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Abstract

The annual plant Taraxacum kok-saghyz, commonly called Russian dandelion, has recently gained commercial
attention as an alternative source to the rubber tree, Hevea brasiliensis, for natural rubber latex. While producing
rubber of equivalent quality, the potential application of TKS latex for hypoallergenic products remains to be
determined. In order to quantify the allergenicity of TKS latex proteins, we compared the extent of anti-Hevea latex
polyclonal and monoclonal antibody cross-reactivity toward Hevea latex proteins to that of TKS latex proteins by
quantitative ELISA methods and semi-quantitative image densitometry. ELISA measurement of polyclonal antibody
recognition toward TKS latex proteins was on the order of one-tenth relative to equal amounts of Hevea latex
protein, while recognition by the monoclonal antibody was below 2%. Immunoblots confirmed significantly reduced
polyclonal antibody recognition toward TKS latex proteins, in the same range as the cross-reactivity exhibited toward
the rubber-producing plant, Lactuca sativa and Glycine max, a non-rubber-producing plant. Despite the presence
of cross-reactivity, these quantitative results support TKS as an alternative source of latex that may require less-
intensive processing for the reduction of antigenic proteins in the manufacture of hypoallergenic natural rubber latex

products.
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Introduction

The natural rubber latex industry currently relies almost solely on
environmentally-deleterious tropical plantations of the rubber tree,
Hevea brasiliensis [1,2]. Furthermore, the potential for development
of sensitization toward proteins contained in Hevea-derived latex
poses significant health risks in the form of type I IgE-mediated
hypersensitivity (allergic) reactions, particularly with the use of gloves
and other medical devices in contact with skin.

Latex is typically a white sap that is stored in laticifer cells and
exuded upon injury possibly to defend against herbivores and
pathogens [3,4]. The latex of many plants contains rubber (cis-1,4-
isoprene polymer) which accumulates within lipid-bound microscopic
rubber particles. In addition to rubber, latex contains a variety of small
molecules and proteins such as proteases, chitinases and glucosidases
[4]. Latex proteins can be divided into three groups: soluble proteins,
proteins associated with organelles, and proteins bound to the surface
of rubber particles. About one quarter of the proteins in H. brasiliensis
latex are tightly bound to the hydrophobic surface of rubber particles,
making them difficult to remove from the resulting natural rubber latex
products [5].

Improvements to manufacturing practices through washing of
natural rubber latex products derived from H. brasiliensis have resulted
in products with reduced allergen contents [6]. However, to produce
Hevea latex safe for use by latex-hypersensitive individuals, the complete
removal of all allergenic proteins is needed. Removal of the rubber
particle-bound proteins would necessitate drastic treatment e.g. with
proteases [7,8] and/or detergents, that would not only be costly, but could
also affect the quality of the resulting latex products [5]. Alternative
sources of natural rubber latex having reduced levels of antigenicity
could reduce processing costs and provide an additional margin of
safety. Such materials may surpass today’s Hevea-derived hypoallergenic
products, which have had their antigenicity sufficiently reduced to

avoid sensitization, and may indeed be tolerable for latex-allergic
individuals [6]. There is no agreed-upon safe antigen concentration
limit to denote latex as being hypoallergenic. However, a lower antigenic
burden in latex may reduce the potential development of sensitization
in previously-insensitive individuals [9]. By measuring Hevea allergens
quantitatively, it may be possible to set a threshold below which gloves
containing low or insignificant amounts of allergens can be considered
as hypoallergenic [10].

Taraxacum kok-saghyz (TKS), also called Russian dandelion, is a
rapidly-growing annual plant with high levels of rubber accumulation
in its roots. It has gained increasing attention as an alternative,
domestic, crop for natural rubber latex production [11]. A recent report
demonstrated the presence of anti-Hevea antibody cross-reactivity
toward TKS latex proteins, and questioned the crop’s potential for use in
hypoallergenic products on that basis [12]. However, this conclusion was
based on qualitative results with only an approximate quantitative range
given; a rigorous quantitative analysis of TKS latex protein antigenicity
compared with Hevea latex proteins remains unavailable.

The objective of this study was to measure the degree of anti-Hevea
antibody cross-reactivity toward TKS latex proteins using quantitative
ELISA assays and semi-quantitative Western blot image densitometry to
substantiate the quantitative results. For further comparison, polyclonal
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anti-Hevea antibody cross-reactivity to proteins from TKS latex,
Lactuca sativa (lettuce), another rubber-producing food crop, and a
non-rubber-producing food crop, Glycine max (soybean), was evaluated
by Western blot image densitometry alongside TKS latex proteins.
Furthermore, potentially cross-reactive proteins in TKS, lettuce, and
soybean were identified by BLAST searches using the major Hevea
latex allergens as query sequences and compared on the basis of their
evolutionary relationships. These findings will help in evaluating the
potential applications of TKS latex for manufacturing hypoallergenic
latex products.

Materials and Methods

Unless otherwise indicated, all chemicals were purchased from
Sigma-Aldrich (Oakville, Ontario, Canada) or Fisher Scientific
(Mississauga, Ontario, Canada).

Latex extraction from roots

Greenhouse-grown Taraxacum kok-saghyz plants were supplied by
NovaBioRubber Green Technologies, Inc. (Surrey, British Columbia,
Canada) and shipped overnight on ice. Latex was extracted from
roots as described [13,14]. Briefly, washed roots from ten plants were
homogenized for 2 min in a chilled Waring laboratory blender at 20%
(w/v) inice-cold homogenization buffer containing protease inhibitors to
avoid endogenous proteolysis (100 mM Tris-HCI, pH 7.5, 5mM MgSO,,
1% (w/v) ascorbic acid, 50 uL Antifoam 204, 5 mM 2-mercaptoethanol,
and 10 mM phenylmethylsulphonyl fluoride (PMSF)). The homogenate
was filtered through four layers of cheesecloth, and the filtrate underwent
repeated centrifugation with collection of the top latex layer into sample
tubes kept on ice.

Extraction and quantification of latex proteins

Proteins in the extracted latex were solubilized by incubation
in an equal volume of extraction buffer (50 mM Na,PO,, pH 7.4, 1%
(w/v) sodium dodecyl sulphate (SDS)) for 2 h at room temperature as
described [12]. The rubber phase was removed by centrifugation for
15 min at 21,000x g, the aqueous phase containing solubilized latex-
associated proteins was carefully removed with an 18-gauge needle and
clarified by passing through a 0.45 pum low-protein-binding syringe
filter for storage in aliquots at -20°C. Proteins were also extracted
from a commercial sample of ammoniated Hevea natural rubber latex
(KreemTEX, Enviromolds, Salem, New Jersey) and from latex obtained
directly from romaine lettuce (Lactuca sativa) using a similar procedure.
Proteins were extracted from ground soybeans (Glycine max) by aqueous
extraction and analyzed directly.

Protein concentrations in the latex samples were quantified to
permit their comparison on an equal basis in immunological assays.
To remove interference from non-protein components, 1 mL samples
were treated with 0.1 mL of 1.5% (w/v) sodium deoxycholate followed
by precipitation of proteins using 0.2 mL of 72% (w/v) tricholoracetic
acid [15]. The precipitated proteins were pelleted by centrifugation,
dried, and then dissolved in 50 mM NaOH. Protein was quantified by
the bicinchoninic acid, reducing agent compatible (BCA-RAC) protein
assay (Thermo Fisher Scientific) calibrated using dilutions of a bovine
serum albumin analytical standard (Bio-Rad, Hercules, California,
USA) prepared using identical precipitation and dissolution steps. This
assay provided greater sensitivity and linearity than the modified Lowry
assay recommended in ASTM method D5712 for the measurement of
extractable protein from latex (https://tools.thermofisher.com/content/
sfs/brochures/1602063-Protein-Assay-Handbook.pdf) [16]. Protein
concentrations in the samples were determined as: 986 + 88 pg/mL

for the Hevea standard antigen (Latex natural rubber protein standard
antigen, Akron Rubber Development Laboratory (ARDL), Akron, Ohio,
USA); 175 + 48 ug/mL for the Hevea latex protein extract; 539 + 40 g/
mL for the Taraxacum latex protein extract; 26,995 + 1,803 pg/mL for
the romaine lettuce latex extract; 7,365 + 226 pg/mL for the soybean
extract.

Polyclonal and monoclonal ELISA

Table 1 describes the antibodies used to evaluate cross-reactivity
toward latex proteins. Antigenic protein in TKS latex was quantified
via polyclonal inhibition enzyme-linked immunosorbent assay (ELISA)
described in ASTM D6499-12 using commercially-available polyclonal
anti-Hevea rabbit serum (ARDL) [17]. This assay is based on a signal
inhibition proportional to the amount a sample’s of competitive
binding. To quantify anti-Hevea antibody cross-reactivity toward
TKS, concentrations of TKS protein which demonstrated measurable
inhibition in the ELISA assay proportional to two sequential duplicate
dilutions (four measurements) were related to the concentration of
standard Hevea antigen producing an equal level of inhibition. That is,
the antigenicity of TKS latex could be described as a ratio of the amount
of TKS protein relative to Hevea protein that produced an equal level of
inhibition.

Allergenic protein in TKS latex was also quantified by direct
monoclonal antibody recognition of the Hevea latex small rubber
particle protein (SRPP), Hev b 3, using the immunoenzymometric two-
layer Hev b 3 ELISA (Icosagen AS, Tartumaa, Estonia) as described
in ASTM D7247-14 [18]. An antibody targeting Hev b 3 was selected
because its homolog, SRPP3, is the most abundant of the identified
Hevea allergens present in TKS latex, and this antibody also showed the
most intense cross-reactivity to TKS latex proteins [12,19].

All ELISA quantifications were performed at least in duplicate,
experiments were repeated in triplicate. Data were analyzed by Welch’s
one-way ANOVA (a=0.01) using the Real Statistics Resource Pack
software (Release 5.0) by Charles Zaiontz (http://www.real-statistics.
com).

SDS-PAGE and Western blots

Proteins were separated by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) using gradient gels (4-15% acrylamide,
Bio-Rad) loaded with equal volumes of sample buffer for Western
blot and silver staining [20]. Gels were developed for total protein
visualization by silver staining, and duplicate gels were transferred to
polyvinylidene fluoride membranes by a modification of the method of
Towbin et al. [21]. Membranes were blocked for 1 h at room temperature
with 5% (w/v) bovine serum albumin in Tris-buffered saline (pH 7.6)
containing Tween-20 (0.1% v/v) (TBST) followed by three washes with
TBST. Blocked membranes were incubated for 1 h at room temperature
with antibodies diluted in TBST (1:2500 rabbit polyclonal (ARDL);
1:1000 mouse monoclonal (anti-Hev b 3, Icosagen AS) followed by three
washes in TBST. For detection, the membranes were incubated (1:10

Limit of
Antibody Target Manufacturer Detection for
ELISA
Akron Rubber
Rabbit Full protein profile of Development 30 ugil
Polyclonal Hevea NRL Laboratories H9
(Akron, USA)
Mouse Hev b 3 protein of Hevea Icosagen AS 0.8 ug/L
Monoclonal NRL (Tartumaa, Estonia) o Hg

Table 1: Properties of antibodies used for ELISA and Western blot analyses.
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000) with StrepTacin-Horseradish Peroxidase conjugate (Bio-Rad) for
visualization of molecular weight markers and a secondary horseradish
peroxidase-conjugated antibody (1:1000) (Sigma-Aldrich) against the
primary antibody species of origin. Antibody binding was detected
by enhanced chemiluminescence (ECL) using SuperSignal West Dura
Extended Duration substrate (Fisher Scientific) and imaged using
a Bio-Rad ChemiDoc MP system (Bio-Rad). Densitometric image
analysis was performed using ImageLab software v5.2 (Bio-Rad) with
each lane quantified as a single band, with background subtracted using
a disk size of 10 mm. Protein loadings that produced a linear response
in signal intensity as a function of loading were used for comparison
(data not shown).

Protein homology

BLAST searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were
conducted using the amino acid sequence for each of the 15 identified
Hevea allergens (Hev b 1 through Hev b 15) as the query against proteins
in each of the plant species used for comparison: T. kok-saghyz, L. sativa
and G. max. Search results were sorted by identity score and the top
five hits for each species were tabulated after removal of redundancies
to illustrate the relative abundance of proteins sharing significant
homology with the Hevea antigens.

A phylogenetic tree was constructed using Phylogeny Analysis
tools (http://www.phylogeny.fr/) in one-click mode to illustrate the
evolutionary relationships between two Hevea antigens (Hev b 1 and
Hev b 3) having the greatest number of homologous proteins with the
other plant species. Their homologs identified by BLAST searches for
each plant species were used for comparison [22-24].

Results

Quantitative ELISA analyses of anti-Hevea antibody cross-
reactivity toward TKS latex proteins

Inhibition due to binding of the polyclonal antibody to the TKS
latex protein competitor was detectable, in agreement with the cross-
reactivity reported by Cornish et al. [12]. The concentrations of total
and antigenic proteins in the Hevea and TKS latex samples are given in
Table 2 along with the corresponding relative antigenicity of the total
protein amounts.

Based on the polyclonal inhibition ELISA assay, TKS latex proteins
exhibited only 12% of the antigenicity of an equivalent amount of Hevea
latex proteins. In contrast, antigenic protein concentrations in both the
HSA and the Hevea natural rubber latex were very similar to the total
protein concentration measured in each sample.

Similar analyses have been reported, albeit with greater uncertainty
and variability possibly due to interference in the protein quantification
assays [12].

Based on our inhibition ELISA results, ~8-fold greater amount

Equivalent

antigenic protein Antigenicity

Sample (total protein concentration, pg/ of total

mL * SD) concentration, ug/ N
mL % SD protein
Hevea protein standard antigen (986 + 88) 997 + 422 1.01
Hevea latex protein extract (175 + 48) 170 £ 8° 0.97
T. kok-saghyz latex protein extract (539 + 40) 62 +2° 0.12

Table 2: Antigenic protein detected by rabbit polyclonal anti-Hevea antibody
inhibition ELISA assay.
Superscript letters denote significantly different results (p<0.01)

Hev b 3 equivalent

Sample (total protein concentration, pg/mL * SD) | concentration (pg/L)
+SD

Hevea latex protein standard antigen (986 + 88) 114 + 312
Hevea latex extract (175 + 48) 15 + 40
Taraxacum kok-saghyz latex protein extract (539 + 40) 0.8+£0.6°

Table 3: Antigenic protein detected by mouse monoclonal anti-Hev b 3 antibody in
two-layer ELISA assay.
Superscript letters denote significantly different results (p<0.01)

of TKS latex protein relative to Hevea latex protein was required to
produce equal levels of inhibition. The level of inhibition produced by
TKS latex proteins in the polyclonal inhibition ELISA assay was below
the suggested inhibition signal range of 40-60% for quantification
of antigenicity using this assay [17]. The low signal level could not
be improved by increasing the concentration of TKS protein in
solution, giving a plateau of around 25% inhibition at sample protein
concentrations from 5 to 250 pg/mL, preventing direct comparison of
antigenic protein concentrations in terms of Ag, values that produced
50% inhibition. This was likely due to reduced antibody recognition,
because the Hevea latex protein sample extracted in an identical fashion
did not demonstrate the same plateau at low levels of inhibition. Despite
the low level of inhibition, measurements had good reproducibility in
replicate assays, and could be directly compared based on concentrations
producing lower levels of inhibition.

The concentrations of antigenic proteins were also measured by
direct two-layer ELISA using the monoclonal anti-Hev b 3 antibody.
Four monoclonal anti-Hevea antibodies are commercially available;
the anti-Hev b 3 monoclonal antibody was selected for ELISA and
Western blots because this antibody demonstrated the strongest cross-
reactive signal toward TKS latex proteins among all four commercial
monoclonal antibodies [12]. While protein concentrations measured
by the polyclonal inhibition EILSA assay are expressed in micrograms
per millilitre, Hev b 3 equivalent concentrations are three orders of
magnitude lower, expressed in the range of micrograms per litre.

The monoclonal anti-Hev b 3 antibodies recognized less than 1 pg/L
equivalent Hev b 3 protein in TKS latex protein samples containing 540 pg/
mL total protein, representing only approximately 2.0 x 10% of the total
protein (Table 3). In comparison, the antigenic Hevb 3 concentration in
both the Hevea latex protein samples represented approximately 0.01%
of the total protein concentration for each sample. As with the polyclonal
ELISA assay, the detectable concentration of antigenic protein in the
TKS latex protein extract was below the limit of quantification for the
assay, stated by the manufacturer as 10 ug/L equivalent Hev b 3 proteins
[18]. These results indicated that the intensity of monoclonal antibody
recognition of proteins in TKS latex that are homologous to Hev b 3
is less than 2% compared to an equal amount of Hevea latex proteins.

Semi-quantitative Western blot analyses of TKS latex protein
cross-reactivity against Hevea antibodies

TKS latex proteins and Hevea latex proteins were extracted by the
same procedure and visualized by silver staining (Figure 1A). Antibody
binding was compared using an equal amount of protein loaded in each
lane. Recognition of TKS latex proteins (TL) by polyclonal (Figure 1B)
and monoclonal (Figure 1C) antibodies was compared to that of Hevea
standard antigen (HSA) and Hevea latex protein extract (HL). A negative
control using bovine serum albumin (Bio-Rad) included in preliminary
experiments demonstrated no antibody cross-reactivity (data not shown).
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Figure 1: Total protein silver stain (A); Polyclonal anti-Hevea Western blot (B); and monoclonal anti-Hev b 3 Western blot (C) of antibody recognition toward Hevea and

TKS latex proteins. All sample lanes were loaded with 0.5 pg protein.

M: Molecular Mass Marker; HSA: Hevea Standard Antigen; HL: Hevea Latex Protein Extract; TL: TKS Latex Protein Extract

i Antigen
Antibody
HSA HL TL
Polyclonal Lane density 1.05 x 108 1.45 x 108 1.99 x 107
anti-Hevea TKS Ratio TL/HSA=0.19 TL/HL=0.14
Monoclonal Lane density 9.37 x 108 2.94 x 108 2.79 x 10°
anti-Hev b 3 TKS Ratio TL/HSA=0.03 TL/HL=0.09

Table 4: Binding intensities of anti-Hevea antibodies toward Hevea and Taraxacum
and image densitometry corresponding to Figures 1b and 1c are reported, followed
relative to each Hevea latex protein sample.

The smearing in the lanes indicated that spontaneous proteolysis
likely occurred during shipment and storage of the fresh roots or during
sample preparation, despite efforts to prevent hydrolysis by including
protease inhibitors in the extraction buffer. However, the partially
hydrolyzed samples retained their antigenicity, as seen by antibody
binding shown by Western blot (Figure 1B). Hydrolysis of proteins
occurs during latex production as a result of endogenous proteolysis
and processing conditions, and may in fact increase the number of
antigenic epitopes by exposing buried sequences [25].

Western blot imaging showed that for both antibodies, the
recognition of Hevea latex proteins (HSA and HL) appears qualitatively
similar based on relative lane densities. In contrast, antibody recognition
of TKS latex proteins (TL) relative to Hevea proteins was significantly
reduced for both antibodies.

We measured the signal intensities of each lane by semi-
quantitative densitometric image analysis and calculated the ratios of
signal intensities (Table 4). The semi-quantitative results confirmed a
significant reduction in antibody binding toward TKS latex protein.
Binding intensity signals of the polyclonal antibody toward TKS latex
proteins were 19% of the Hevea latex standard antigen and 14% of
the Hevea latex proteins for equal amounts of protein. Monoclonal
anti-Hev b 3 antibody recognition of TKS latex proteins was further
reduced, producing a signal intensity that was only 3% relative to
Hevea latex standard antigen and 9% relative to Hevea latex proteins
extracted in an identical fashion (Table 4). These results are similar to
the relative binding intensities measured by the quantitative ELISA
assays.

kok-saghyz latex proteins. Lane intensities as measured by chemiluminescent detection
by the calculated ratios of lane intensities for antibody recognition of TKS latex proteins

Comparing TKS and other plant proteins for anti-Hevea
polyclonal antibody cross-reactivity

The previous results suggested significantly reduced cross-reactivity
of Hevea antibodies toward TKS latex proteins compared to Hevea latex
proteins. However, decreased cross reactivity does not exclude the
potential danger of TKS proteins in individuals previously sensitized
to Hevea antigens. To evaluate the antigenicity of TKS latex proteins in
relation to some commonly encountered plant-based foods, proteins
from soybean (G. max), a non-rubber-producing plant, and the latex of
romaine lettuce (L. sativa), a rubber-producing plant containing latex
proteins that are homologous to Hevea latex proteins [26], but which
has not been identified as a major cause of allergy (http://www.allergen.
org/index.php), were selected to compare their relative extents of anti-
Hevea antibody cross-reactivity.

Qualitative observation of the Western blot image in Figure 2
showed that HSA and HL exhibited similarly strong reactive signals,
while TKS latex proteins, lettuce latex proteins and soy proteins all
showed significantly reduced signals. The lettuce latex proteins gave a
similar binding intensity to that of TKS latex proteins and, interestingly,
soy proteins produced a stronger signal than either the TKS or lettuce
latex proteins.

When the relative intensities of antibody binding between other
plant proteins and Hevea latex proteins were measured densitometrically,
the intensity of TKS latex protein binding was 152% that of lettuce latex
protein, 48% that of soy protein, but only 10% that of Hevea latex protein.
Compared to Hevea latex protein, the relative intensities of lettuce and soy
protein cross-reactivity were 7% and 21%, respectively (Table 5).
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Sample HSA  HSA HL HL

Loading (pg) 1.0 2.0 1.0

2.0

TL TL RL RL  Soy
1.0 2.0 10 20 20
s

Figure 2: Polyclonal Western blot image showing antibody recognition of Hevea standard antigen (HSA), Hevea latex protein extract (HL), T. kok-saghyz latex protein
extract (TL), L. sativa latex protein extract (romaine lettuce, RL) and G. max protein extract (soybean, Soy). Protein loadings (ug) are specified for each lane.

Protein source (loading) HSA (2.0 pg) HL (2.0 ug) TL (2.0 pg) RL (2.0 ug) Soy (2.0 pg)
Lane densities

Relative intensity ratios 4.94 x 107 8.91 x 107 9.03 x 10° 5.95 x 10° 1.88 x 107
HSA 0.55 0.18 0.12 0.38
HL 1.81 0.1 0.07 0.21
TKS 0.18 10 0.66 2.08
RL 8.31 14.98 1.52 3.16
Soy 2.63 4.75 0.48 0.32

Table 5: Binding intensities of anti-Hevea polyclonal antibody toward various plant proteins, relative to Hevea latex proteins. Values are expressed as the ratios of lane

intensities from Figure 2 as measured by chemiluminescent detection.

These results demonstrate that while some cross-reactivity is
apparent toward TKS latex proteins, the intensity of polyclonal anti-
Hevea antibody binding toward TKS latex proteins is significantly lower
than toward Hevea latex proteins and similar to or lower than some
common plant foods including romaine lettuce and soybean.

Discussion

The rubber particle of H. brasiliensis contains at least 186 proteins
based on proteomic analysis [27], while the whole cytoplasm latex of
H. brasiliensis contains over 300 proteins [24], including 15 that have
been identified thus far as being clinically significant in human type I
latex allergy. These 15 proteins represent the canonical Hevea allergens,
named Hev b 1 through Hev b 15 by the World Health Organization
International Union of Immunological Studies (IUIS) (http://www.
allergen.org/index.php). Hev b 1, Rubber elongation factor (HbREF,
14.7 kDa) and Hev b 3, Small rubber particle protein (HbSRPP, 22.3
kDa), are recognized as major allergens found in Hevea latex [28-32].

Phylogenetic analysis shows that HbREF and HbSRPP are
homologous proteins originating from a common ancestor gene, and
sequence analysis shows that they share highly conserved motifs with
50% sequence identity. Compared to HbSRPP, HbREF partially lacks

C-terminal sequence [19]. This REF/SRPP family of proteins is widely
distributed among members of the plant kingdom, denoted as SRPP or
REF-like proteins in the UNIPROT database (http://www.uniprot.org/
uniprot/QIMA63).

Cross-reactivity in Hevea-sensitive individuals toward various plant
foods is due to the presence of homologous proteins [33]. Homologs
of Hevea SRPP also exist in the rubber-producing plants Parthenium
argentatum (guayule) (GHS) [34], T. kok-saghyz (TkSRPP) [35] and
L. sativa (lettuce) (LsSRPP) [26]. To investigate the abundance of
Hevea antigen homologs in both rubber-producing and non-rubber-
producing plants, we performed BLAST queries (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) using the 15 Hevea allergens currently identified to
search for homologous protein sequences from three other plant species:
T. kok-saghyz, L. sativa (lettuce) and G. max (soybean). Redundant
homologous protein sequences obtained from the search results were
removed and the top five were tabulated for each plant species based on
their identity scores, given in Supplementary Information.

The proteomic analysis identified different numbers of Hevea
homologs among the different plants, with varying degrees of identity
for each Hev antigen (Supplementary Information). As expected, due
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to their highly conserved sequence similarity, Hev b 1 and Hev b 3
share common homologous proteins of similar sequence identity with
TKS. Three Hev b 3 homologs were identified in lettuce, two of which
also share significant homology with Hev b 1. In soybean, at least five
homologous proteins were identified for each of Hevb 1 and Hev b 3, of
which two were shared. Homologs of Hev b 2, Hev b 4, Hevb 7, Hev b
8,Hevb 9, Hevb 13, and Hev b 15 were only identified in soybean. Hev
b 5 gave no hits in any of the plants compared. Homologous proteins to
Hevb 6, Hevb 10, Hev b 11, and Hev b 12 were only identified in lettuce
and soybean. Hev b 14 had many high identity proteins shared with
soybean and one low identity protein each in TKS and lettuce.

Complete genome sequences are available for lettuce and soybean,
but not for TKS, which has only 263 protein sequences and 103
translated mRNA sequences available for comparison. It is interesting
to note that lettuce contains proteins which are homologous to 7 out
of the 15 Hevea antigens, but has no proteins which are homologous
to the other 8 Hevea antigens. This may be why the weakest reactivity
of the polyclonal anti-Hevea antibody was observed against lettuce
proteins. Although only five proteins in TKS were identified as being
homologous to the Hevea antigens, it is highly possible that additional
homologous proteins will be identified in TKS when more genomic or
proteomic data are available in the future.

Remarkably, a large number of homologs to 14 of the 15 Hevea
antigens were identified in G. max, a non-rubber-producing plant.
This homology is supported by the Western blot densitometric analysis
which also showed the greatest amount of polyclonal antibody cross-
reactivity toward soybean proteins among the plants analyzed (Figure
2 and Table 5).

Soybean is ranked as one of the top 8 allergenic foods, especially
among infants and children and at least 21 allergenic soybean proteins
have been identified [36]. Approximately 0.4% of children are allergic
to soy and among them the majority will outgrow the soy allergy by
ages 3 to 10 [37]. Allergic reactions to soy are typically mild and only on
rare occasions were severe reactions reported. Compared to many other
food proteins, both human clinical and animal model data indicate that
soy proteins tend to be less immunogenic: the minimum oral allergen
dose required to initiate allergic symptoms (food allergen reaction
thresholds) for soy is >100-fold greater relative to peanut, hazelnut,
egg and milk. The safe protein dose for soy is approximately 400 mg
whereas the other antigens range from 0.1 to 3 mg [38].

Our results suggest that TKS cross-reactivity may be analogous to
the cross-reactivity to homologous proteins of some pollens and fruits
in a portion of Hevea latex-allergic individuals. Approximately 30-50%
of individuals allergic to Hevea latex show an associated hypersensitivity
to some plant-derived foods, a condition called “latex-fruit syndrome”.
It has been hypothesized that allergen cross-reactivity is due the
existence of structurally similar epitopes on different proteins that are
phylogenetically closely related or represent evolutionarily conserved
structures [33,39].

Therefore, while TKS latex proteins showed in vitro cross-reactivity
by Hevea antibody recognition, the threat that TKS latex holds in vivo
for latex allergic individuals may not be as severe as Hevea natural
rubber latex; rather, it may fall within the range of cross-reactive food
allergens reported to be associated (clinically or immunochemically)
with natural rubber latex within the group of “low or undetermined”
degree of association or prevalence by the American Latex Allergy
Association (http://latexallergyresources.org/cross-reactive-food). This
group contains soybean and many other fruits and vegetables, but as of
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Figure 3: Phylogenetic tree constructed using Phylogeny Analysis tools
showing evolutionary similarities of Hev b 1 and Hev b 3 and their homologs in
T. kok-saghyz, L. sativa and G. max [22].

yet does not include lettuce.

A phylogenetic tree was constructed to compare the evolutionary
relationships of proteins identified as being homologous to Hev b 1 and
Hev b 3, the Hevea allergens having the greatest number of homologs in
the compared plant species (Figure 3).

Phylogenetic analysis shows that all homologs in G. max originate
from a single ancestor, as does one lettuce SRPP protein, whereas all
TKS latex proteins share a common ancestor with two other L. sativa
latex proteins.

Based on the evolutionary distances of Hev b 1 and Hev b 3, and
their homologs in other plants, G. max proteins are more closely
related to L. sativa latex proteins than to H. brasiliensis latex proteins;
similarly, TKS latex proteins are also more closely related to L. sativa
latex proteins than to H. brasiliensis latex proteins, although this entire
group of proteins likely originates from a common ancestor. Therefore,
although TKS is a rubber-producing plant, in terms of potential
allergenicity, TKS latex proteins may be more similar to proteins found
in plant foods such as soy and lettuce, than to the Hevea allergens.

Latex-fruit syndrome is considered to be a class 2 food allergy
caused by incomplete, labile food allergens that can only function as
non-sensitizing elicitors; such food allergens elicit an immune response
from antibodies developed against a complete antigen (class 1) having
heat stability and resistance to digestive enzymes and which can
function as both sensitizer and elicitor (http://dmd.nihs.go.jp/latex/
cross-e.html).

Our results cannot exclude the possibility that TKS proteins may
contain some class 1 antigens which could induce sensitivity in non-
allergic people, but the similarity of cross-reactivity and evolutionary
relationships to other plant foods suggest that TKS latex may contain
class 2 antigens, which cross-react mildly to Hevea antibodies and also
may have much reduced potential to either induce de novo allergy or
allergic reactions in Hevea allergic individuals.

As a rubber-producing plant having potential as a novel source of
domestic natural rubber latex, TKS should be clinically evaluated not
only for its cross-reactivity to H. brasilienis type I latex allergy, but
also for its potential to induce type I allergies of its own [40]. Antigen
exposure from latex products is mainly through skin contact or
inhalation of airborne particles carrying latex antigens, which is distinct
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from oral and digestive exposure to food antigens. Further clarification
of our in vitro results requires subsequent in vivo studies on TKS latex
protein allergenicity using an animal model for human type I allergies.

Hypoallergenic natural rubber from sources other than Hevea has
been reported in both non-laticiferous rubber-producing species such
as P argentatum (guayule) and laticiferous plants such as Ficus elastica
(Cornish K, US Patent US5717050). As such, it has been suggested that
Hevea latex allergens are species-specific, and Hevea latex allergy may
be circumvented using rubber from divergent species [41].

Among three evolutionarily divergent rubber-producing plant
species (Hevea, Taraxacum and Parthenium), latex-associated proteins
originate from common ancestry within a larger family of plant stress-
related proteins (prenyl transferases) and share significant homology
with a wide range of plant stress response proteins. It is expected that
nonspecific antibody cross-reactivity occurs among these families of
proteins [31]. However, direct comparison of the relative degree of
antigenicity using quantitative methods provides an indication of the
relative allergenicity of alternative natural rubber latex sources.

In conclusion, our results suggest that TKS may be an additional
potential source for either hypoallergenic or circumallergenic natural
rubber latex. These results do not indicate an absence of allergenicity
upon exposure to TKS latex in Hevea-sensitized individuals, but
emphasize the need for substantiation by in vivo testing.
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