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Introduct ion

Pollen, spores and various other airborne particulate or-
ganic matter may invoke allergic responses in atopic people

ll,2l. The effects of such allergens are direct and, in most
cases, also specific. However, because pollen and spores are
carried by winds over long distances and because they ap-
pear in the air in a large assortrnent, it is not easy to identify
the specific plant species that causes an allergic response in
a ceftain patient at a certain time. This is fur-ther complicat-
ed by the fact that closely related plant species cause similar

Abstract
Background: It is not easy to identify the specific plant species that causes an
allergic response in a cer-tain patient at a certain time. This is furlher complicated
by the fact that closely related plant species cause similar allergic responses. A
novel mathematical technique is used for analysis of skin responses of a large
number of patients to several groups of allergens for improvement of the under-
standing of their sirnilarity or dissimilarity and their status regarding cross-reac-
tivity. Methods: The responses of 153 atopic patients to 42 different pollen ex-
tracts were tested by skin prick tests. Arnong the responses of patients to various
extracts, a measure of dissimilarity was introduced and calculated for all pairs of
allergens. A matrix-structuring technique, based on a solution of the 'Tiavell ing

Salesman Problem', was used for clustering of the investigated allergens into
groups according to patients' responses. The discrimination among clusters was
confirmed by statistical analysis. Results: Sub groups can be discerned even
among allergens of closely related plants, i.e. allergens that are usually regarded
as fully cross-reactive. A few such cases are demonstrated for various cultivars of
olives and pecans and for various sources of date palms, turf grasses, three wild
chenopods and an amaranth. Conclusion: The usefulness of the proposed ap-
proach for the understanding of sirnilarity and dissirnilarity among various pol-
len allergens is demonstrated.

allergic responses [3-6], and by the diff icultie s to distin-
guish between responses to specific types of pollen when a
wide spectrum of airborne pollen is present [7-10].

The purpose of the following study was to broaden the
application of a mathematical tool for the analysis of large
sets of data of skin tests [10]. This method depicts the simi-
larity, and dissimilarity, between examined allergens as re-

vealed by the skin responses of a large number of patients.

Such information is important for the improvement of the
understanding of the similarity of various plant allergens

and affirms their status regarding cross-reactivity.
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Materials and Methods

A survey of populat ion responses to various pol len al lergens was
carried out in 10 rr.rral settlements in Israel. Skin prick tests wcre per-
f-ormed with autochthonous pollen extracts. Thc extracts were pre-
pared either from pollen batches that were collected from individual
trees (Date palms - Phoenir ductt,lfèro) or from cloned plants of well-
defined cultivars (pecans - Carya illinoen.sis,' olives - Olea europaeo,'
turf grasses etc.).  Pol len of other plants was col lected in Tel Aviv from
the localpopulat ions of weeds. The autochthonous extracts were pre-
pared as fol lows: clean pol len grains were sonicated in a steri le sal ine-
glycerol buffer solut ion (pH 8.2; 2.8% NaHCOr, 0.5% NaCl, 50% gly-
cerol).  The solut ion was centr i fugcd for 30 min at 7,600g, and the su-
pernatant was then filtered through a membrane with 45-;.rm pores.
Protein contcnt of the obtained extract was determined by the Lowry
procedure, with BSA as a standard. After the protein content was de-
tennined, each of the autochthonous extracts was diluted to a standard
concentration of 5 mg protein/n'rl solution. The extracts were storcd at
-20"C ffor the dctailed procedure of extract preparation, see ref. I | ].
Though the tested allergens are typical fbr rnany of the Mediterranean
countr ies, the method of analysis is suitable for any set of al lergens.
Concomitant tests were made with commercial ly avai lable pol len ex-
tracts (produccd by Dorne/Holl ister Stier, Spokane. Wash., USA and
by Ccnter Laboratories, Port Washington. N.Y, USA). Altogether,42
allergens of different sourccs were tested ol.ì most of thc 153 patients.
Each of the patients was tested for at least 30 al lergens. Only 2 al-
lergens were not tcsted concomitantly on any of the patients (marked
by "? ' in  f ig .  l ) .  The l is to f  a l la l le rgenstested ispresented in  f ìgr - r re  l .

Skin prick tests were made on both arms of the patients, and thc
diameter of the developing wheals was measured and classif ied into
5 grades: 0: wheal diarneter smaller than2 mm; l :  wheal diameter 2
4 mm; 2: wheal diameter 4 10 mml 3: wheal diameter l0 l5 mm. and
4: wheals larger than l5 mm, mostly with developed pseudopodia. In
order to identi fy patients with exceptional responses, histamine and
saline-glycerol pricks were performed on each arm.

Results of the skin tests of al l  patients, based on the frequency of
responses and their intensity (size of the wheal),  were used tbr the
calculat ion of the degree of dissimilari ty between each pair of al ler-
gens, i .e. the so-cal led 'distances' between them. The distances were
calculated on the basis of the intensity of responscs of patient t  to al-
lergen r  ( in  :  0 ,1 ,2 ,3  or  4 ,  depending on the d iameter  o f  the wheal ) .  A
very sensit ive patient who responds to many of the al lergens tested is
characterized by many posit ive i , ,  values. The i , , ,  values cqualzero in a
nonatopic patient.

When a patient t  is tested for 2 al lergens, r and s, the measure
d^,:1i, . ,- i , ,1, which corresponds to the dif ference in diarneter of the
two wheals, reflects the diffcrence in reaction of the patient to the 2
al lergens. The value of d,. ,  can be 0, l ,  2. 3 or 4. l f  one al lergen causes a
strong skin response and the response to the other one is weak, then d,.,
wi l l  be large (equals 2, 3 or 4). I f  the reaction to the 2 al lergens is
similar, either strong or wcak, d,. ,  wi l l  be small  (equals 0 or l) .

Two distances can be calculated for K,, patients who were tested
for their reaction to al lergens r and s, but only M,, of them responded
posit ively to one or both al lergcns. The distances between al lergcns r
and s, based on the responses of the patients that were tested f-or both of
them, were calculated by the fol lowing cquations:

(  l ' )

where l /-  153 is the total number of patients tested.
The first measure lrl,.,/ does not take into account thc cascs in

which a paticnt did not respond to either of the 2 al lergens, while the
second one (d-,.,) includes such cases. The choice of the appropriate
measure of dissimilari ty depends on the group of al lergens in qucstion.
as explained below.

The distances within all possible pairs of the 42 allergens were cal-
culated. The distance within each pair of al lergens to which the pa-
tients have responded in an identical way is zero. The distance between
allergens to which the patients responded in a similar way \.vas regard-
ed as 'srnal l ' ,  whereas the distance between al lergens with dif ferent
responses was regarded as 'large'.

The calculated distances among al lergens were used as a basis for
their rearrangement in an ordered l ist that ref lects their overal l  simi-
larities. The mathernatical algorithm that we employed, in order to de-
r ive this l ist,  is related to the arrangement of a l ist of i tems, while mini-
mizing the path passing al l  of them, based only on the distances among
them [2]. The analogy is planning a route of a travel ing salesman,
among a number of ci t ies, in a way that wi l l  minirnize his total trav-
el ing distance. This analogy gave the problem its fantous name, the
'Travel l ing Salesman's Problem' (TSP).

In our casc, thc distance between every 2 al lergens, which is a
measurc of their dissirni lar i ty, was calculated on the basis of the pa-
t ients responses to skin prick tests by equation ( I  ) .  The solut ion of the
TSP for these data resulted in an ordered list of allergens. Arrangement
of al lergens in a two-dimensional symmetric matrix according to this
order yielded clusters of al lergens to which the paticnts responded in a
similarway. The average distance of each al lergen to al l  others in i ts
cluster was used to measure the similari ty within the cluster.

The distances among al lergens were also used for test ing the dìs-
crimination arnong al l  pairs of identi f ìed clusters. When test ing two
clustcrs A and B consist ing of 1/1 and 1/6 al lergens, respectively, the
mean distancc among al lergens within the clusters and between the
clusters were calculated by the fol lowing equations:

)
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in which the sums are taken for al l  corresponding pairs of al l  al lergens
r and s (l s e A and r, s t: B indicatc that both allergens belong to the
same cluster, and r t  A, s e B indicates that each al lergen belongs to
another cluster). The discrimination between clusters was tested by
comparing the distances within clusters (D t and D,,) with the mean
distance between clusters D 1s) r"rsing the two-sample t test [  3].

This investigation was approved by the Inst i tut ional Ethical Re-
view Boards of Tcl Aviv Universitv and the Kaolan Medical Center.

Results

The results illustrate the arrangement of 42 allergens on
the basis of the responses of 153 patients. The degree of dif-
ferences among allergens are indicated in the arranged
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Carya pecan w. Western Shley.
Carya pecan w. Mohawk.
Carya pecan w. Choctaw.
Carya pecan cv. Wichita.
Carya pecan w. Apache.
Carya pecan cv. Delmas.
Carya pecan w. Mahan.
Carya pecan w. Burkett.
Carya pecan commercial extract.
Carya pecan cv. Desirable.
P hoeni x dactylifera, Yotveta-3.
P h o e ni x dac ty life r a, Yotveta-2.
P ho e ni x sy lv e stri s, Yotveta-4.
Phoeni x dactylifera, commercial extract.
Chamaerops humilis.
P hoe ni x sy lv e stri s, Yotveta-3.
P hoe ni x sy lv e stri s, Yotveta-2.
Phoeni x dacty lrfera, Degania-3.
P hoeni x dactyhfera, Yotveta- l.
P hoeni x sy lve stri s, Yotveta- 1 .
P ho e ni x dac ty life r a, Mehola-2.
Phoeni x dactylifera, Degania- l.
P h o e n i x d ac ty life r a, h,ganra-2.
Phoenix dactylifer a, Mehola- I .

3. Chenopodium album.
4. Atriplex wrightii
2. Salsola kali
l. Amaranthus retroflexus
6. Paspalumvaginatum.
5. Zoysia sp. cv. Emerald
8. Stenotaphrum secundatum.
7. Pennisetum clandestinum
9. Cynodon dactylon
14. Olea europaea w. Souri.
15. Olea europaet w. Kadesh.
16. Olea europaea w. Koronaiki.
L3. Olea europaea w. Uovo di Piccione.
17. Olea europaea cv. Kalamata.
L8. Olea europaea commercial extract.
lO. OIea europaea cv. Barnea.
ll. Olea europaea w. Muhassan.
12. Olea europaea cv. Manzanillo.
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Fig. 1. Matr ix of dissimilari t ies amon g al l  42 al lergens invcstigatcd. Distances were grouped and rcplaced by symbols.
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symmetric matrix (f ig 1 ). The order of columns and lines of
the matrix, which reflects the overall dissimilarity between
allergen pairs, was determined by the matrìx-structuring al-
gorithm. The points along the diagonal of the matrix repre-
sent a 'zero difference', i.e. the dissimilarity of each allergen
to itself. These form the axis of symmetry of the matrix. The
actual values of dissimilarity were grouped and presented
by syrnbols rather than by the actual numbers.

The exact structure of the matrix for any given group of
allergens depends upon the measure of dissimilarity used,
i.e. whether lack of reactionto 2 allergens was regarded as
indicat ing s i rn i lar i ty between them (equat ionl ' )  or  not
(equation l). Equation ( I ) was used when the whole set of
allergens was analyzed together. The alternative equation
(1')  was used only when a c luster of  c losely related al ler-
gens was tested. Therefore, we observed a certain difference
between the analysis which was made for the full set of data
and the one in which only a specific cluster was included.
This is why the order of allergens within specific clusters
(figs. 2,4,5) differs somewhat from that within the full set
(f ie 1 ).

The obtained structure data have resulted in the forma-
tion of f ive clusters of allergens (fig. I ). Distances within
clusters and between clusters were calculated by equations
(2). The two-sample t test confirmed that distances within
clusters were significantly smaller than distances between
each pair  of  c lusters at  the a :0.005 level  ( table I  ) .

The pollen extracts of the pecan cultivars (allergens
No. l9 28) fonn a distinct cluster. Nevertheless, even this
cluster of  pecans is not fu l ly  homogeneous. When this c lus-
ter is analyzed separately in greater detail, a subclusteq
comprised of cultivars No. 24-28 (fi5.2a) can be distin-
guished. The allergens included in this cluster (with an aver-
age distance between them of 36.4) are more homogeneous
than those of the entire cluster of pecans (average distance
I 13.8).  The al lergens of  the other pecan cul t ivars (No. l9-
23) appear to be less unifonn. When the average dissimi-
larit ies of pecan allergens are calculated separately
( f ig.  2b),  the commercial  pecan extract  (a l lergen No.28) is
located at the center of the cluster. This allergen shows a
similar difference frorn nearly all other pecan extracts and
has the smallest average measure of dissimilarity (74.7).

Thus, the allergen of this source constitutes a fair represen-
tative of the eight pecan cultivars which were analyzed. The
remaining 32 allergens are clearly detached frorn the pe-
cans. Nonetheless, they are not homogeneous, and one can
distinguish arnong them four distinct clusters of allergens
(f ig l ) .  These include one cluster of  palms (No. 29-42),
one cluster which is constituted of three chenopods (No. 2-
4) and one amaranth, one cluster of grasses (No. 5-9) and

Table 1. Mcar, distanccs among al lcrgens within each of t l rc f ive
clusters identifìed in fìgure I (Cl C5, arranged along the diagonal of
the table) and mean distances among al lergens included in dif ferent
clusters

C4 C5C3C2L I

149.6 3 6 8 . 3 '
132.7

373.41
307 .5  r

1 8 1 . 2

370 .0 r
3 I 3 . 7 r
2gg.2l
1 9 3 . 1

3  1 9 . 0 '
297.41
261  3 l
281.71
137.4

C I
C2
C3
C4
C5

C l - pecan cult ivars (al lergens l9 28); C2 - pahns (al lergens 29
42). C3 - chenopods and amaranth (al lcrgcns l-4); C4: grasscs (al-
lc rgcns 5 9) ;  C5 :  o l ive  cu l t ivars  (a l lergcns l0  l8) .
'  Mean distances between clusters are signif ìcantly larger (two-sarn-
plc t  tcst at o,:0.005) than t l iose within clustcrs.

one cluster that includes all the tested olive cultivars
(No. l0 l8) .  Var iabi l i ty  was relat ively smal l l  among the
various pollen sources of the pahns (fig. 1 ). Neverlheless,
the commercial  extract  of  date palm pol len (No.42) has a
rather high level of dissimilarity (f ig. 3) and is not a good

representative of the tested palms.

Another cluster is fonned by the pollen extracts of the
three members of the Chenopodiaceae (Salsola kali, No.2;

Chenopoclium alburu, No. 3, and Atriplex \v'rightii, No.4)
and the single representative of the Amaranthaceae, i.e. Am-

aranÍhus retroflexus, No. I (f ig. 4). Within this clusteq the
three chenopods exhibit a lower average dissirnilarity. set-
ting the Amaranîhus aside. Thus, in spite of the commonly

accepted cross-reactivity between the pollen allergens of
the constituents of those two families I l4] , a significant dis-
similarity between them is revealed by the presented matrix

analysis.
Three of the five grasses investigated (No. 6-8) are

closely related and fonn a conspicuous subcluster (f ig. 4).

Only Zo.r-sia cv. 'E,merald' (No.5) and C),noclon (No.9),

which are systematically distinct, exhibit some different al-

lergenic traits. Thus, such a detailed analysis proves that

dissirnilar allergens can be found even among the highly

cross-react ive grasses I  I  5] .

Olives (No. l0-18) form a distinct though variable clus-

ter. Two relatively different subclusters can be observed
when the cluster of olives is analyzed separately (f ig. 5):

a l lergens l4-18 and al lergens l0 13. Al lergens l2 and l5

are distinct among the tested olives, having the largest aver-

age dissimilarity (f ig. 5b). The commercial extract of olive
pollen (No. l8) is located in the center, i.e. between the two

1 1 ^
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Fig.2. Dissimilari t ies among the pecan
allergens. a Matrix of distances. Distances
were grouped and replaced by symbols. b Av-
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can allergens ordinated by the matrix-struc-
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Fig. a. Matr ix of dissimìlari t ies among the al lergens of the f ive
grasses, three chenopods and the amaranth investigated. Distances
were grouped and replaced by symbols (see fig. I for identification of
the allergens).
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mentioned subclusters (fig. 5a), with the smallest value of
average dissimilarity (f ig. 5b).

It is interesting to note that a certain degree of similarity
was found between the responses to two olive cultivars
( 'Sour i '  No. 14 and'Kadesh'  No. 15) and to one of  the
palms (P dactyliJèra, No. 42) (fig. I ). Howeveq because of
the relatively small numbers of patients that were tested for
reactivity to both groups of allergens, such an overlapping
of allergens should be further investigated.

Discussion

The general idea of the presented data-processing tech-
nique is to arrange the allergens in a cerlain order according
to the patient's response. The structurized form of the data
enables the investigator to view the allergens from a new
epidemiological standpoint and to reveal possible con-
cealed relationships. Apparently, the presented method
demonstrates its effectiveness in the analysis of skin test re-
sponses of a large number of patients. It is proven useful for
the ranking of similarity among closely related allergens or
dissimilarity among distant ones [ 0] . This method of anal-
ysis is not intended to replace the precise analysis of antigen

similarity based on RAST, ELISA or on other similar im-

munological methods. Nevertheless, it gives a cheap, easy
and convenient way for fast procession of information re-
garding responses of a large population of patients to a large
number of allergens.

Moreover, analysis of skin test responses, which are easy
to obtain for a large number of patients, can point out the

existence of similarit ies among distinct allergens and reveal

certain degrees of cross-reactivity. The similarity between
the results of our present study and those of previous ones

[l0], based on different groups of patients. is a good proof

for the consistency and usefulness of this method. Thus, the
presented solution yields sensible answers to the presented

requirements.
Most allergies are caused by pollen of heterogeneous

plant species. How can one distinguish between relevant

and irrelevant test materials I Do the commercially available
pollen extracts, whose sources are far and diverse [ 6-18],
give a fair representation of the local allergens? Is it feasible

to standardize the pollen extracts of hundreds of different

cultivars of olives, date palms and pecans'? The answer to

such a question is dual: 'yes' in very few cases (mostly for

the luxuriant clinics of the 'r ich' countries), but 'no' for all

others. When an extract has a small averase measure of dis-

376 In tArch  A l le rgy  Immuno l  1997 l . l12 :37  1  317 Kosrnan/Eshel/Waiscl



similarity compared with other extracts, it should be consid-
ered as a good representative. However, in cases where a
purchased extract is considerably dissimilar to the local al-
lergens, or when it represents only a subgroup, one should
pursue the use of a rnore specific extract, preferably one that
is made from locally collected pollen. In fact, results of the
present study enable us to asseft that the commercial pollen
extracts of some species are acceptable representatives of
the local allergens. In contrast, the suitabil ity of the com-
rnercial pollen extracts of the palms and olives is question-
able and should be furlher evaluated. In such cases, a double
check, using two different sources, is recommended ! 9].

'Full cross-reactivity' between the allergens of closely
related plants is frequently assumed when similar responses
of pat ients are recorded [6,  11,1J,20,21].  Are the pol len of
various sources really equally cross-reactive? The answer is
probably 'no'  

[16-18].  Even when standardized al lergens
are used, only some people respond to a few of  the'cross-
reactive' allergens, whereas other patients do not U9,22].lr
is interesting to note that 4 out of the 5 allergens included in
the first cluster (cv. Souri, Kadesh, Koronaiki and Kalama-
ta)exhibited a rnarked Ole e I band, whereas 3 of 4 allergens
of the second cluster (cv. Barnea.Manzanil lo and Uovo di

Piccione) do not have this protein l22l Such dissimilarity is
further confirmed by the presented analysis, where the ex-
istence of minor nuances in allergenicity of the tested am-
aranth and the three chenopods are shown I 14]. Thus, for
precise identification of the sources of allergy, and cerlainly
for immunotherapy, distinction should be made between
such subgroups, and the responses to chenopod pollen

should be separated from those to amaranths [ 10] .
The same is true for the analysis of various grasses. Turf

grasses constitute a major source of allergenic pollen all
over the world. Hence, the capability to detect turf grass spe-

cies of low allergenicity, e.g. Zoysracv. 'Emerald', serves as

an excellent example for the practical aspects that are em-
bedded in the suggested TSP solution.
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