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Cysteine proteases (CPs) accumulate to high concentration in many fruit, where they are believed to play a role in fungal and
insect defense. The fruit of Actinidia species (kiwifruit) exhibit a range of CP activities (e.g. the Actinidia chinensis variety
YellowA shows less than 2% of the activity of Actinidia deliciosa variety Hayward). A major quantitative trait locus for CP
activity was mapped to linkage group 16 in a segregating population of A. chinensis. This quantitative trait locus colocated with
the gene encoding actinidin, the major acidic CP in ripe Hayward fruit encoded by the ACT1A-1 allele. Sequence analysis
indicated that the ACT1A locus in the segregating A. chinensis population contained one functional allele (A-2) and three
nonfunctional alleles (a-3, a-4, and a-5) each containing a unique frameshift mutation. YellowA kiwifruit contained two further
alleles: a-6, which was nonfunctional because of a large insertion, and a-7, which produced an inactive enzyme. Site-directed
mutagenesis of the actla-7 protein revealed a residue that restored CP activity. Expression of the functional ACT1A-1 cDNA in
transgenic plants complemented the natural YellowA mutations and partially restored CP activity in fruit. Two consequences
of the increase in CP activity were enhanced degradation of gelatin-based jellies in vitro and an increase in the processing of a
class IV chitinase in planta. These results provide new insight into key residues required for CP activity and the in vivo protein

targets of actinidin.

Cys proteases (CPs) are ubiquitous enzymes that
participate in key plant cellular functions, including
removing abnormal/misfolded proteins, supplying
amino acids needed to make new proteins, regulating
the abundance of key enzymes and regulatory pro-
teins, and assisting in the maturation of proenzymes
and peptide hormones by specific cleavage (van der
Hoorn, 2008). They have also been implicated as
catalysts of protein remobilization during seed germi-
nation (e.g. aleurain; Wang et al., 2007a) and organ
senescence (Hayashi et al., 2001; Wan et al., 2002). CPs
may also be important in fungal and insect defense.
Tomato (Solanum lycopersicum) CPs, Required for Clad-
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osporium Resistance3 and Phytophthora Inhibited Pro-
teasel are produced upon pathogen attack and are
inhibited by pathogen-derived protease inhibitors
(Kriiger et al., 2002; Tian et al., 2007). Maize Inbred
Resistancel from maize (Zea mays) and papain from
papaya (Carica papaya) have both been shown to act
against insect larvae (Pechan et al., 2000; Konno et al.,
2004). However, the physiological functions of most
other CPs in planta are unknown.

Plant CPs are typically between 20 and 30 kD in size
and use a catalytic Cys residue to cleave peptide bonds
in protein substrates. The catalytic Cys is situated in a
broad fold between two domains, one domain being
mainly a-helical and the other rich in antiparallel
B-sheets (Drenth et al.,, 1968). The C1A papain-like
proteases (Beers et al., 2004) are characterized by the
presence of multiple disulfide bridges and accumulate
in the vacuole, apoplast, or specific vesicles (van der
Hoorn, 2008). The enzymes are synthesized as pro-
proteins and require extensive posttranslational mod-
ification to be processed into an active form. The
autoinhibitory N-terminal prodomain folds back into
the catalytic site cleft and is removed upon activation
of the protease (Taylor et al., 1995). Some C1A prote-
ases also contain Cys-rich C-terminal extensions that
may participate in the regulation of protease solubility
and activation (Yamada et al., 2001).

Kiwifruit (Actinidia) species contain a large number
of CPs, including a group of 10 genes that form a
distinct kiwifruit-specific clade designated actinidin
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(Nieuwenhuizen et al., 2007). The actinidin clade
belongs to the C1A papain-like subfamily, which in-
cludes enzymes such as caricain, bromelain, ficin, and
phytolacain (Beers et al., 2004) that accumulate to high
concentrations in fruit of other species. Most genetic
and biochemical characterization of actinidin has been
carried out in the major commercial green-fleshed
kiwifruit (Actinidia deliciosa var Hayward), with multi-
ple cDNA sequences (Praekelt et al., 1988; Podivinsky
et al, 1989), genomic/promoter sequences (Keeling
et al., 1990; Snowden and Gardner, 1990), and protein
isoforms (Tello-Solis et al., 1995; Sugiyama et al., 1996,
1997) being reported. Varietal differences in CP activity
have been reported in the fruit of four A. deliciosa
varieties (Prestamo, 1995), in a range of noncommercial
Actinidia genotypes (Boyes et al., 1997), as well as in
fruit juices extracted from Actinidia varieties and geno-
types (Nishiyama, 2007). Most recently, Nieuwenhuizen
et al. (2007) showed that a major commercial yellow-
fleshed kiwifruit variety (Actinidia chinensis YellowA)
contained less than 2% of the CP activity of A. deliciosa
variety Hayward. However, the molecular basis for
this difference in CP activity was not clear.

High levels of CP activity are responsible for the
meat-tenderizing properties of kiwifruit, pineapple
(Ananas comosus), and papaya (Lewis and Luh, 1988;
Ashie et al., 2002) and preclude the use of these fruit
in processing applications where gelatin is used
(Arcus, 1959). CP enzymes may be beneficial to human
health, with actinidin being shown to enhance the
digestion of a range of common food proteins under
simulated gastric conditions (Kaur et al., 2010a, 2010b;
Rutherfurd et al.,, 2011). CP enzymes have also re-
ceived scientific attention in the medical field for their
role in allergenicity. Clinical studies have suggested
that actinidin is the major kiwifruit protein responsible
for allergic reactions in some European populations
(Pastorello et al., 1998; Gavrovic-Jankulovic et al.,
2005; Lucas et al., 2007; Palacin et al., 2008). For
these reasons, together with the desire to understand
the function of actinidin in planta, we have targeted
the nature of CP variation in kiwifruit for study. In
this paper, we utilize a gene-rich linkage map in A.
chinensis (Fraser et al., 2009) to identify a major
quantitative trait locus (QTL) for CP activity and
show that it colocates with the gene encoding the
major acidic isoform of actinidin. Complementation of
ACT1A mutations in transgenic YellowA fruit allowed
the physiological consequences of increased CP activ-
ity in fruit to be investigated.

RESULTS

QTL Mapping of Fruit CP Activity in an A. chinensis
Mapping Population

CP activity was studied in an F1 population of 272
individuals obtained from an intraspecific cross (fe-
male parent, CK51_05, designated mpM; male parent,
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CK15_02, designated mpD) within the diploid kiwi-
fruit species A. chinensis. This population was used in
the recently developed Actinidia linkage map (Fraser
et al., 2009), and preliminary data indicated that CP
activity segregated within this population (data not
shown). As all Actinidia species are functionally dioe-
cious, CP activity measurements could only be made
on fruit from the females (n = 133) in the mapping
population. A high-throughput fluorescence assay
was used to measure CP activity in individual plants.

The results (Fig. 1) showed clear evidence of a
bimodal distribution: a population with high CP ac-
tivity (76 plants, at an activity level comparable to that
found in green-fleshed Hayward) and a population
with low activity (57 plants, at a level comparable to
that found in the commercial yellow-fleshed YellowA).
Each distribution appeared to be symmetrical and
with similar variances. The vines were classified as
either “low” CP (log;, [CP activity] = 3.7) or “high” CP
(>3.7), and the goodness of fit of the observed counts
to a 1:1 ratio was measured by Pearson x> (P =0.097)
and by the binomial exact test (P = 0.155). The female
parent of the mapping population (mpM) also fell
within the low CP activity class. CP activity scores for
all individual members of the mapping population
and other selected genotypes are given in Supplemen-
tal Table S1.

The log;, (CP activity) data were used to map
putative QTLs onto the A. chinensis linkage map
(Fraser et al., 2009). Single-marker analysis indicated
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Figure 1. Distribution of CP activities in female members of the A.
chinensis mapping population. Activities were measured with a high-
throughput fluorescence assay with Z-Phe-Arg-7-amido-4-methyl cou-
marin as substrate according to Rassam and Laing (2004). A smoothed
density plot is overlaid on the histogram of log,, (CP activity). The
activities show a distribution into two CPactivity classes: low CP = log;,
(CP activity) = 3.7; high CP = log,, (CP activity) > 3.7.
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significant associations only with markers on linkage
group (LG) 16; hence, further detection of QTLs via
interval mapping was restricted to this group. Single
QTL scans of LG16 were performed by interval map-
ping using two different methods: Haley-Knott (Haley
and Knott, 1992) and imputation (Sen and Churchill,
2001). The log of the odds (LOD) curves are shown in

exon of the ACT1A-1 genomic sequence in Hayward
(Snowden and Gardner, 1990; Lin et al., 1993). Screening
of the parents of the mapping population and a small
number of progeny plants indicated that the Ke801
marker was polymorphic and appeared to segregate

with the CP phenotype.

The Ke801 primers amplified a single band of 355 bp

Figure 2A. Each method produced similar results,
placing the QTL at approximately 65 centimorgan
(cM; LOD = 13.4) and at approximately 72 ¢cM (LOD =
9.0) for the Haley-Knott and imputation methods,
respectively. The LOD thresholds calculated by per-
mutation tests were 3.3 and 2.4, respectively, at a type
1 error rate of 0.1%, providing strong evidence for a
putative QTL at this position. Estimates of 95% confi-
dence limits of the putative QTL position determined
by the 1-LOD dropoff method were 57 to 76 <M
(Haley-Knott) and 69 to 75 cM (imputation). The single
putative QTL explained 38% and 27% of the variation
in log,, (CP activity) by the two methods, respectively.

The Gene Encoding the ACT1A-1 cDNA Colocates with

the CP Activity QTL

The 1:1 segregation pattern of CP activity in the

in the male parent (mpD) of the mapping population
and a 356-bp band in the female parent (mpM). The
segregation of these bands in the progeny indicated
that mpD and mpM each carried a second nonampli-
fying (or “null”) allele (designated DO and MO0). The
segregation pattern of the 355- and 356-bp bands and
the DO and MO null alleles in the 272 progeny of the
mapping population is given in Table I. The Ke801
marker was mapped using JoinMap software to LG16
on the A. chinensis linkage map between Ke321(2) and
Ke656(1) at approximately 58 cM (Fig. 2B). The Ke801
marker mapped within the 95% confidence interval of
the putative log;, (CP activity) QTL (57-76 cM) esti-
mated by the Haley-Knott method but slightly outside
the confidence interval estimated by the imputation
method (69-75 cM). Given the level of genotype infor-
mation in the vicinity, the QTL scanning methods
tested spanned the position of the Ke801 marker rea-

mapping population suggested that a single gene
might account for the major QTL on LG16. Previously,
Nieuwenhuizen et al. (2007) showed that two actinidin
mRNAs (ACTIA and ACT2A) were expressed at sim-
ilar levels in the fruit of both Hayward and YellowA
varieties. The acidic protein isoform encoded by
ACT1A was detected at high levels in Hayward but
was absent in YellowA. Therefore, ACT1A was targeted
as a leading candidate gene to explain the CP segrega-
tion pattern in the A. chinensis mapping population.
Primers were designed (Ke801; Supplemental Table S1)
to cover part of the 5’ promoter region and the first

sonably well.

A comparison of the CP activity phenotype and the
Ke801 genotyping data for the 133 female members of
the mapping population is shown in Table II. Only
plants carrying the DO null allele inherited from the
male parent (mpD) showed high CP activity. All plants
inheriting the D0/MO null combination showed
high CP activity, while 32 of 35 plants carrying the
D0/356-bp band combination showed high CP activ-
ity. All plants inheriting the paternal 355-bp band
(in combination with the maternal 356-bp band or M0

null) showed low CP activity.

Figure 2. QTL mapping of fruit CPactivity and the
Ke801 marker in the A. chinensis mapping pop-
ulation. A, LOD score curves for single QTL
mapping of the log,, (CP activity) phenotype on
LG16 calculated using Haley-Knott regression
(Haley and Knott, 1992) and the multiple impu-
tation methods of Sen and Churchill (2001). n =
133. QTL mapping was conducted leaving out the
Ke801 candidate gene marker. B, Map position of
the Ke801 polymorphism in the ACT1A locus on
LG16. The Ke801 primer set was developed to the
ACT1A-1 cDNA encoding the major acidic acti-
nidin isoform in Hayward. A single-base inser-
tion/deletion identified between the male and
female parents of the A. chinensis mapping pop-
ulation was used to place the ACTTA locus on
LG16.
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Table I. Bands amplified from ACT1A alleles in the A. chinensis mapping population (mp) using Ke801

primers

Nonamplifying (null) alleles from the male (mpD) and female (mpM) parents were designated DO and

MO, respectively.

Plant Band Band No. Male No. Female No. Total
bp

mpD 355 DO

mpM 356 MO

mp, genotype A 356 355 29 42 71

mp, genotype B 355 MO 39 31 70

mp, genotype C 356 DO 35 35 70

mp, genotype D DO MO 36 25 61
272

As the D0 and MO null alleles did not amplify a PCR
product with the Ke801 primers, a new set of primers
(KeActl) was designed to discriminate between all
four possible allelic combinations. Two bands of 321
and 323 bp were amplified in mpD, while from mpM
bands of 323 and 325 bp were amplified (Table III).
Thirty-two representative plants from the mapping
population containing the four possible combinations
of ACT1A alleles (eight plants per combination) were
also tested with the new primer set (Table III, geno-
types A-D). These results allowed a characteristic set
of bands to be assigned to each of the alleles identified
in mpD and mpM (Table IV).

Sequence Analysis of ACT1A Alleles in the A. chinensis
Mapping Population

The four alleles at the ACT1A locus present in the A.
chinensis mapping population were amplified from the
male parent (mpD) and the female parent (mpM),
cloned, and sequenced (for a DNA sequence align-
ment, see Supplemental Fig. S1). The two alleles iden-
tified in mpD were designated ACT1A-2 (A-2) and
actla-3 (a-3), and the two from mpM were designated
actla-4 (a-4) and actla-5 (a-5). The PCR product corre-
sponding to the male-derived A-2 allele was 2,783 bp
and appeared to encode a functional protein. The
second male allele (a-3) was 3,190 bp and contained a
1-bp deletion at position 1,285 in exon 2 relative to the
consensus ACTIA sequence. From the female parent,
the two alleles were 2,968 bp and 3,095 bp, respec-

tively. The a-4 allele contained a 2-bp insertion in exon
3 (position 1,509), while a-5 contained a 2-bp deletion
in exon 1 (position 459) and a splice site mutation
(position 2,906) at the intron 3/exon 4 boundary.
Neither allele (24 or a-5) isolated from the mpM
would be able to encode a functional protein because
of a frameshift (consistent with low CP activity ob-
served in mpM fruit). The 4-3 allele from the male
parent would also be inactive because of a frameshift.

When compared with the phenotyping results, and
based on a genetic model with one functional allele
(A-2) derived from mpD, three plants gave anomalous
genotypes when scored with the Ke801 primers
(mp210, mp218, and mp266; Table III). All three plants
showed a DO null/356-bp genotype (A-2/a-5 alleles),
which should give high CP activity; instead though,
the fruit showed low CP activity. The ACTIA alleles
present in mp210, mp218, and mp266 were PCR am-
plified, cloned, and sequenced. The results indicated
that the functional A-2 allele was not present in mp210,
mp218, or mp266, which is consistent with the low CP
activities found in these plants. Mp266 contained
nonfunctional paternal 4-3 and maternal a-5 alleles;
mp218 contained a nonfunctional maternal a-5 allele
and a novel allele designated act1a-8 (a-8; for a DNA
alignment, see Supplemental Fig. S1); and mp210
contained a nonfunctional maternal a-4 allele and the
a-8 allele. The a-8 allele contained the same 2-bp
deletion in exon 1 (position 459) found in 4-5, indicat-
ing that this allele would not produce a functional
protein.

Table 1. Bands amplified from ACT1A alleles in females from the A. chinensis mapping population (mp)
using Ke801 primers compared with the CP activity in fruit

Low CP = log,;, (CPactivity) = 3.7; high CP = log,, (CP activity) > 3.7. Nonamplifying (null) alleles from
the male (mpD) and female (mpM) parents were designated DO and MO, respectively.

No. High No. Low
Plant Band Band cp Activgity CP Activity No. Total
bp
mp, genotype A 356 355 0 42 42
mp, genotype B 355 MO 0 31 31
mp, genotype C 356 DO 32 3 35
mp, genotype D Do MO 25 0 25
57 76 133

Plant Physiol. Vol. 158, 2012
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Table Ill. Bands amplified from ACT1A alleles using the Ke801 and
KeAct1 primer sets in the A. chinensis mapping population (mp) and
selected kiwifruit genotypes

Low CP = log,, (CP activity) = 3.7; high CP = log,, (CP activity) >
3.7. Nonamplifying (null) alleles from the male (mpD) and female
(mpM) parents were designated DO and MO, respectively. nd, No data
obtained from male plants. CKO1_01_01_01 and CK15_01 are the
female and male parents of YellowA, respectively.

Ke801 KeAct1
Plant CP Activity
Band Band Band  Band
bp

mpD nd 355 DO 323 321
mpM Low 356 MO 325 323
mp, genotype A Low 356 355 323 321
mp, genotype B Low 355 MO 325 321
mp, genotype C High DO MO 325 323
mp, genotype D High 356 DO 323
mp210 Low 356 DO 325 323
mp218 Low 356 DO 323
mp266 Low 356 DO 323
YellowA Low 356 347 325 323
CKO1_01_01_01 High 347 325 323
CK15_01 nd 356 323
Hayward High 356 323

Analysis of ACT1A Alleles in YellowA Kiwifruit

The YellowA kiwifruit variety has been shown to
contain low actinidin protein levels and CP activity
(Nieuwenhuizen et al.,, 2007). The male parent of
YellowA (CK15_01) and the male parent of the A.
chinensis mapping population (mpD; CK15_02) are full
siblings. YellowA and both its parents were genotyped
using the Ke801 and KeActl primer sets to determine
if ACT1A alleles were shared with mpD. YellowA
amplified 356- and 347-bp bands with Ke801 primers
and bands of 323 and 325 bp with KeActl primers
(Table III). The 347-bp band was different from any
band amplified from the mapping population and
was inherited from the female parent of YellowA
(CK01_01_01_01), which was shown to contain high
CP activity. The 356-bp band was inherited from the
male parent of YellowA (CK15_01), which only am-
plifies the 356-bp band.

Although YellowA and the mapping population
both amplify a 356-bp band, sequence results indi-
cated that YellowA contained two unique alleles (des-
ignated actla-6 [a-6] and actla-7 [a-7]; for a DNA
alignment, see Supplemental Fig. S1) that were not
present in the A. chinensis mapping population. The a-6
allele was 3,478 bp and contained a 383-bp insertion at
position 1,585 in exon 3 relative to the consensus
ACT1A sequence. This large insertion would disrupt
the formation of a functional protein. The a-6 allele is
expressed in fruit, as a partial EST was identified in an
A. chinensis young YellowA fruit library (GenBank
accession nos. FG514838 and GU201527). This EST was
polyadenylated 305 bp into the insertion. Interestingly,
the a-8 allele found in mp210 and mp218 also contains
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the 383-bp insertion and appears to be a chimera of the
a-5 and a-6 alleles.

The a-7 allele in YellowA was 2,975 bp and appeared
to encode a functional enzyme. The predicted open
reading frame encoded a protein that showed only
four amino acid differences compared with the func-
tional A-2 allele found in the A. chinensis mapping
population. Although the YellowA a-7 allele encodes a
complete open reading frame, YellowA fruit shows
low CP activity. We hypothesized that one or more
amino acid substitutions in the a-7 allele may have led
to the production of an inactive enzyme. To test this
hypothesis, the complete actla-7 cDNA (GenBank
accession no. GU201528) was amplified from mature
YellowA fruit and transiently expressed in Nicotiana
benthamiana leaves. The functional ACT1A-1 cDNA
from Hayward was used as a positive control. In
leaves infiltrated with the binary vector constructs
pActla-7 and pActlA-1, actinidin protein was ob-
served by western analysis, albeit at lower amounts
in plants inoculated with pActla-7 (Fig. 3, A and B).
However, the CP activity of leaves inoculated with
pActla-7 was low and similar to that from control
inoculations with buffer or a pGFP control construct,
while high CP activity was observed for the pAct1A-1
construct (Fig. 3C). These results indicate that the a-7
allele produces an mRNA that is translated and that
accumulates in N. benthamiana, but the protein is
inactive. In YellowA fruit, the acidic actinidin isoform
does not naturally accumulate (Nieuwenhuizen et al.,
2007), suggesting that the inactive actla-7 protein is
subject to degradation in mature kiwifruit.

Structural Basis for the Lack of CP Activity in the
actla-7 Protein

To investigate the structural basis for the lack of CP
activity in the actla-7 protein, a homology model of
the active ACT1A-2 enzyme (Fig. 4A) was generated
using the crystal structure of ACT1A-1 from Hayward
complexed with E-64, a potent and highly selective
irreversible inhibitor of CPs, as the template (Varughese

Table IV. Characteristic bands expected from sequencing data to
amplify for each ACT1A allele using the Ke801 and KeAct1 primer sets

Nonamplifying (null) alleles from the male (mpD) and female (mpM)
parents were designated DO and MO, respectively.

Ke801 KeAct1

Functional

Allele Band Band Gene Source
bp

ACTIA-1 356 323 Yes Hayward
ACTIA-2 DO 323 Yes mpD

actla-3 355 321 No mpD

actla-4 MO 325 No mpM

actla-5 356 323 No mpM

actla-6 356 323 No YellowA
actla-7 347 323 No YellowA
actla-8 356 323 No mp218, mp210

Plant Physiol. Vol. 158, 2012
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Figure 3. Transient expression of actla-7 and site-directed mutants in
N. benthamiana leaves. A, Proteins were separated by 1D SDS-PAGE
(20 pg per lane). Molecular mass standards (in kD) were SeeBluePlus2
(Invitrogen). B, Western analysis of actinidin levels in N. benthamiana
leaves using an actinidin-specific polyclonal antibody. C, CP activities.
Activities were measured in quadruplicate for each sample using the
fluorescence assay of Rassam and Laing (2004). Data are normalized to
0.5 mg mL™" protein per assay. Two clones were independently
generated and assayed for each mutant construct. Samples are as
follows: B, buffer control; GFP, GFP control; YA, actTa-7 from YellowA;
SG, actla-7 S68G site-directed single mutant; PQ, actla-7 P75Q site-
directed single mutant; DM, actla-7 S68G/P75Q site-directed double
mutant; Hay, ACT1A-1 from Hayward. FU, Fluorescence units.

et al., 1992). The model was used to identify the topo-
logical positioning of amino acids that differed between
ACT1A-2 and actla-7 and, hence, the rational design of
mutants, to investigate the absence of CP activity in
actla-7. Of the four amino acid differences between
actla-7 and ACT1A-2, two in particular were identified
as mutagenesis candidates (Fig. 4B): an active site Ser
(Ser-68) residue and a more distantly located Pro (Pro-
75) residue in actla-7 (corresponding to Gly-68 and GIn-
75 residues in ACT1A-2). These residues were targeted
in actla-7 to construct separate single site S68G and
P75Q mutants and the double S68G/P75Q mutant.
The mutated site actla-7 cDNAs were generated by
overlap extension PCR (Warrens et al., 1997), cloned
into binary vectors, and transiently expressed in N.
benthamiana. The CP activities of the respective mutant
enzymes were measured, and the accumulation of
actinidin protein was determined by western analysis.
The S68G and S68G/P75Q mutants produced proteins
of identical size to the Hayward ACT1A-1 protein but
slightly smaller than the YellowA actla-7 protein. The

Plant Physiol. Vol. 158, 2012
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P75Q mutant produced a predominant protein of
equivalent size to the YellowA actla-7 protein (Fig.
3B). CP activity assays indicated that the S68G mutant
was inactive, while the P75Q and S68G /P75Q mutants
were now active (Fig. 3C). CP activities for the P75Q
and S68G /P75Q mutants were lower than those for the
Hayward ACT1A-1 enzyme when expressed on a CP
activity per fresh weight basis, possibly because of the
different binary vectors used (pART27 for ACT1A-1
versus pGreenll for actla-7). However, when correct-
ing for the difference in protein accumulation, the
S68G/P75Q double mutant showed similar specific
activity to the Hayward ACT1A-1 enzyme, while the
P75Q single mutant was about 2.5 times more active.

These data show that the P75Q mutation is sufficient
to restore CP activity. The double mutant shows a
protein of the correct size and with specific activity
restored to the ACT1A-1 level.

Complementation of ACT1A Mutations in
Transgenic Fruit

If the low-CP phenotype in YellowA is caused by the
defective ACT1A alleles, high CP levels should be
restored by complementation with a functional actini-
din gene copy. To test this hypothesis, transgenic
YellowA plants were produced that overexpressed
the Hayward ACT1A-1 cDNA under the control of the
constitutive cauliflower mosaic virus (CaMV) 35S pro-
moter. Multiple transgenic lines were generated by
Agrobacterium tumefaciens-mediated transformation,
and fruit were obtained from four transgenic plants.
Under containment greenhouse conditions, no differ-
ences in vegetative growth and the physical appear-
ance of flowers or fruit were observed between transgenic
and control plants.

To confirm the transgenic nature of the transgenic
plants and to determine the number of T-DNA inserts
in the four fruiting lines (designated T1-T4), quanti-
tative PCR was employed using primers specific to the
Hayward ACT1A-1 transgene. After comparison with
amplification from a single-copy reference gene, the
copy number of the transgenic lines was estimated to
range between one and four copies per line (Supple-
mental Table S2). Line T3 appeared to contain four
T-DNA copies, while line T4 appeared to contain a
single copy insert.

Transgenic fruit were analyzed for the accumulation
of actinidin protein by western analysis (Fig. 5, A and
B). All four transgenic YellowA plants accumulated
actinidin protein at much higher levels than control
plants and compared with wild-type YellowA but less
than the very high levels observed in control Hayward
fruit. Fruit from all transgenic lines exhibited increases
in CP activity (Fig. 5C) compared with fruit from
YellowA and control transgenic lines. The best trans-
genic line, T3, showed at least four times the activity of
transgenic controls and restored CP activity to ap-
proximately 40% that of Hayward. These results indi-
cate that the Hayward ACT1A-1 cDNA can partially
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Figure 4. ACT1A-2 protein modeling. A, A rep-
resentation of the ACTTA-2 protein structure
based on the ACT1A-1 crystal structure (Varughese i
etal., 1992). The E-64 inhibitor (purple), active site -
region (yellow), and the L2 and L3 helices, which {
help to form part of its topology, are also indicated.
B, The positioning of the active-site Gly (G68) and
more distal GIn (Q75) residues implicated in
ACTTA-2 activity. Helices are named according
to the nomenclature of Kamphuis et al. (1984), and
the E-64 inhibitor is positioned according to that in
the ACTTA-1 crystal structure (Protein Data Bank
code TAEC).

A

Helix L2

complement the mutations observed in the YellowA
a-6 and a-7 alleles.

Consequences of Increased CP Activity in
Transgenic Fruit

The consequences of complementing the defective
ACT1A alleles and restoring high levels of CP activity
in the YellowA background were initially investigated
in vitro using gel-setting assays. Homogenized fruit
extracts were mixed with gelatin, poured into plastic
molds, and allowed to set at 4°C. The jellies were then
inverted from the molds and incubated at 24°C for 24 h
(Fig. 6). Fruit extracts with high CP activity (e.g.
Hayward) rapidly degraded the gelatin, and the jellies
collapsed. Jellies containing YellowA fruit extracts
with low CP activity retained their shape. The fruit
extract from the T3 transgenic line with the highest CP
activity degraded the gelatin fully within 24 h (Fig. 6).
T1 fruit extracts partially degraded the gelatin in 24 h,
while longer incubations were required to observe
degradation by extracts from the T2 and T4 lines (data
not shown).

To identify protein targets for the CP activity of
actinidin in planta, one-dimensional (1D) SDS-PAGE
gels were used to separate proteins from the fruit of
transgenic lines T3 and T4, YellowA, Hayward, and
members of the A. chinensis mapping population with
either high or low CP activity (Fig. 7A). All extractions
were performed in the presence of protease inhibitors
to protect proteins from the CP activity of actinidin
during the extraction process. The three samples that
contained low levels of actinidin (YellowA, MP-L1,
and MP-L2) shared a common band of approximately
27 kD that was absent from all the other samples that
contained actinidin (including the transgenic lines T3
and T4). The band was excised from YellowA and
subjected to liquid chromatography-mass spectrome-
try (LC-MS) analysis, which revealed the presence of
multiple peptides that showed strong homology to
class IV chitinase proteins. The peptide fragments also
matched the deduced amino acid sequence of a contig
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of ESTs from A. chinensis (Fig. 7C). One full-length
EST from this contig was sequenced and designated
AcChi4.

The sequence of AcChi4 was compared with class IV
chitinases from grape (Vitis vinifera) and bean (Phaseo-
lus vulgaris; Lange et al., 1996; Robinson et al., 1997).
These alignments (Fig. 7C) suggested that the AcChi4
protein was likely to be synthesized as an approxi-
mately 30-kD protein that would be cleaved initially to
remove a signal peptide. Further processing at a hinge
region would be expected to remove a chitin-binding
domain of approximately 4 kD, leaving a catalytic
domain of approximately 23 kD (Fig. 7C). Western
analysis using a polyclonal chitinase antibody (Fig. 7B)
showed that the major band for chitinase in fruit of
YellowA and members of the A. chinensis mapping
population with low actinidin levels was larger (by
approximately 4 kD) than the major isoform present in
Hayward and members of the A. chinensis mapping
population with high actinidin levels. The banding
pattern of transgenic plant T4 (with low levels of
actindin and CP activity) resembled YellowA, while
the transgenic line T3 (with higher levels of CP activ-
ity) showed a reduction in the upper band and greater
accumulation of the lower band. The intensity of the
lower band was not as strong as observed in Hayward,
perhaps reflecting that the T3 line is only partially
complemented for CP activity.

DISCUSSION

In the past 5 years, significant new tools have
become available to understand the genetic control
of key consumer and production traits in fruit and to
facilitate fast, accurate, and efficient development of
new varieties. These tools include full genome se-
quences for grape (Jaillon et al.,, 2007) and papaya
(Ming et al., 2008) and large EST collections for apple
(Malus domestica; Newcomb et al., 2006), tomato (Fei
etal., 2004), and grape (Peng et al., 2007). In kiwifruit, a
large database of EST sequences has also become
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Figure 5. Molecular characterization of transgenic YellowA fruit over-
expressing the ACT1A-1 cDNA from Hayward. A, Proteins were
extracted from mature fruit and separated by 1D SDS-PAGE (2 ug per
lane). Molecular mass standards (in kD) were SeeBluePlus2 (Invitro-
gen). B, Western analysis of actinidin levels in wild-type, control, and
transgenic fruit. Actinidin was detected using an actinidin-specific
polyclonal antibody. C, CP activities were measured using the fluores-
cence assay of Rassam and Laing (2004). Data were normalized to 0.1
mg mL~" protein per assay and are shown with the activity of Hayward
set at 100%. Samples are as follows: Hay, Hayward wild type; YA,
YellowA wild type; T1 to T4, transgenic YellowA lines overexpressing
the ACTTA-1 cDNA from Hayward; C1 and C2, control YellowA lines.

available (Crowhurst et al., 2008), along with efficient
transformation systems for assessing gene function
(Wang et al., 2006, 2007b) and a gene-rich linkage map
in A. chinensis (Fraser et al., 2009). In this paper, we
utilize all these genomic tools to gain insight into the
genetic control of CP activity in kiwifruit. In contrast to
most other fruit quality traits in Actinidia, CP activity is
shown to be controlled by a single major QTL located
on LG16 that colocates with the gene encoding the
major acidic CP actinidin.

Mapping QTLs and genes in an obligate outbreed-
ing species, such as A. chinensis, is a more challenging
task than mapping in species using inbred or homo-
zygous parents. Two maps are used, one for the male
parent and one for the female parent, and these maps
are integrated using markers that are heterozygous in
both parents (Fraser et al., 2009). The major QTL for
fruit CP activity was located on the male map at
position approximately 65 cM on LG16. The accuracy
of this map position was restricted by the low density
of markers in the region and the relatively small
number of female plants (n = 133) available in the cross.
We have subsequently performed two-dimensional
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scanning for putative QTLs of the log;, (CP activity)
phenotype on LG16 by the imputation method (Sen
and Churchill, 2001). The only high LOD scores were
achieved at the very distal end of LG16, and within a
narrow range, providing insufficient evidence for dis-
tinctively positioned additive QTLs (Supplemental
Fig. S2A, below the diagonal plot). LOD scores were
also not significant for a model based on two interact-
ing QTLs (Supplemental Fig. S2A, above the diagonal
plot). We also found no evidence of a second QTL on
LG16 using the imputation method, where we as-
sumed that 58 cM was the true position of the putative
CP activity QTL (Supplemental Fig. S2B).

These mapping data do not preclude the possibility
that there are multiple actinidin genes at (or near) the
ACTIA locus on LG16. Two plants in the mapping
population (mp210 and mp218) were identified that
contained a novel a-8 allele that appeared to be a
chimera of the a-5 allele sequenced from the mapping
population and the a-6 allele sequenced from YellowA.
Although it is possible that these two plants are derived
from stray pollen in the original cross to generate the
mapping population, or that the sequences were de-
rived from DNA contamination, we have no evidence
to indicate that this is the case, using other markers or
sequencing information. The possibility of more than
one actinidin gene copy is also suggested by the
genotyping data with the KeActla primer set, where
YellowA amplifies bands of 325 and 323 bp, even
though sequencing data indicate that the a-6 and a-7
alleles will only amplify a band of 323 bp with KeActla
primers. The nature and complexity of the ACT1A locus
will be better understood once an Actinidia genome
sequence is completed.

YA

T2 - T4

MPH

™

= i-iayward"-'

Figure 6. Complementation of ACTTA mutations in transgenic Yel-
lowA fruit leads to an increase in the degradation of gelatin-based
jellies in vitro. Homogenized fruit extracts and a gelatin solution were
mixed, poured into plastic molds, and set at 4°C. Jellies were then
inverted onto watch glasses, transferred to an incubator at 24°C, and
monitored over 24 h. Samples are as follows: Hayward wild type; YA,
YellowA wild type; T1 to T4, transgenic YellowA lines overexpressing
the ACT1A-1 cDNA from Hayward; MPH, mp181 from the A. chinensis
mapping population with high CP activity. [See online article for color
version of this figure.]
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Figure 7. Complementation of ACT1A mutations in transgenic YellowA fruit leads to an increase in processing of chitinase in
planta. A, 1D SDS-PAGE of proteins extracted from mature fruit (2 ug per lane). The band at approximately 27 kD (arrow Chi) in
YA, MP-L1, and MP-L2 was identified by LC-MS from YellowA as showing homology to class IV chitinases. The bands at
approximately 24 kD (arrow Act) and approximately 22 kD (arrow Kiw) correspond to actinidin (Nieuwenhuizen et al., 2007)
and kiwellin (Tamburrini et al., 2005) proteins, respectively. B, Western analysis using a chitinase-specific polyclonal antibodly.
C, Comparison of the deduced amino acid sequences of class IV chitinases from kiwifruit (AcChi4; GenBank accession no.
JN701537), bean (PvChi4; X57187), and grape (VvChi4A; U97522). Residues highlighted in black were conserved in at least two
of the sequences. The tryptic peptide fragments obtained from LC-MS analysis are aligned below the AcChi4 sequence. The
signal peptide, chitin-binding domain, and hinge region reported for the grape and bean proteins are underlined (Lange et al.,

1996; Robinson et al., 1997). Samples are as follows: MW, molecular mass standards (in kD; SeeBluePlus2 [Invitrogen]); Hay,
Hayward wild type; YA, YellowA wild type; MP-H1 and MP-H2, mp181 and mp175 from the A. chinensis mapping population
with high CP activity; MP-L1 and MP-L2, mp105 and mp98 from the A. chinensis mapping population with low CP activity; T3

and T4, transgenic YellowA lines overexpressing the ACTTA-1 cDNA from Hayward.

Homology modeling in conjunction with site-directed
mutagenesis revealed the structural basis for the lack
of CP activity in the actla-7 protein. In actla-7, a single
nonsynonymous nucleotide substitution (CAG to
CCQ) results in the conversion of the wild-type Gln
(GIn-75) residue to a Pro. A P75Q “reverse” mutation
was sufficient to restore CP activity to the actla-7
protein. Although the Pro-75 in actla-7 is removed
from the active site, it is located in a conserved L3
helix. The presence of a conformationally rigid Pro
within the L3 helix has the potential to destabilize
this helix and hence alter the positioning of a catalytic
Gly (Gly-68 in ACT1A-2), which is not only conserved
in many other CPs (Berti and Storer, 1995) but also
directly implicated in substrate H-bond interactions
(Patel et al., 1992). The single-site S68G reverse mutation
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was not sufficient to restore activity to the actla-7
protein. However, the S68G mutant, the S68G/P75Q
double mutant, and Hayward ACT1A-1 proteins all
ran at a slightly lower molecular mass to the actla-7
protein and the P75Q mutant. The reason for the
difference (approximately 3 kD) in molecular mass is
unclear but appears to be due to a change in protein
folding, as LC-MS analysis of the recombinant S68G
mutant did not reveal any differences in protein pro-
cessing (data not shown). Actinidin contains a number
of Cys bonds, and even under fully denaturing con-
ditions, it is difficult to get actinidin to resolve at the
predicted size (Larocca et al., 2010).

In the A. chinensis mapping population, high CP
activity segregates as a single dominant Mendelian
trait that is associated with the presence of the ACT1A-
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2 allele. Three ACT1A alleles in the mapping popula-
tion and two further alleles present in the commercial
variety YellowA were shown to be inactive, either by
insertion/deletion, leading to protein frameshifts, or
by a point mutation in the CP active site, leading to
the formation of an inactive protein. Rapid evolution
through mutation and gain/loss of activities is a
characteristic of genes involved in pathogen defense.
This has been shown for chitinases (Bishop et al.,
2000), B-1-3-endoglucanases (Bishop et al., 2005),
polygalacturonases (Stotz et al., 2000), protease inhibitors,
and other CPs (Moeller and Tiffin, 2005; Tiffin and
Moeller, 2006). Actinidin may also be directly involved
in pathogen defense, as it has been shown to have a
small detrimental effect on the growth of neonate leaf
worm larvae (Malone et al., 2005).

Our results indicate that actinidin may also play a
role in pathogen defense through the processing of a
class IV chitinase in planta. Chitinases are well-known
pathogenesis proteins that can be induced by a range
of stress conditions, both biotic and abiotic, and by
plant growth regulators such as ethylene and salicylic
acid (Kasprzewska, 2003). Some chitinases have been
shown to have direct antifungal activity in vitro
(Schlumbaum et al.,, 1986, Mauch et al.,, 1988). In
green-fleshed kiwifruit, chitinase activity has been
shown to significantly increase in response to pro-
longed fruit storage and the pathogen Botrytis cinerea
(Wurms et al., 1997). In yellow-fleshed kiwifruit, chi-
tinase activity was higher than in green-fleshed kiwi-
fruit irrespective of fruit maturity, and this correlated
with an increase in resistance to B. cinerea (Wurms,
2004). It is tempting to think that the increase in
resistance to B. cinerea in yellow-fleshed kiwifruit
might be associated with the reduction in processing
of AcChi4 by actinidin. Future experiments using the
actinidin-overexpressing YellowA plants may help
resolve this hypothesis and address what other direct
or indirect roles actinidin plays in pathogen defense in
kiwifruit.

MATERIALS AND METHODS
Plant Material

Actinidia deliciosa var. deliciosa "Hayward’, the Actinidia chinensis var.
chinensis mapping population, A. chinensis ‘Hort16A’ (designated here Yel-
lowA), and other A. chinensis genotypes were grown in the New Zealand
Institute for Plant and Food Research orchard in Te Puke, New Zealand. The
male parent (mpD; CK15_02) of the mapping population is a sibling of the
male parent (CK15_01) of YellowA. The female parent of the mapping
population (mpM; CK51-05) and the female parent of YellowA (CKO01_
01_01_01) are not closely related.

CP Activity Assays

For fluorescence assays, fruit were collected at approximately 18 weeks
after anthesis, when fruit were mature but unripe. Whole fruit were also
frozen at —80°C until required. A longitudinal representative wedge of about
2.5 g was cut from each fruit, mixed with 2 volumes of ice-cold extraction
buffer (Wein et al., 2002), and homogenized using an Ultra-Turrax T25 Basic
homogenizer (IKA Works GmBH & Co.). The supernatant was cleared by
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centrifugation and assayed immediately on 96-well assay plates using 10 uL
of extract in 120 uL of MOPS buffer with Z-Phe-Arg-7-amido-4-methyl
coumarin as substrate according to Rassam and Laing (2004). A subset of
samples (1 = 29) was analyzed in duplicate to confirm the assay reproduc-
ibility.

For gel-setting assays, ripe fruit tissue (without peel) was homogenized
and mixed 1:1 (w/v) with buffer (0.5 m Tris-HCl, 8 mm EDTA, and 8 mm
dithiothreitol, pH 7). A 10% clear gelatin (Davis Gelatin NZ) solution was
made up in the same buffer and cooled to 45°C. The fruit slurry (7.5 mL) and
gelatin solution (22.5 mL) were mixed and poured into 30-mL plastic molds.
Jellies were set at 4°C for 2 h, inverted onto watch glasses, and transferred to
an incubator at 24°C.

QTL and Gene-Mapping Analysis

CP activity phenotypic data were log,, transformed to meet the assump-
tions of homogeneity of variance and normal distribution. An initial genome-
wide scan for putative QTLs was carried out by single-marker analysis using a
t test. Separate analyses were done with the male and female marker maps,
and corresponding P values were determined. Testing of large numbers of
hypotheses warranted control of the error rate, and both the Bonferroni
correction and false discovery rate (Benjamini and Hochberg, 1995) methods
were considered. Any LGs that were indicative of a marker association with
the phenotype were further analyzed by interval mapping using the R/qtl
package (Broman et al., 2003), which is an add-on to the R statistical software
(http:/ /www.r-project.org). Both the single and pairwise genome scan func-
tions were used. Two separate methods for interval mapping were used:
Haley-Knott regression (Haley and Knott, 1992) and the multiple imputation
method of Sen and Churchill (2001). Again, multiple testing was an issue, and
this was handled by computing LOD thresholds as percentiles of maximum
LOD scores resulting from analyses of permuted trait data (5,000 permuta-
tions) while the marker data remained fixed (Churchill and Doerge, 1994). The
95% confidence intervals of the discovered QTL position were estimated by
the 1 — LOD dropoff and bootstrap methods. The proportion of variation
explained by the QTL was estimated as 1 — 1072°P/", For relevant LGs, the
LOD curves were presented graphically.

Genotyping

Leaf tissue for DNA extractions was taken at bud break, held at 4°C for 24
h, then stored at —80°C until required. DNA was extracted from tissue that
was ground to powder in liquid nitrogen before being processed through a
DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s instructions.
The final eluate was 200 L in volume, and 5 uL of a 1:10 dilution of this eluate
was used in each PCR.

Genotypes were scored using actinidin-specific primer pairs (Supplemen-
tal Table S3) in PCR mixes of 15 uL containing 1X PCR buffer (20 mm Tris-HCl
and 50 mm KCl), 5 mm MgCl,, 0.2 mm of each deoxyribonucleotide triphos-
phate, 4.5 pmol of each primer, and 1.25 units of Platinum Taq polymerase
(Invitrogen). About 12.5 ng of genomic DNA was added in 5 uL to bring the
total PCR volume to 20 uL. PCR was performed in a Techne TC-412 thermal
cycler with a single cycle of 94°C for 3 min preceding 35 cycles of denaturing at
94°C for 30 s, annealing for 30 s (at 57°C for Ke801 primers and 58°C for
KeActl primers), and elongation at 72°C for 1 min. PCR was carried out
individually before three color multiplexes of products labeled with the dyes
6FAM, VIC, or NED (filter set D) were prepared for analysis. The allelic
content of each plant was determined by capillary electrophoresis in an ABI
Prism 3100 Genetic Analyzer (filter set D; ROX size standard) and analyzed
with GeneMapper Software version 3.7 (Applied Biosystems). All alleles were
independently verified by at least two people.

Structural Modeling

Three-dimensional structure predictions were carried out using SWISS-
MODEL (Arnold et al., 2006), available on the Expasy Web site (http://www.
expasy.org). The program was run using project mode, and the template
selected was the crystal structure of the A. deliciosa actinidin-E-64 complex
(Protein Data Bank code 1AEC; Varughese et al., 1992). Template and target
sequences were between 98.4% and 98.7% identical. The semirefined model
was then sent to the SWISS-MODEL server for final refinement. Images were
generated in the molecular graphics and modeling package Pymol (http://
www.pymol.org/).
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Binary Vector Construction and
Site-Directed Mutagenesis

The actinidin cDNA clone pKIWI450 (Podivinsky et al., 1989) isolated from
A. deliciosa Hayward (corresponding to ACT1A-1) was digested with Xbal and
EcoRI and cloned into the corresponding sites of pART7 (Gleave, 1992). This
construct was digested with Notl, and the insert was cloned into the binary
vector pART27 (Gleave, 1992) to form pAct1A-1. The full-length actIa-7 cDNA
was amplified from mRNA isolated from YellowA fruit using primers Actc1F1
(5'-CCCAATCTTTTTCTTCTAAAATTCA-3') and ActclR2 (5'-GGACAAA-
CAAATCCCCTGAA-3") and cloned into pCR-Blunt II-TOPO (Invitrogen) to
generate pCRII-Actla-7. The insert was then PCR amplified using the uni-
versal M13F and M13R vector primers, digested with PstI and HindIIl, and
cloned into the binary vector pGreenlI 62-SK (Hellens et al., 2005) to generate
pActla-7. pGFP was created by recombining the pENTR-GFP entry vector into
the pHEX2 destination binary vector according to the manufacturer’s instruc-
tions (Invitrogen). pART27 and pHEX2 contain the CaMV 35S promoter and
octopine synthase terminator (Gleave, 1992), while pGreenll contains the CaMV
35S promoter and terminator sequences (Hellens et al., 2005).

Actla-7 site-directed mutants were generated from pCRII-Actla-7 by
overlap extension PCR (Warrens et al., 1997). The universal vector primers
MI13F and M13R were used in combination with the forward and reverse
complement mutation primers 16A_GF (5'-ACCAGGGGCTGCAATGGC-
GGTTACATAACCGACG-3"), 16A_QF (5'-ATAACCGACGGGTTTCAGTTC-
ATCATCAACAAC-3’), and 16A_G/QF (5'-AATGGCGGTTACATAACC-
GACGGGTTTCAGTTCATC-3'), to generate two overlapping mutated gene
fragments. In the second stage, the two overlapping fragments were mixed
and PCR amplified with primers M13F and M13R. The full-length mutated
gene products were digested with PstI and Hindlll, gel purified, cloned into
the pGreenll 62-SK binary vector, and sequence verified.

Transient Expression, Stable Plant Transformation,
and Growth

For transient expression in Nicotiana benthamiana, 6-week-old greenhouse-
grown seedlings were infiltrated with Agrobacterium tumefaciens strain GV3101
harboring the binary vector of choice with the helper plasmid pSOUP vector
as described previously (Nieuwenhuizen et al., 2007). After 14 d, the leaves
were detached, and protein was extracted for western analysis and to
determine CP activity.

Transgenic A. chinensis YellowA shoots were produced using the method of
Fraser et al. (1995) using the pAct1A-1 binary vector after electroporation into
the A. tumefaciens strain A281. Transgenic and control lines were maintained in
a containment greenhouse under ambient light and temperature conditions.
Plants received 8 weeks of winter chilling at 7°C each year. Flowers were hand
pollinated each spring, and mature unripe fruit were harvested at approxi-
mately 18 weeks post anthesis.

Allele Sequencing and Copy Number Estimation

Actinidin alleles for sequencing were amplified with the primers given in
Supplemental Table S3 using Pwo SuperYield polymerase (Roche Applied
Science) and transferred by blunt TOPO cloning into pCR-Blunt II-TOPO
(Invitrogen) according to the manufacturer’s instructions. Multiple clones (1 =
3-8) of all alleles were verified by full-length DNA sequencing.

Transgene copy numbers were determined using the LightCycler 480 Real-
Time PCR System (Roche) according to Nieuwenhuizen et al. (2009) using 1 ng
of genomic DNA per reaction. Genomic DNA was isolated from transgenic
leaves using the DNeasy Plant Mini Kit (Qiagen) according to the manufac-
turer’s instructions. The transgene was amplified with two independent
primer sets specific for the Hayward actinidin ACT1A-1 cDNA in the pAct1A-1
binary vector (ActcIRT_F/R and ActcIRT_F2/R2; Supplemental Table S3)
and compared with the amplification from a reference kiwifruit gene amplified
with AlfyRT_F/R primers (Supplemental Table S3). Transgene copy numbers
were determined using the LightCycler 480 software with the presumption that
diploid A. chinensis contains two copies of the reference gene.

Western Analysis and LC-MS

Protein was extracted from fruit tissues ground to powder with mortar and
pestle under liquid nitrogen. Powder (500 mg) was mixed with polyvinylpo-
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lypyrrolidone (50 mg) and extracted with 500 uL of extraction buffer (Wein
et al,, 2002) with reducing agent. All extractions were performed in the
presence of Complete Protease Inhibitor Cocktail Tablets (Roche) to protect
proteins from the CP activity of actinidin during the extraction process. 1D
SDS-PAGE, electroblotting, and membrane blocking for western analysis were
performed as described by Nieuwenhuizen et al. (2007). Proteins were
immunolocalized with polyclonal antibodies (diluted 1:200 [w/v] for kiwi-
fruit actinidin and 1:100 [w/v] for chitinase) in Tris-buffered saline buffer
containing 5% nonfat milk powder and 0.05% (v/v) Tween 20. For detection,
the polyvinylidene difluoride blots were incubated with a Qdot 655 goat F
(ab’), anti-rabbit IgG conjugate according to the manufacturer’s instructions
(Invitrogen) in the same buffer, and binding was visualized using a Typhoon
9400 Variable Mode Imager and quantified using ImageQuant TL software
(both GE Healthcare Life Sciences).

For LC-MS analysis, bands were excised from Coomassie blue-stained gels,
and the protein was digested with 0.65 ug of trypsin (modified sequencing
grade; Roche) in 0.2 M ammonium bicarbonate and 4.3% acetonitrile. Tryptic
peptides were separated and analyzed using an Ettan multidimensional
liquid chromatograph (GE Healthcare Bio-Sciences) coupled to an LTQ linear
ion-trap mass spectrometer with a nanospray electrospray ionization interface
(Thermo Fisher Scientific) as described (Nieuwenhuizen et al., 2007). MS/MS
data were analyzed using the TurboSEQUEST protein identification software
(Eng et al., 1994), and proteins were identified by searching spectra against an
in house Actinidia EST database (Crowhurst et al., 2008).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers GU201520 to GU201526 (alleles ACT1A-2
through actla-8), GU201527 and GU201528 (cDNA sequences corresponding
to the actla-6 and actla-7 alleles), and JN701537 (AcChi4).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Sequence alignment of ACT1A alleles from the A.
chinensis mapping population and YellowA.

Supplemental Figure S2. Scanning for a second QTL on LG16 using the
imputation method.

Supplemental Table S1. Genotypes and CP activities of individual plants.

Supplemental Table S2. Copy number estimation in YellowA transgenic
plants complemented with the ACT1A cDNA.

Supplemental Table S3. Primers used for genotyping, allele amplification,
and determining transgene copy number.
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