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We have characterized a novel small heat shock protein gene, viscosity 1 (vis1) from tomato (Lycopersicon esculentum) and
provide evidence that it plays a role in pectin depolymerization and juice viscosity in ripening fruits. Expression of vis1 is
negatively associated with juice viscosity in diverse tomato genotypes. vis1 exhibits DNA polymorphism among tomato
genotypes, and the alleles visl-hta (high-transcript accumulator; accession no. AY128101) and wvisI-Ifa (low transcript
accumulator; accession no. AY128102) are associated with thinner and thicker juice, respectively. Segregation of tomato lines
heterogeneous for vis1 alleles indicates that visI influences pectin depolymerization and juice viscosity in ripening fruits. vis1
is regulated by fruit ripening and high temperature and exhibits a typical heat shock protein chaperone function when
expressed in bacterial cells. We propose that VIS1 contributes to physiochemical properties of juice, including pectin
depolymerization, by reducing thermal denaturation of depolymerizing enzymes during daytime elevated temperatures.

Ripening of fleshy fruits is a dynamic transitional
period that encompasses a myriad of biochemical
and physiological changes leading to easily perceiv-
able alterations in fruit texture, firmness, pigmenta-
tion, aroma, and sweetness (Tucker, 1993; Grierson
and Fray, 1994). Significant progress has been made
in characterizing the molecular components of fruit-
ripening process, including ethylene biosynthesis
and perception, cell wall depolymerization, light
signal transduction, and carotenoid accumulation
(Giovannoni, 2001). Fruit ripening-related cell wall
depolymerization has been investigated in tomato
(Lycopersicon esculentum) pericarp to understand the
molecular components that regulate the physio-
chemical properties of cell walls during plant growth
and development in general and fruit textural
changes in particular (Brownleader et al., 1999).
These studies have provided evidence that
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depolymerization of polyuronides (Huber and
O’Donoghue, 1993; Brummell and Labavitch, 1997)
and hemicelluloses (Maclachlan and Brady, 1994;
Brummell et al., 1999b) and the loss of Gal (Tong and
Gross, 1988) are the most prominent changes that
occur in cell walls during fruit ripening. Reverse
genetics has been used to delineate effects of several
cell wall polymer modifying and depolymerizing en-
zymes that show coordinated increases during the
fruit-ripening process (Giovannoni, 2001). Character-
ization of the effects of polygalacturonase (Giovan-
noni et al., 1989; Smith et al., 1990; Kramer et al., 1992;
Brummell et al., 1997) and pectin methylesterase in
transgenic plants over- or underexpressing these en-
zymes (Tieman et al., 1992; Tieman and Handa, 1994)
showed that they play roles in pectin degradation but
do not significantly effect pericarp texture. Impaired
expression of two tomato -glucanases by antisense
technology suggested that these enzymes affect fruit
metabolism but do not change fruit phenotype (Lash-
brook et al., 1998; Brummell et al., 1999a). However,
repression of expansin (Exp1; Brummell et al., 1999b)
and a fruit lipoxygenase (Kausch, 1996) by cosup-
pression have been reported to reduce fruit soften-
ing. In addition, the overexpression of Exp1 resulted
in enhanced fruit softening even in mature green
fruit by evoking considerable hemicellulose depoly-
merization in the absence of polyuronide depolymer-
ization, suggesting a role of components other than
pectins in fruit softening (Brummell et al., 1999b).
Despite these developments, the overall regulation of
fruit textural changes, including cell wall depolymer-
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ization, remains to be elucidated (Brownleader et al.,
1999; Giovannoni, 2001).

Ripening-related depolymerization and solubiliza-
tion of tomato fruit cell walls are intimately associ-
ated with juice viscosity. Tomato varieties with
higher levels of water-insoluble solids or higher pre-
cipitate weight ratio (Marsh et al., 1980; Takada and
Nelson, 1983), both indicators of reduced cell wall
depolymerization, show thicker juice as indicated by
the Bostwick value and efflux viscosity of the juice.
Processing varieties of tomato, bred for increased
juice viscosity, contain larger molecular-sized pectin,
higher amounts of water-insoluble solids and juice
viscosity, and in general firmer texture compared
with parental lines (Barrett et al., 1998). The impaired
depolymerization of pectins in the genetically engi-
neered fruits with reduced activities of polygalactu-
ronase (Schuch et al., 1991) and pectin methylesterase
(Thakur et al., 1996a, 1996b) show increases in juice
viscosity. Taken together, these observations indicate
that juice viscosity would provide a reasonable esti-
mate of fruit cell wall solubilization.

In the present investigation, we used juice viscosity
as an indicator of cell wall solubilization and depo-
lymerization and tested the possibility of isolating
novel genes that affect cell wall depolymerization in
ripening fruits. Subtractive cloning of transcripts ex-
pressed in high- and low-viscosity juice varieties re-
sulted in isolation of several expressed sequence tags
(ESTs) that are differentially expressed during fruit
ripening in tomatoes varying in viscosity of the pro-
cessed juice. We report here characterization of one
of these genes, designated as viscosity 1 (vis1), whose
transcript accumulation is negatively associated with
juice viscosity among diverse tomato-breeding lines.
We also report characterization of two differentially
regulated alleles of visl from different varieties of
tomato. Segregation analysis of tomato lines heteroge-
neous for the two visl alleles indicates that vis] ex-
pression influences juice viscosity and cell wall depo-
lymerization. Molecular characterization showed that
vis] is a member of small heat shock protein (sHSP)
gene family, and temperature and fruit ripening reg-
ulate its expression. VIS1 exhibits chaperone activity
when expressed in Escherichia coli and protects bac-
terial proteins from heat denaturation and increases
thermotolerance of bacterial cells. We propose that
VIS influences cell wall depolymerization by pro-
tecting enzymatic activities associated with disinte-
gration of fruit components from daily high temper-
atures under field conditions.

RESULTS
visl Is a Member of a Plant sHSP Gene Family

Subtractive cloning using poly(A™) RNAs from to-
mato genotypes differing in juice viscosity resulted in
isolation of an EST that was preferentially expressed
in thin juice tomato genotype (see “Materials and
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Methods” for details). A full-length ¢cDNA, desig-
nated vis1, for this EST was isolated from a red-ripe
tomato (cv Rutgers) fruit cDNA library (Kausch and
Handa, 1995) and characterized. visI encodes a pro-
tein of 221 amino acids with molecular mass of 25.7
kD. The deduced amino acid sequence of VIS1
showed strong similarity with members of the sHSP
gene family (Fig. 1A). VIS1 contains the sHSP con-
sensus I region, P--GVL motif, a signature typical of
sHSPs (Waters, 1995). The sHSP consensus II region
is also conserved in VIS1. Pair wise sequence identity
of VIS1 with the tomato cytoplasmic class II, cyto-
plasmic class I, mitochondrial, and chloroplastic
sHSPs is 32%, 34%, 35%, and 38%, respectively.

As shown in Figure 2, a phylogenetic tree, using
neighbor joining analysis, separated the plant sHSP
gene family into five classes with high bootstrap
values, indicating the robustness of the tree. VIS1 is
closer to chloroplast sHSP than to other sHSP classes.
Chloroplast sHSPs share a highly conserved unique
consensus III domain containing 28 amino acid resi-
dues, of which 18 are identical (Chen and Vierling,
1991). In this region, VIS1 contains only 12 identical
amino acid residues. Two protein-targeting predic-
tion programs were inconclusive as to the protein
localization. PSORT (Nakai and Kanehisa, 1992) pre-
dicts VIS1 to be chloroplast stroma localized,
whereas ChloroP (Emanuelsson et al., 1999) predicts
VIS1 not to be chloroplast localized. Taken together,
these results show that visl is a member of plant
sHSP gene family.

visl Expression Is Correlated with Juice Viscosity and
DNA Polymorphism

As shown in Figure 3 an apparent relationship was
observed between the levels of visl transcripts in
ripening fruits from diverse genetic backgrounds and
viscosity of processed juice. visl transcripts were
barely detectable in 70620 and 70407, the two lines
with the highest juice viscosity (lowest Bostwick val-
ue), but increased in lines with lower viscosity (Fig.
3A). However, the relationship between juice
Bostwick value and vis1 transcript level is not linear.
In general, much higher levels of visl transcripts
accumulated in genotypes having Bostwick value
greater than 15 cm (Fig. 3D). High levels of visl
transcripts accumulated in fruits of tomato cv Rut-
gers, a variety with poor processing attributes,
whereas vis1 transcripts were not detectable in fruits
of tomato cv Ohio 8245, a variety with desirable
processing attributes (Berry et al., 1991; Fig. 3B).

Southern-blot analysis of genomic DNA found
polymorphism for vis1 among different tomato geno-
types that correlated with visl transcript accumula-
tion and juice viscosity (Fig. 3C). A single EcoRI-
digested genomic DNA fragment from both the
lowest and highest juice viscosity genotypes hybrid-
ized with vis1. However, as shown in Figure 3C, the
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Figure 1. Alignment of the deduced amino acid sequences of VIS1
with other tomato sHSPs (A) and genomic structures of vis7-hta and
visl-Ita (B). A, Multiple sequence alignment was performed with
ClustalX (Thompson et al., 1997) and manually edited. The three
consensus regions in sHSPs are boxed, and identical amino acid
residues are highlighted. The asterisks indicate the two residues,
Threy and Pro,y, in VIST-HTA, that are replaced with Ala in VIS1-
LTA. Dashes indicate gaps inserted to improve the alignment. Shown
sHSPs are the Cyl (cytoplasmic class I; accession no. CAA39603),
Cyll (cytoplasmic class II; accession no. AAC14577), Mit (mitochon-
drial; accession no. BAA32547), Chlo (chloroplastic pTOM111; ac-
cession no. AAB49626), and Visl (VIST-HTA, accession no.
AY128101). B, Shown are the two additional Rsal sites, one in each
intron of vis1-lta (accession no. AY128102) but absent in visI-hta
(accession no. AY128101), that were used for developing a PCR-
based assay for each allele. The black and white boxes represent
introns and exons, respectively.
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size of the hybridizing DNA fragment from the lower
juice viscosity genotypes (about 12 kb) was about 2
kb larger than that from the higher juice viscosity
genotypes (about 10 kb). The 12-kb fragment associ-
ated with high vis1 transcript accumulation was des-
ignated as vis1-hta (high-transcript accumulator), and
the 10-kb DNA fragment associated with low to un-
detectable visl transcript accumulation was desig-
nated as vis1-Ita (low transcript accumulator). Several
genotypes with intermediate juice viscosity con-
tained both visI-hybridizing DNA fragments (Fig.
3C) and showed moderate vis1 transcript accumula-
tion. Progeny tests of these lines indicated that they
were still heterogeneous for the vis1 polymorphism.

We have cloned and characterized the visl-
hybridizing DNA fragments from 70620 (vis1-Ita) and

Arabidopsis (123541)
Brassica {2465461)
Sunflower {1235896)
Rice (2119194}
Maize (100883)
Carrot (71495)
Strawberry {2911276)
Soybean ({123540)
Medicago (123556)
Pea (123555)
Arabidopsis (3980385}
Tomato (232273)
100] Ar psis (2129611)
Soyhean (2322682)
I_I...._.._ Pea (477111) L
Arabidopsis (3256075) -
Maize (729762)
Picea (1350520)

35 Peruvian Tomato (3336894)
98 Soybean (123580)
I g
89 Pea (1170368)
Tomato (3492854)
Maize (3015621) o
100 ¢ Visi-hta
L vist-ta

o8 Barley (542121) b
o7 .J‘;E‘E—_ Wheat (4028573)
Maize (453670)

Agrostis (2738887}
Arabidopsis (399938)
= _Pea(izissy cp

oybean (123563)

Tobacco (3256372)
Petunia (232278)
Tobacco (3256378)

Tomato (2495334)

Tomato (1885358)

9

Cytosolic |

100

ER

100

Cytosolic Il

Figure 2. Phylogenetic tree of VIST and other small sHSPs. Phyloge-
netic tree is based on deduced amino acid sequences and con-
structed using neighbor joining analysis as implemented in the Mo-
lecular Evolutionary Genetic Analysis package. Bootstrap values are
shown at the branch lengths. Numbers in parentheses indicate the
accession numbers.
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Figure 3. Relationship between Bostwick values, visi transcript ac-
cumulation, and DNA polymorphism for the visi-hta and vis1-lta
alleles. A, Bostwick values were from the microwave oven-processed
tomato juice of fruits grown at the Heinz’s research farm (Stockton,
CA). Tomato cvs Rutgers and Ohio 8245 were grown at the Purdue
research farm and fruits were processed the same way as in Califor-
nia. Bostwick value for the juice processes from tomato cv Ohio
8245 was 15 * 0.3 cm, whereas juice from tomato cv Rutgers fruits
was too thin (Bostwick value >23 cm) to be measured by the
standard Bostwick consistometer. B, Equal amounts of total RNAs
from turning stages fruit of each line were size fractionated on an
agarose gel, blotted to Hybond-N nylon membranes, and hybridized
with a-*?P labeled visT cDNA as described in “Materials and Meth-
ods.” Also shown are the levels of 255 RNA. C, Ten micrograms of
the genomic DNA from each tomato genotype was digested with
EcoRl, separated on an agarose gel, blotted to a Hybond-N mem-
brane, and hybridized with radiolabeled visT cDNA. The upper
(12-kb) and lower (10-kb) hybridizing bands are designated as visT-
hta and vis1-lta alleles, respectively. D, Relationship between rela-
tive visT transcript accumulations and Bostwick values for different
tomato genotypes. Relative transcript accumulation in fruits from
different genotypes was quantified using Instantimager Electric Au-
toradiography (Packard Instrumental Company, Meriden, CO) and
normalized for the amount of ribosomal RNA present in each sample.
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70320 (visl-hta) to examine the basis of differential
accumulation of vis] transcripts in these genotypes.
The overall organization of wvisl from lower and
higher viscosity genotypes is similar and contains
three exons interrupted by two introns in the same
positions (Fig. 1B). The first intron is of the same size
(487 bp) in both vis1-hta and vis1-Ita alleles, whereas
the size of the second intron differs. The second
intron is 1,105 bp in vis1-hta compared with 1,072 bp
in visl-Ita. The predicted sizes of three exons are the
same, but with two amino acid residue changes,
Thr-61 and Pro-107 in VIS1-HTA replaced by Ala-61
and Ala-107 in VIS1-LTA (Fig. 1A). In addition to a
33-nucleotide insertion in visI-hta, a large number of
substitutions are present within the introns of the
two alleles (10 in the first and 45 in the second intron,
respectively). The visl-hta and visl-Ita alleles can be
identified by the size of Rsal-digested PCR products
of the genomic region spanning the second intron
because one of the Rsal sites present in the vis1-Ita is
missing in the visI-hta (Fig. 1B). Taken together, these
results show that the absence of visl expression in
high juice viscosity tomato genotypes is not attribut-
able to presence of an early stop codon in the visI-
coding region.

visl-hta and visl-Ita Alleles Segregate with Low and
High Juice Viscosity Phenotypes

Progenies of two heterozygous lines 70188, and
70274 (Fig. 3C) were used to test the effects of vis1-hta
and visI-Ita alleles on juice viscosity (Table I). The
benefit of such populations would be that during the
inbreeding process, the visl allele was carried along
in the heterozygous state and much of the back-
ground genome would be similar among individuals
within each population. The progenies were charac-
terized for the presence of visl allele and fruit juice

Table I. Effect of vis1-hta and visi-Ita alleles on juice Bostwick
value

Same segregating progenies from F lines were tested for each trial;
Bostwick values were presented as mean = sp. Field trials for year 1
and year 2, site 1 were conducted at Heinz's research farm (Stockton,
CA) and for year 2, site 2 at Huron, CA. P values were based on
one-tailed distribution of two samples with unequal variance using
Student’s t test. *n, Number of independent segregates evaluated for
each genotype in every trial. Among 70274 progenies tested, one had
vis1-Ita genotype.

Bostwick Value

Line Genotype n* Year 2
Year 1
Site 1 Site 2
cm 30 s

70188 hta 7 17210 18515 183 *15
70188 Ita 5 15713 162+ 1.1 164+ 1.2
P value 0.038 0.009 0.023
70274 hta 5 16316 149*0.7 16.1 =09
70274 Ita 1 12.1 14.2 13.5
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Figure 4. DNA polymorphism for visT is correlated with its transcript
accumulation (A) in segregating progenies of tomato genotypes with
vis1-hta or visi-Ita allele (B). A, Ripened fruits from each progeny
obtained after selfing of tomato genotypes 70188 and 70274 (het-
erozygous for visi-hta and visi-Ita alleles) were processed and
Bostwick values were determined. Juice Bostwick values of visi-hta
and visi-Ita genotypes of lines 70274 and 70188 were significantly
different at the 95% confidence level and correlated with visT ex-
pression. B, Identity of each segregating progeny, homozygous for
vis1-hta or visi-Ita or heterozygous for the two alleles, was estab-
lished by PCR of their individual genomic DNA followed by diges-
tion with Rsal as described in “Materials and Methods.”

viscosity. For both lines, the vis1-hta and vis1-Ita al-
leles segregated into homozygous and heterozygous
genotypes, indicating that they do in fact represent
two alleles at the same locus of tomato genome and
are not maternally inherited. As shown in Figure 4,
the levels of vis] transcript accumulation were asso-
ciated with the type of visl allele. For all genotypes
examined, the progenies with the wvisI-hta allele
showed higher visl transcript accumulation com-
pared with progenies with the vis1-lta allele. Signifi-
cant increase in juice Bostwick values were observed
in progenies with vis1-hta allele compared with prog-
enies with visI-Ita allele for 70188 over 2 years of
testing, and even when grown in different locations
(Table I). A similar pattern was obtained in line
70274.

Analysis of Fruit Pectins in vis1-hta and
visl-Ita Genotypes

To evaluate the biochemical basis of observed vis-
cosities of visl-Ita and visl-hta genotypes, we exam-
ined the depolymerization of cell wall pectins in
ripened fruits from two of the segregating popula-
tions. Fruits were harvested 7 d after breaker, and
lycopene level was used as an additional criterion
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to select pericarp representing similar physiological
stage of ripening. Total trans-1, 2-cyclohexanedia-
mine-N,N,N’,N’-tetraacetic acid (CDTA)-soluble pec-
tins were extracted from pericarp of vis1-Ita and vis1-
hta segregants of 70188 and fractionated on a
Sepharose CL-4B column. For both visI-Ita and vis1-
hta, the major peak of CDTA-extractable poly-
uronides co-eluted with the blue dextran standard
averaging about 2,000 kD in size (Fig. 5A). Ripe fruits
from vis1-Ita genotype contained higher amounts of
pectins larger than 1,000 kD than ripe fruits from
visl-hta genotype (Fig. 5B). The visI-lta fruits con-
tained approximately 44% of the total CDTA-
extractable polyuronic acid with molecular mass
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Figure 5. Gel filtration chromatographic analysis of CDTA-soluble
polyuronides from red-ripe fruits of segregating progeny of genotype
70188. A, Sepharose CL-4B chromatographic profiles of CDTA-
soluble polyuronides isolated from pericarp cell walls from plants
segregating for vis1-hta (dashed lines) and visi-lta alleles (solid
lines). Also shown are the elution positions of blue dextran, branched
dextrans 17.7 to 500 kD, and bromphenol blue (670 D). B, Distri-
bution of varying sized polyuronides in ripened pericarp of visi-hta
and visT-[ta genotypes. Data represent average of two independent
experiments.
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greater than 1,000 kD compared with 33% present in
the vis1-hta fruits (Fig. 5B). Similar results were ob-
tained from line 70274 (data not shown). These re-
sults suggest that reduced depolymerization of
polyuronide likely is the basis for thicker viscosity of
visl-Ita compared with vis1-hta fruit juice.

Developmental and Temperature Regulation of
visl Expression

Accumulation of visI transcripts was examined in
fruit at different stages of development and ripening.
vis] transcripts were barely detectable at early stages
of fruit development but rapidly accumulated in fruit
after the onset of ripening with maximum accumu-
lation at the turning stage fruit (Fig. 6A). Tomato
fruits from wvisl-hta and visl-lta genotypes were
treated at 36°C for 6 h to investigate whether expres-
sion of visl is induced by heat shock. Elevated tem-
perature enhanced the accumulation of wvisl tran-
scripts in both vis1-hta genotypes (70561) and vis1-Ita
genotypes (tomato cv Ohio 8245; Fig. 6B). The level of
pectin methylesterase transcripts remained at similar
levels at elevated temperature (data not shown), a
result similar to that obtained previously (Kagan Zur
et al., 1995).

We examined the effects of daily temperature
changes on the expression of visl in field grown
tomatoes. As shown in Figure 7, a transient accumu-
lation of vis1 transcripts was observed as the daytime
temperature increased in the field but began to de-
cline after reaching a maximum. The levels of visl
transcripts correlated with increasing field tempera-
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Figure 6. vis1 expression is regulated by fruit development, heat
treatment, and visT alleles. A, Equal amounts of total RNAs from the
indicated tissues of tomato cv Rutgers (vis1-hta) were separated on an
agarose gel and blotted with the radiolabeled visT probe as described
in Figure 3. B, Fruits from tomato line 70561 (vis1-hta) and tomato cv
Ohio 8245 (visi-Ita) were incubated at the indicated temperature for
6 h, and total RNA was extracted. Other details are as described in
Figure 3.
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Figure 7. Rhythmic expression of visT during daytime temperature
changes in field conditions. Tomato cv Rutgers (vis-hta) fruit at
different stages of fruit ripening (MG, mature green; BR, breaker; TU,
turning; and RR, red ripe) was collected from field at the indicated
times. Shown also are the air temperatures at the time of harvest.
Total RNA extraction, northern blotting (A), and quantification of vis1
transcripts (B) were as described in Figure 3.

tures and greatly increased with the ripening of fruit
(Fig. 7). Taken together, these results indicate that
both high temperature and fruit ripening regulate
vis] expression.

visl Expression Increases Heat Tolerance of Bacterial
Cells and Impairs Thermal Denaturation of
Bacterial Proteins

vis] was expressed in E. coli to characterize its
functional attributes including chaperone activity. As
shown in Figure 8A, the E. coli BL21 (DE3) cells
expressing visl-hta exhibited enhanced cell viability
at 50°C compared with E. coli BL21 (DE3) cells har-
boring the pET28c vector alone. Induction of wvisl
gene expression by IPTG further enhanced the bac-
terial cell viability. The enhanced cell viability ob-
served in the absence of IPTG is likely attributable to
the basal expression of visl (pET system manual,
Novagen, Madison, WI). At 50°C, bacterial cells ex-
pressing visl continued to grow during the 1st h,
whereas only 25% of the bacterial cells harboring
vector alone remained viable (Fig. 8A). After 2 h at
50°C, more than 50% of the visl-expressing bacterial
cells remained viable compared with less than 6% of
the cells harboring vector alone. To determine
whether VIS1 acts as a chaperone, protein extracts of
the bacterial cells with or without visl expression
were heat-treated at different temperatures. In the
absence of VIS1, the bacterial proteins began to ag-
gregate at 60°C with more than 70% protein aggre-
gating at 80°C (Fig. 8C). In the presence of IPTG-
induced vis] expression, the temperature-dependent
protein aggregation was highly impaired, and about
80% protein remained soluble after 20 min at 80°C
(Fig. 8C). The SDS-PAGE analysis showed that in the
presence of VIS1, most proteins remained soluble
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Figure 8. Expression of visT in E. coliincreases cell thermo-tolerance
(A) and prevents aggregation of the bacterial protein at elevated
temperatures (B and C). A, E. coli BL21 (DE3) harboring either the
pET28C or pET28C-vis1 were grown at 27°C in Luria-Bertani (LB)
plus 50 mg L~" kanamycin to the initial ODgq, of 0.333 (pET28¢),
0.205 (pET28c-vis1, without isopropylthio-B-galactoside [IPTG]),
and 0.147 (pET28c-vis1, T mm IPTG induced for 1 h) and shifted to
50°C. At the indicated time intervals, samples were withdrawn, and
the viable cell count was determined using appropriate dilutions on
LB plates containing kanamycin after incubation at 37°C overnight.
Shown are the viable cell counts for E. coli BL21 (DE3) harboring the
pET28C (@), pET28C-vis1 in the absence of IPTG (M), and presence
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after a treatment at 80°C for 20 min, whereas only
traces of these proteins were soluble in the absence of
VIS1 (Fig. 8B). These results demonstrate that VIS1
chaperones proteins against thermal denaturation
and enhances viability of bacterial cells at elevated
temperatures.

DISCUSSION

Our approach using the juice thickness as an indi-
cator of fruit cell wall depolymerization led to novel
insights into the function of a sHSP in fruit ripening.
Among the genes differentially expressed in tomato
varieties varying in juice thickness, the expression
pattern of one gene, designated as visl, was nega-
tively correlated with pectin depolymerization and
viscosity of the hot-break fruit juice in diverse tomato
genotypes (Fig. 3). vis] shares a high degree of sim-
ilarity to plant sHSP genes (Figs. 1A and 2) and
appears to be closer to the chloroplast sHSP genes
than other classes. The location of the first intron in
vis] is identical to the chloroplastic sHSP genes of
Arabidopsis and tobacco (Nicotiana tabacum; Oster-
young et al.,, 1993), but the presence of a unique
second intron in vis] suggests that it is distinct from
previously reported chloroplastic sHSP genes. Al-
though many sHSPs have been characterized from
plants, molecular functions of only a few have been
reported. HSP25 has been linked with heat tolerance
in creeping bentgrass (Park et al., 1996), and HSP17.7
affects heat tolerance in carrots (Daucus carota; Malik
et al., 1999). The developmentally regulated HSP17.4
is correlated with seed desiccation tolerance in Ara-
bidopsis (Wehmeyer et al.,, 1996, Wehmeyer and
Vierling, 2000). It has been recently proposed that by
stabilizing proteins essential for development from
environmental stresses, HSP90 plays a significant
role against disruptive genetic variations in organ-
isms ranging from insects to plants (Queitsch et al.,
2002). In the present study, we provide evidence for
a role of a sHSP, visl, in determining viscosity at-
tributes of tomato fruit juice. To our knowledge, this
is the first report of a gene product, other than the

of IPTG (A). B, The bacterial cells harboring either the pET28C or
pET28C-vis1 were grown at 27°C in LB medium plus 50 mg L™'
kanamycin in the presence of 1 mm IPTG for 1 h as described above
and pelleted by centrifugation (12,000g) for 5 min. Cell pellets were
resuspended in a buffer containing 25 mm Tris-HCI, pH 7.5, 10%
(v/v) glycerol, 2 mm dithiothreitol, and T mm EDTA, sonicated, and
centrifuged for 10 min at 12,000g in a microcentrifuge to obtain
soluble proteins. Aliquots of soluble protein were incubated at the
indicated temperatures for 20 min, and supernatant was collected
after centrifugation. Equal volume of supernatants was separated on
SDS-PAGE. Shown are the Coomassie R-250-stained gels. Arrow
indicates the VIS1 present in the bacterial extracts. C, The percent
protein remaining soluble after heat treatment in samples described
in B. Symbols are the same as in A. The total soluble protein was
determined by the dye-binding assay kit from Bio-Rad (Hercules, CA)
using bovine serum albumin as standard.
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enzymatic activities directly involved in depolymer-
ization of fruit cell walls, that regulates physiochemi-
cal properties of fruit juice.

Attempts to understand the molecular basis of dif-
ferential expression of visl in thick and thin juice
varieties led to characterization of two visl alleles.
visl-hta allele is present in thin juice varieties and
showed high visl transcript accumulation, whereas
another allele visl-Ita present in thick juice varieties
showed low visI transcript accumulation. Although
both vis1-hta and vis1-Ita encode highly homologous
polypeptides differing only in two amino acid resi-
dues (Fig. 1A), there were noticeable differences in
the nucleotide sequence of the introns present in
these alleles (accession nos. AY128101 and
AY128102). Some HSP genes have been shown to
contain elements in their introns that regulate their
expression (Shen et al., 1997; Hirata et al., 1999; Coo-
per et al., 2000). Whether such regulatory elements
are present in the intron regions of vis1-hta and visI-
Ita is not known. Our results show that in addition to
temperature, fruit ripening regulates accumulation of
vis] transcripts. Although sHSPs are synthesized in
response to heat stress and are generally not found in
the normal vegetative tissues, the accumulation of
some sHSPs has been detected during pollen and
embryo development, seed germination, and fruit
ripening (Waters et al., 1996; Carranco et al., 1997). A
sHSP gene, pTOM111, which shows 38% pair wise
sequence amino acid identity to VIS1, is up-regulated
during fruit ripening and heat stress (Lawrence et al.,
1997). Molecular basis of developmental regulation
of HSPs is largely not known. However, there is a
possibility that fruit perceives ripening as a stress
event and enhances expression of certain stress pro-
teins including VISI.

Depolymerization of fruit pectins is a common
event in the ripening of fleshy fruits. Although po-
lygalacturonase, its B-subunit, and pectin methyles-
terase have been shown to influence solubilization of
fruit pectins (Giovannoni et al., 1989; Smith et al.,
1990; Kramer et al., 1992; Tieman et al., 1992; Watson
et al., 1994; Brummell et al., 1997), the role of other
gene products in this process is not known. Expansin
has been shown to be involved in hemicellulose de-
polymerization, but has little effect on pectin metab-
olism (Brummell et al., 1999b). We show that fruit
expressing higher levels of visl (visl-hta compared
with visl-Ita genotypes) contain pectin of relatively
smaller size (Fig. 5) and interpret these results as
suggesting that vis1 plays a role in pectin depolymer-
ization. Although the molecular role of VISI in to-
mato fruit is not yet clear, the relationship between
visl expression and juice viscosity can be explained
by the following mechanisms. One possibility is that
during the daytime rise in temperature, VIS1 acts as
chaperone and binds reversibly to enzymes, includ-
ing cell wall polymer-modifying and -depolymer-
izing enzymes, and protects them from thermal
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denaturation. During nighttime, when temperature
drops, the VISl-protected proteins get reactivated
and facilitate depolymerization/solubilization of cell
walls. However, in the absence of vis] expression,
some of the cell wall-depolymerizing activities un-
dergo irreversible denaturation with rise in the day-
time temperature, resulting in a lower rate of cell
wall solubilization and thicker juice. The other pos-
sibility is that vis1 is linked with another gene(s) that
controls juice viscosity.

Ripening in many types of fruits is impaired at
elevated temperatures (Paull and Chen, 2000). To-
mato fruit kept at a temperature of 30°C and above
show abnormal ripening including lack of lycopene
accumulation, slowdown in chlorophyll degradation
and tissue softening, and decrease in ethylene pro-
duction (Biggs et al., 1988; Picton and Grierson, 1988).
Upon return of heat-stressed fruit to moderate tem-
peratures, ripening recovers, at least partially, but
with a delay in the overall ripening process (Biggs et
al., 1988; Kagan Zur et al., 1995). Steady-state tran-
script levels and enzyme activity of several ripening-
related genes, including ACC synthase, ACC oxi-
dase, and polygalacturonase, decrease in tomato fruit
stored at 35°C (Biggs et al., 1988; Picton and Grierson,
1988; Kagan Zur et al., 1995). We have shown previ-
ously that polygalacturonase expression is gradually
and irreversibly impaired in fruit at elevated temper-
atures (Kagan Zur et al., 1995). Symptoms of chilling
injuries are reduced after heat treatment, and this
reduction is correlated with persistence of several
HSPs in fruit tissue (Sabehat et al., 1996). We propose
that VIS1, along with other HSPs play a role in facil-
itating fruit ripening, senescence, and seed dispersal
processes by protecting cellular machinery against
the thermal denaturation during the daily cycles of
daytime rise in temperature.

MATERIALS AND METHODS
Plant Material

Tomato (Lycopersicon esculentum) processing lines, including the segre-
gating progenies of lines 70188 and 70274, were grown at Heinz’s research
farm (Stockton, CA or Huron, CA). Fully red-ripe fruits (1.3 kg, about 20
fruits) were processed by cooking whole fruits in a commercial microwave
oven, pulping, and finishing to remove seeds and skins (Wolcott et al., 1987).
Any water lost during cooking was replaced before pulping. After cooling
to room temperature, the juice was evaluated for viscosity, soluble solids,
and pH (Thakur et al., 1996b). Bostwick value, representing the spread or
flow of non-Newtonian fluids, has been used extensively as an indicator of
tomato juice viscosity (Gould, 1992).

Breaker stage fruits from each genotype and leaf tissue from the segre-
gating progenies were shipped to Purdue University by the FedEx Express
service for determining vis1 expression patterns and genotype of individual
plants. Tomato varieties Rutgers, Ohio 8245, 70561, and 70320 were grown
either in the greenhouse or on the research farm at Purdue University using
routine cultivation practices as described previously (Biggs et al., 1986;
Tieman et al., 1995). To obtain fruit at different developmental and ripening
stages, either flowers at full opening or fruits at breaker stage were tagged
(Biggs el al., 1986). For evaluating the effects of diurnal changes, fruit at
mature green, breaker, turning, and red-ripe stages were collected at the
indicated times of the day from the research farm at Purdue, and the air
temperatures were recorded. To determine the effects of elevated tempera-
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ture on vis] expression, greenhouse-grown fruit from line 70561 and tomato
cv Ohio 8245 were harvested at the indicated stages, incubated at 36°C for
6 h, and the pericarp frozen in liquid nitrogen. Pericarp collected in the field
was frozen in dry ice, whereas all other plant tissues were frozen immedi-
ately in liquid nitrogen and stored at —80°C until extraction. Lycopene
levels of frozen pericarp were determined as described previously (Handa
et al., 1985).

DNA Extraction and Analysis

DNA was extracted as described by Dellaporta et al. (1983). For Southern
blotting, 10 ug of genomic DNA was digested with EcoRI, separated on a 1%
(w/v) agarose gel, blotted onto Hybond-N membrane (Amersham Bio-
sciences UK, Little Chalfont, Buckinghamshire, UK), and hybridized with
a-32P-labeled visl-probe at 42°C in 50% (v/v) formamide, 6X SSPE, 0.1%
(w/v) SDS, 5X Denhardt’s solution, and 100 ug mL ™" herring sperm DNA.
The cDNA insert of vis] was labeled using a random primer labeling kit
(DECA Prime II, Ambion, Austin, TX) and radiolabeled probe purified on a
Sephadex G-50 column. Hybridized membranes were washed two times for
15 min each in 4X SSPE and 0.1% (w/v) SDS at room temperature followed
by a 10 min wash in 4X SSPE and 0.1% (w/v) SDS at 55°C. Then, three
10-min washes in 0.1X SSPE and 0.1% (w/v) SDS at 65°C were performed.

RNA Extraction and Analysis

Total RNAs were extracted according to Biggs et al. (1986). Fifteen
micrograms of total RNAs was size fractionated on a 1.2% (w/v) agarose
denaturing formaldehyde gel, blotted onto Hybond-N nylon membrane
(Amersham Biosciences UK) and hybridized to a->*P-labeled visl probe at
the same conditions described above. After hybridization, membranes were
washed twice for 15 min each in 2X SSC and 0.1% (w/v) SDS at room
temperature and then twice for 10 min each in 0.2X SSC and 0.1% (w/v) SDS
at 62°C. All experiments were repeated at least two times.

Construction and Screening of cDNA Subtraction
Library and Identification of vis1 Gene

Ripened fruits from several independent tomato-breeding lines, inbred
five to seven generations, were processed in a microwave oven, and juice
was quantified for viscosity. The processed juices from these lines exhibited
abroad range of viscosity with Bostwick values ranging from 12.2 to 28.0 cm
(Fig. 3A). Two breeding lines, 70320 with a Bostwick value of 19.7 cm (thin
viscosity) and 70620 with a Bostwick value of 12.2 cm (thick viscosity), were
selected to identify genes differentially expressed in thinner and thicker
juice genotypes using subtractive cloning (Diatchenko et al., 1996).

Total RNAs were extracted from turning-stage fruits of 70620 and 70320
according to Biggs et al. (1986). The poly(A™) RNA was purified using
PolyA spin mRNA isolation kit (New England Biolabs, Beverly, MA) essen-
tially as described by the manufacturer. cDNA subtraction library was
constructed using a PCR Select cDNA subtraction kit (BD Biosciences Clon-
tech, Palo Alto, CA) according to manufacturer’s instructions (User Manual
PT1117-1). The cDNAs made from 70620 and 70320 fruits were used as
driver and tester cDNAs, respectively. The resultant subtracted cDNAs
were amplified by PCR as described in the manufacturer’s instructions,
ligated to a TA cloning vector pCR2.1 (Invitrogen, Carlsbad, CA), and
electroporated into Escherichia coli DH5a. Resulting ¢cDNA library was
screened using subtracted cDNAs screening kit (CLONTECH User Manual
PT3138-1). A number of ESTs that presumably expressed in 70320 were
selected. Inserts from the selected ESTs were used as probes for northern
blots with total RNAs from 70620 and 70320 fruits to identify genes that
were preferentially expressed in the low juice viscosity tomato variety.
Transcripts of one of these ESTs, EST 5C5, were undetectable in 70620 (high
viscosity) but accumulated in 70320 (low viscosity; Fig. 3B).

Isolation of the Full-Length cDNA for EST 5C5

We have previously generated a cDNA library from poly(A™) mRNA of
red-ripe fruit of tomato cv Rutgers in Uni-ZAP A-vector (Kausch and Handa,
1995). The EST 5C5 insert was labeled with [a->?P][dCTP and was used to
screen this library to isolate visI full-length cDNA clone according to the
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user’s manual (Stratagene, La Jolla, CA). After three rounds of plaque
hybridization, in vivo excision of the positive clones resulted in the putative
full-length EST 5C5 clones. Several independent clones were sequenced
using Taq DyeDeoxy terminator cycle sequencing reactions on an ABI 377
Prism DNA sequencer (Applied Biosystems, Foster City, CA) at the DNA
sequencing facility of Iowa State University. BLAST search (http://www.
ncbi.nlm.nih.gov) was performed to locate homologies of EST 5C5 in the
GenBank databases.

Isolation of vis1 Genomic Sequences and
Genotyping of Segregating Lines

The PCR amplification of vis] genomic sequences using the N-terminal
(5'-CATGGCTCATTGCTTATCAAG-3") and C-terminal (5'-CATTAATGT-
CAAACACTTTGGG-3') primers were unsuccessful because of the presence
of two introns. Thus additional primers (5'-CCATCATTTGTTGGACTG-
TCC-3" and 5'-GGACAGAGTCATAGAGGATC-3') representing the inter-
nal vis] cDNA sequences were made and used to amplify visl genomic
sequences from several low and high juice viscosity tomato varieties. The 25
wL of PCR reaction mixture contained 50 ng of plant genomic DNA, 1.5 um
of each primer, 200 um of each dNTP, 0.6 unit of Tag DNA polymerase, 50
mwm KCl, 10 mm Tris-HCI (pH 8.0), and 1.5 mm MgCl,. DNA amplifications
were performed in a thermocycler (PerkinElmer Life Sciences, Boston) with
the following profile: (a) 94°C for 1 min for 1 cycle, (b) 94°C for 1 min, 55°C
for 1 min, and 72°C for 2 min 30 s for 35 cycles, and (c) 72°C for 5 min for
1 cycle. PCR products were separated on agarose gels, eluted, and cloned
into TA cloning vector pCR2.1 (Invitrogen) and transformed into E. coli
DH5a by electroporation. Both strands from the PCR amplified DNA frag-
ments were sequenced. Analysis of these DNA sequences revealed the
presence of two alleles, one in the low juice viscosity variety and the other
in the high juice viscosity variety. Additional PCRs using other primers
were performed to establish the final genomic sequences of two vis1 alleles.

Genomic DNA of individual progeny of 70274 and 70188 was extracted as
described above. PCR was performed with primers (5'-GGACAGAG-
TCATAGAGGATC-3') and (5'-CATTAATGTCAAACACTTTGGG-3'). The
Rsal-digested PCR products were run on an agarose gel, the visI-hta allele
was distinguished from visI-Ita by its fast electrophoretic mobility.

Sequence Analysis

Pair wise estimates of sequence identity were performed with the pro-
gram GAP using the Blossum62 matrix of SeqWeb v1.2 of GCG Wisconsin
Package v10.1 (Genetics Computer Group, Madison, WI). Protein targeting
was analyzed by using PSORT (http:/ /psort.ims.u-tokyo.ac.jp/) and Chlo-
roP (http://www.cbs.dtu.dk/services/ChloroP) servers.

Sequences used in the phylogenetic analysis were retrieved from Gen-
Bank. The deduced amino acid sequences of vis1 and other sHSP genes were
aligned using the multiple sequence alignment ClustalW package (Thomp-
son et al., 1994). Molecular Evolutionary Genetic Analysis package (Kumar
et al., 1994) was used to construct phylogenetic trees based on a distance
matrix using neighbor joining analysis. Bootstrapping (1,000 replicates) was
performed to quantify the relative support for branches of the inferred
phylogenetic tree.

Pectin Analysis

Acetone-insoluble cell wall material was prepared from frozen fruit
pericarp according to Tris-buffered Phenol protocol (Huber and
O’Donoghue, 1993). CDTA-extractable polyuronides were extracted from
dried acetone-insoluble cell wall as described by Brummell and Labavitch
(1997). One milligram of dialyzed CDTA-extractable polyuronides was frac-
tionated on Sepharose CL-4B (60 X 1 cm) using 0.2 M ammonium acetate,
pH 5.0, as described previously (Tieman et al., 1992). The column was eluted
at a rate of 16 mL h™! and 0.8-mL fractions were collected. Uronic acid
contents were determined by the method of Blumenkrantz and Asboe-
Hansen (1973). Blue dextran (2,000 kD), branched dextrans ranging between
17.7 to 500 kD, and bromphenol blue (670 D; Sigma-Aldrich, St. Louis) were
used to estimate the molecular mass of pectin in different fractions. Because
dextrans may not have the same conformation as pectic polymers, the
values shown in Figure 3 are merely an estimation of M,.
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Construction of vis1 Bacterial Expression Vector and
Heat Tolerance Assay

The vis1 0.7-kb ¢cDNA insert was excised by EcoRI and Xhol and ligated
into the EcoRI/Xhol-digested pET28C, an E. coli expression vector (Invitro-
gen). The ligated products were transformed into E. coli DH5a by electro-
poration. The resulting vis1 expression construct was sequenced to establish
identity and designated as pET28C-visl. Plasmids from the pET28C-visl
and pET28C were isolated and used to transform E. coli BL21 (DE3). The
resulting transformants were used to characterize the effects of VIS1 on the
bacterial cell viability and thermal denaturation of protein.
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