23] and [57] for details on gene constructs). Line K
used as parental line for transformation was taken as
a control for comparative purposes [57].

Tubers

Tubers were produced from in vitro-grown plantlets ac-
climated in greenhouse for 2 weeks under a 16 h/8 h
light—day photoperiod, and then let to grow for 20 weeks
in 25-cm (10-inch) wide pots filled with vermiculite.
Three to six tubers of similar size (ca. 10 cm-long) were
harvested from different plants and used for cystatin ex-
pression monitoring, sprout inspection, sowing assays or
compositional analyses after storage in the dark at 4 °C
for 0, 30, 36 and/or 48 weeks. Tuber samples for cystatin
monitoring and compositional analyses were ground to a
fine powder in liquid nitrogen, and the resulting powder
lyophilized to dryness and stored at —80 °C until use.
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OCI expression

OCI transcripts were monitored by RT PCR using total
RNA samples and the following oligonucleotide primers:
5-GAACGACCTCCACCTCGTCGACCTC and 3-
GTACAAAGTGCCAGCGACAACTTGCT. Total RNA
was extracted from tuber tissue powder (see above) or
from the fifth leaf of ~30 cm-tall plants (down from the
apex [24]), using the Concert Plant RNA Reagent™ kit
(Life Technologies, Burlington ON, Canada). After pre-
cipitation in isopropanol, total RNA was washed in 75 %
(v/v) ethanol, dissolved in RNAse-free water, and
assessed for quantity and quality by the monitoring of
Aseo/Asgo and Aygo/Assg absorbance ratios with a Nano-
Drop™ 1000 spectrophotometer (Thermo  Fisher
Scientific, Mississauga ON, Canada) according to manu-
facturer’s instructions. cDNA populations were synthe-
sized using the Superscript kit for cDNA synthesis (Life
Technologies) and used as templates for PCR. The PCR
amplicons were resolved by 1 % (w/v) agarose gel elec-
trophoresis and visualized by ethidium bromide staining.
For quantitation, the gels were digitalized with an Amer-
sham Image Scanner (GE Healthcare, Baie d'Urfé QC,
Canada) prior to computer processing and image ana-
lysis using the Phoretix 2D Expression software, v. 2005
(NonLinear Dynamics, Durham NC, USA) [42]. At
least three tuber or leaf replicates were used for each
line to allow for statistical assessment of the data
(ANOVA; o =0.05).

OCl content
OCI in leaf and tuber extracts was titrated using the col-
orimetric protein substrate azocasein and E-64-

calibrated papain (EC 3.4.22.2) as a target protease [58].
Soluble proteins were extracted from tuber [or leaf]
powder (see above) in 100 mM sodium phosphate,
pH 6.5, containing 1 mM EDTA. Papain activity was
monitored in 100 mM sodium phosphate buffer, pH 6.5,
containing 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 5 mM L-cysteine and 0.1 % (v/v) Triton X-100
(Sigma-Aldrich, Mississauga ON, Canada). An arbitrary
value of 100 % residual activity (0 % inhibition) was
assigned to papain activities in leaf or tuber extracts of
control line K.

Soluble proteins and sugars

Soluble proteins were assayed according to Bradford
[59] with chicken egg white albumin as a standard, after
extracting proteins from lyophilized tuber powder as de-
scribed above. Soluble sugars in powder samples were
extracted in 80 % (v/v) ethanol for 30 min at 80 °C. After
centrifugation for 5 min at 3000 g, the supernatant was
recovered for glucose and sucrose enzymatic quantita-
tion in the presence of ATP and NAD [60]. The pellet
was resuspended in 0.2 M KOH for starch quantitation.
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After incubation for 30 min at 100 °C, the pH was ad-
justed to 5.5 with 1 M acetic acid. The starch fraction
was hydrolyzed with amylase (E.C.3.2.1.1) and amyloglu-
cosidase (E.C.3.2.1.3), and assayed by enzymatic deter-
mination of released glucose [60].

PMC, storage proteins and endogenous proteases

PMC, patatin, Kunitz inhibitors and potato proteinase II
in tuber protein extracts were resolved by 10 % (w/v)
SDS-PAGE, and their relative content determined by
densitometry of Coomassie blue-stained gels as de-
scribed above for the OCI amplicons. PMC was also
quantified on nitrocellulose sheets following immuno-
blotting, after detection with polyclonal anti-PMC pri-
mary antibodies. Protease activities in sprouting tubers
were visualized by mildly denaturing gelatin/SDS-PAGE
[35], with or without prior incubation of the protein ex-
tracts with rOCI, a recombinant form of OCI expressed
in E. coli using the glutathione S-transferase system [36].

Sowing bioassay

A sowing (‘germination’) assay was conducted with tu-
bers of line K52 and control line K to detect eventual
macroscopic effects of OCI expression on growth and
development of the emerging plantlets. Twenty ~10 cm-
long tubers stored at 4 °C for 48 weeks (see Fig. 1a) were
sown in vermiculite-containing, 25-cm (10-inch) wide
pots, and the plantlets were left to grow for three weeks
in greenhouse. Sprouting emergence rates and stem
height of the growing plants were monitored daily over
20 days. About 30 additional tubers of each line were
sown in parallel, and three of them collected daily, to de-
termine total soluble protein content in flesh tissue over
the same period. Tuber processing and protein determi-
nations were performed as described above for freshly
harvested and stored tubers.

Additional file

Additional file 1: Mean length of buds and sprouts on stored
tubers of transgenic potato lines expressing OCI at different levels.
(PDF 24 kb)

Abbreviations

CClI: corn cystatin II; Cys: cysteine; OCI: oryzacystatin; PAGE: polyacrylamide
gel electrophoresis; PCR: polymerase chain reaction; PMC: potato
multicystatin; RT: reverse transcriptase; SDS: sodium docedyl sulfate;

Ser: serine.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

AM and M-AS contributed to the experimental design, performed the
experiments and wrote a first draft of the manuscript. MK performed the
sugar determinations and contributed to the analysis of the data. M-CG
contributed to the experimental design and writing of the manuscript. DM
conceived the study, contributed to the experimental design, coordinated


dx.doi.org/10.1186/s12870-015-0683-2

Munger et al. BMIC Plant Biology (2015) 15:296

the experiments, and prepared the last version of the manuscript. All authors
read and approved the final manuscript.

Acknowledgements

We thank Philippe Varennes-Jutras for helpful comments on the manuscript.
Purified PMC and the anti-PMC antibodies were kindly provided by Steve
Gleddie, from the Eastern Cereal and Oilseed Research Centre, Agriculture
and Agri-Food Canada, Ottawa ON, Canada. This work was supported by a
Discovery grant from the Natural Science and Engineering Research Council
of Canada to DM.

Author details

'Centre de recherche et dinnovation sur les végétaux|Biotechnologie
Université Laval, Québec, QC G1V 0A6, Canada. Present address: Services aux
entreprises et formation continue, Cégep de St-Jéréme, St-Jérdme J7Z

4 V2QC, Canada.

Received: 16 July 2015 Accepted: 13 December 2015
Published online: 21 December 2015

References

1. Ryan CA. Protease inhibitors in plants: genes for improving defenses against
insects and pathogens. Annu Rev Phytopathol. 1990;28:425-49.

2. Schliter U, Benchabane M, Munger A, Kiggundu A, Vorster J, Goulet MC,
et al. Recombinant protease inhibitors for herbivore pest control: a
multitrophic perspective. J Exp Bot. 2010,61:4169-83.

3. Benchabane M, Goulet C, Rivard D, Faye L, Gomord V, Michaud D.
Preventing unintended proteolysis in plant protein biofactories. Plant
Biotechnol J. 2008;6:633-48.

4. Benchabane M, Schliter U, Vorster J, Goulet M-C, Michaud D. Plant cystatins.
Biochimie. 2010,92:1657-66.

5. Munger A, Coenen K, Cantin L, Goulet C, Vaillancourt LP, Goulet MC, et al.
Beneficial ‘unintended effects' of a cereal cystatin in transgenic lines of
potato, Solanum tuberosum. BMC Plant Biol. 2012;12:198.

6. Van der Viyver C, Schneidereit J, Driscoll S, Turner J, Kunert K, Foyer CH.
Oryzacystatin | expression in transformed tobacco produces a conditional
growth phenotype and enhances chilling tolerance. Plant Biotechnol J.
2003;1:101-12.

7. Zhang X, Liu S, Takano T. Two cysteine proteinase inhibitors from
Arabidopsis thaliana, AtCYSa and AtCYSb, increasing the salt, drought,
oxidation and cold tolerance. Plant Mol Biol. 2008,68:131-43.

8. Quain MD, Makgopa ME, Marquez-Garcia B, Comadira G, Fernandez-Garcia
N, Olmos E, et al. Ectopic phytocystatin expression leads to enhanced
drought tolerance in soybean (Glycine max) and Arabidopsis thaliana
through effects on strigolactone pathways and can also result in improved
seed traits. Plant Biotechnol J. 2014;12:903-13.

9. Pillay P, Kibido T, du Plessis M, van der Viyver C, Beyene G, Vorster BJ, et al.
Use of transgenic oryzacystatin-l-expressing plants enhances recombinant
protein production. Appl Biochem Biotechnol. 2012;168:1608-20.

10.  Goulet C, Khalf M, Sainsbury F, D’Aoust MA, Michaud D. A protease activity-
depleted environment for heterologous proteins migrating towards the leaf
cell apoplast. Plant Biotechnol J. 2012;10:83-94.

11. Robert S, Khalf M, Goulet MC, D'Aoust MA, Sainsbury F, Michaud D.
Protection of recombinant mammalian antibodies from development-
dependent proteolysis in leaves of Nicotiana benthamiana. PLoS One.
20138, €70203.

12. Martinez M, Cambra |, Gonzalez-Melendi P, Santamaria ME, Diaz I. C1A-cysteine
proteases and their inhibitors in plants. Physiol Plant. 2012;145:85-94.

13. Weeda SM, Kumar GNM, Knowles NR. Developmentally linked changes in
proteases and protease inhibitors suggest a role for potato multicystatin in
regulating protein content of potato tubers. Planta. 2009,230:73-84.

14.  Weeda SM, Kumar GNM, Knowles NR. Correlative changes in proteases and
protease inhibitors during mobilisation of protein from potato (Solanum
tuberosum) seed tubers. Funct Plant Biol. 2010;37:32-42.

15. Abe K, Emori Y, Kondo H, Suzuki K, Arai S. Molecular cloning of a cysteine
proteinase inhibitor of rice (oryzacystatin). Homology with animal cystatins
and transient expression in the ripening process of rice seeds. J Biol Chem.
1987;262:16793-7.

16.  Arai S, Matsumoto |, Emori Y, Abe K. Plant seed cystatins and their target
enzymes of endogenous and exogenous origin. J Agric Food Chem.
2002;50:6612-7.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

7.

Page 9 of 10

Hwang JE, Hong JK, Je JH, Kyun OL, Kim DY, Lee SY, et al. Regulation of
seed germination and seedling growth by an Arabidopsis phytocystatin
isoform, AtCYS6. Plant Cell Rep. 2009,28:1623-32.

Kiyosaki T, Matsumoto |, Asakura T, Funaki J, Kuroda M, Misaka T, et al.
Gliadain, a gibberellin-inducible cysteine proteinase occurring in
germinating seeds of wheat, Triticum aestivum L., specifically digests gliadin
and is regulated by intrinsic cystatins. FEBS J. 2007,274:1908-17.
Valdés-Rodriguez S, Guerrero-Rangel A, Melgoza-Villagomez C, Chagolla-
Lopez A, Delgado-Vargas F, Martinez-Gallardo N, et al. Cloning of a cDNA
encoding a cystatin from grain amaranth (Amaranthus hypohondiracus)
showing a tissue-specific expression that is modified by germination and
abiotic stress. Plant Physiol Biochem. 2007;45:790-8.

Martinez M, Cambra |, Carrillo L, Diaz-Mendoza M, Diaz |. Characterization of
the entire cystatin gene family in barley and their target cathepsin L-like
cysteine-proteases, partners in the hordein mobilization during seed
germination. Plant Physiol. 2009;151:1531-45.

Hong JK, Hwang JE, Lim CJ, Yang KA, Jin ZL, Kim CY, et al. Over-expression
of Chinese cabbage phytocystatin 1 retards seed germination in Arabidopsis.
Plant Sci. 2007;172:556-63.

Abe M, Abe K, Domoto C, Arai S. Two distinct species of corn cystatin in
corn kernels. Biosci Biotechnol Biochem. 1995:59:756-8.

Benchekroun A, Michaud D, Nguyen-Quoc B, Overney S, Desjardins Y, Yelle
S. Synthesis of active oryzacystatin | in transgenic potato plants. Plant Cell
Rep. 1995;14:585-8.

Cloutier C, Jean C, Fournier M, Yelle S, Michaud D. Adult Colorado potato beetles,
Leptinotarsa decemlineata compensate for nutritional stress on oryzacystatin |
transgenic potato plants by hypertrophic behavior and over-production of
insensitive proteases. Arch Insect Physiol Biochem. 200044:69-81.

Sainsbury F, Varennes-Jutras P, Goulet MC, D'Aoust MA, Michaud D. Tomato
cystatin SICYS8 as a stabilizing fusion partner for human serpin expression
in plants. Plant Biotechnol J. 2013;11:1058-68.

Khalf M, Goulet C, Vorster J, Brunelle F, Anguenot R, Fliss |, et al. Tubers from
potato lines expressing a tomato Kunitz protease inhibitor are substantially
equivalent to parental and transgenic controls. Plant Biotechnol J.
2010;8:155-69.

Tada Y, Utsumi S, Takaiwa F. Foreign gene products can be enhanced by
introduction into low storage protein mutants. Plant Biotechnol J. 2003;1:411-22.
Lin Y, Pajak A, Marsolais F, McCourt P, Riggs CD. Characterization of a
cruciferin deficient mutant of Arabidopsis and its utility for overexpression
of foreign proteins in plants. PLoS One. 20138, e64980.

Goossens A, Van Montagu M, Angenon G. Co-introduction of an antisense
gene for an endogenous seed storage protein can increase expression of a
transgene in Arabidopsis thaliana seeds. FEBS Lett. 1999;456:160-4.

Schmidt MA, Herman EM. Proteome rebalancing in soybean seeds can be
exploited to enhance foreign protein accumulation. Plant Biotechnol J.
2008;6:832-42.

Kim YM, Lee JY, Lee T, Lee YH, Kim SH, Kang SH, et al. The suppression of
the glutelin storage protein gene in transgenic rice seeds results in a higher
yield of recombinant protein. Plant Biotechnol Rep. 2012;6:347-53.
Shigemitsu T, Ozaki S, Saito Y, Kuroda M, Morita S, Satoh S, et al. Production
of human growth hormone in transgenic rice seeds: co-introduction of RNA
interference cassette for suppressing the gene expression of endogenous
storage proteins. Plant Cell Rep. 2012,31:539-49.

Suttle JC. Physiological regulation of potato tuber dormancy. Am Potato J.
2004;81:253-62.

Eshel D, Teper-Bamnolker P. Can loss of apical dominance in potato tuber
serve as a marker of physiological age? Plant Signal Behav. 2012;7:1158-62.
Michaud D, Cantin L, Raworth DA, Vrain TC. Assessing the stability of
cystatin/cysteine proteinase complexes using mildly-denaturing gelatin-
polyacrylamide gel electrophoresis. Electrophoresis. 1996;17:74-9.

Michaud D, Nguyen-Quoc B, Bernier-Vadnais N, Faye L, Yelle S. Cysteine
proteinase forms in sprouting potato tuber. Physiol Plant. 1994;,90:497-503.
Viola R, Pelloux J, van der Ploeg A, Gillespie T, Marquis N, Roberts AG, et al.
Symplastic connection is required for bud outgrowth following dormancy
in potato (Solanum tuberosum L.) tubers. Plant Cell Environ. 2007;30:973-83.
Yang Y, Achaerandio |, Pujola M. Classification of potato cultivars to
establish their processing aptitude. J Sci Food Agric. 2015.
doi:10.1002/jsfa.7104.

Belenghi B, Acconcia F, Trovato M, Perazzolli M, Bocedi A, Polticelli F, et al.
AtCYS1, a cystatin from Arabidopsis thaliana, suppresses hypersensitive cell
death. Eur J Biochem. 2003;270:2593-604.


http://dx.doi.org/10.1002/jsfa.7104

Munger et al. BMIC Plant Biology (2015) 15:296

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li J, Brader G, Palva ET. Kunitz trypsin inhibitor: an antagonist of cell death
triggered by phytopathogens and fumonisin B1 in Arabidopsis. Mol Plant.
2008;1:482-95.

Prins A, van Heerden PDR, Olmos E, Kunert KJ, Foyer CH. Cysteine
proteinases regulate chloroplast protein content and composition in
tobacco leaves: a model for dynamic interactions with ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) vesicular bodies.

J Exp Bot. 2008;59:1935-50.

Badri MA, Rivard D, Coenen K, Michaud D. Unintended molecular
interactions in transgenic plants expressing clinically-useful proteins-The
case of bovine aprotinin travelling the potato leaf cell secretory pathway.
Proteomics. 2009,9:746-56.

Shan L, Li C, Chan F, Zhao S, Xia G. A Bowman-Birk protease inhibitor is
involved in the tolerance to salt stress in wheat. Plant Cell Environ.
2008;31:1128-37.

Srinivasan T, Kumar KRR, Kirti PB. Constitutive expression of a trypsin
protease inhibitor confers multiple stress tolerance in transgenic tobacco.
Plant Cell Physiol. 2009;50:541-53.

Quain MD, Makgopa ME, Cooper JW, Kunert KJ, Foyer CH. Ectopic
phytocystatin expression increases nodule numbers and influences the
responses of soybean (Glycine max) to nitrogen deficiency. Phytochemistry.
2015;112:179-87.

Barrell PJ, Meiyalaghan S, Jacobs JME, Conner AJ. Applications of
biotechnology and genomics in potato improvement. Plant Biotechnol J.
2013;11:907-20.

Camire ME, Kubow S, Donnelly DJ. Potatoes and human health. Crit Rev
Food Sci Nutr. 2009;49:823-40.

Kleinkopf GE, Oberg NA, Olsen NL. Sprout inhibition in storage: current
status, new chemistries and natural compounds. Am J Potato Res.
2003;80:317-27.

Campbell MA, Gleichsner A, Alsbury R, Horvath D, Suttle J. The sprout
inhibitors chlorpropham and 1,4-dimethylnaphthalene elicit different
transcriptional profiles and do not suppress growth through a prolongation
of the dormant state. Plant Mol Biol. 2010;73:181-9.

Teper-Bamnolker P, Dudai N, Fischer R, Belausov E, Zemach H, Shoseyoy O,
et al. Mint essential oil can induce or inhibit potato sprouting by differential
alteration of apical meristem. Planta. 2010;232:179-86.

Knowles LO, Knowles NR. Toxicity and metabolism of exogenous a, -
unsaturated carbonyls in potato (Solanum tuberosum L.) tubers. J Agric
Food Chem. 2012,60:11173-81.

Saraiva JA, Rodrigues IM. Inhibition of potato tuber sprouting by pressure
treatments. Int J Food Sci Technol. 2011;46:61-6.

Rezaee M, Almassi M, Minaei S, Paknejad F. Impact of post-harvest radiation
treatment timing on shelf life and quality characteristics of potatoes. J Food
Sci Technol. 2013;50:339-45.

Aksenova NP, Sergeeva LI, Konstantinova TN, Golyanovskaya SA,
Kolachevskaya OO, Romanov GA. Regulation of potato tuber dormancy and
sprouting. Russ J Plant Physiol. 2013;60:301-12.

Sonnewald S, Sonnewald U. Regulation of potato tuber sprouting. Planta.
2014;239:27-38.

Goulet MC, Dallaire C, Vaillancourt LP, Khalf M, Badri AM, Preradov A, et al.
Tailoring the specificity of a plant cystatin toward herbivorous insect
digestive cysteine proteases by single mutations at positively selected
amino acid sites. Plant Physiol. 2008;146:1010-9.

Badri MA, Rivard D, Coenen K, Vaillancourt LP, Goulet C, Michaud D. A
SELDI-TOF MS procedure for the detection, quantitation, and preliminary
characterization of low-molecular-weight recombinant proteins expressed in
transgenic plants. Proteomics. 2009,9:233-41.

Michaud D, Vrain TC. Expression of recombinant proteinase inhibitors in
plants. Meth Biotechnol. 1998;3:49-64.

Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem. 1976;72:248-54.

Stitt M, Lilley RM, Gerhardt R, Heldt HW. Metabolite levels in specific cells
and subcellular compartments of plant leaves. Meth Enzymol.
1989;174:518-52.

Page 10 of 10

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	OCI accumulates at low levels in potato tubers
	OCI expression delays tuber sprouting at 4 °C
	Storage protein catabolism is delayed in OCI-expressing tubers
	Starch processing is delayed in OCI-expressing tubers
	Germination and plantlet growth are delayed, but not compromised, in OCI-expressing tubers
	Corn cystatin II also delays storage protein breakdown in potato tubers

	Conclusions
	Methods
	Plant lines
	Tubers
	OCI expression
	OCI content
	Soluble proteins and sugars
	PMC, storage proteins and endogenous proteases
	Sowing bioassay

	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



