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Both fish and chicken meat are common components of
human nutrition, and as such, they are widely consumed.
However, food from fish and poultry origin can also provoke
allergic reactions in sensitized patients (1-4).
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Abstract

Background: Fish is one of the most allergenic foods. While clinical cross-reactiv-
ity among different fishes is a widely accepted feature of fish allergy, associations
with other food allergies are not well understood. This study aims at analyzing
the relevance of clinical cross-reactivity between fish and chicken meat in patients
with allergy to chicken meat without sensitization to hen’s eggs.

Methods: Patients with food allergy to fish and chicken meat (n = 29) or chicken
meat only (n =7) were recruited. IgE-reactive chicken proteins were identified
(Edman, MS analysis) and quantified (ELISA). Allergens were used in IgE
ELISA and skin testing.

Results: Chicken parvalbumin and two new allergens, aldolase and enolase, were
identified at 12, 40, and 50 kDa, respectively. They were recognized by sIgE of
61%, 75%, and 83% of all patient sera which were in the majority of the cases
positive for the fish homologues as well. Fish and chicken meat allergens were
highly cross-reactive while high inhibition rates with fish or chicken allergens cor-
related with the patients’ primary sensitization to fish or chicken. In cooked or
roasted foods, enolase and aldolase were detectable in chicken breast while par-
valbumin was detectable in chicken legs and wings.

Conclusions: Fish and chicken meat are cross-reactive foods; both fish-allergic
and chicken meat-allergic patients might be at risk of developing a food allergy
to chicken meat or to fish, respectively. This clinical phenomenon is proposed to
be termed ‘fish—chicken syndrome’ with cross-reactive allergens involved being
parvalbumins, enolases, and aldolases.

Fish is considered as one of the eight most important elici-
tors of food-allergic reactions (1, 2). The prevalence is esti-
mated to range below 1% of the general population (5, 6).
Generally, patients present with allergic symptoms upon
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ingestion of fish manifesting with symptoms such as urticaria,
angioedema, rhinitis, asthma, and digestive and cardiovascular
symptoms (7). Clinical cross-reactivity among various fish spe-
cies has been reported as a mainstay of this food allergy (8, 9).
While most patients react to a wide variety of fish species, fur-
ther clinical phenotypes with a more restricted reactivity pro-
file have been identified. These individuals react to single or
specific fish species only (10, 11). Parvalbumins, the major fish
allergens, are important triggers of fish-adverse reactions (2,
12). The high IgE cross-reactivity among parvalbumins has
been used to explain the phenomenon of the high clinical
cross-reactivity. However, these allergens are also implicated
in isolated reactions to single or specific fish species. Patients
with monosensitization to salmonid fishes have specific IgE
antibodies recognizing the salmonid parvalbumins only (10).
A similar case has been reported for food allergy to pangasius
(13). Clinical reactivity to fish is not necessarily linked to the
presence of specific IgE to parvalbumins. Other allergenic
molecules such as enolases, aldolases, and fish gelatin seemed
to be involved in food-allergic reactions of patients with poly-,
oligo- or monosensitization to fish (11, 14, 15). Besides cross-
reactivities among fishes, other food allergies have been
observed in the context with this hypersensitivity. The clinical
cross-reaction between fish and frog meat has been explained
by specific IgE recognition of both fish and frog parvalbumins
(16). A case study on a fish-allergic patient with concomitant
food allergy to chicken meat seemed to further suggest cross-
reactivity (17). In this case, parvalbumins from fish and
chicken have been suggested as the causal allergens.

Food allergy to chicken meat is less common than fish
allergy. The most frequent clinical picture is the so-called
bird—egg syndrome (4). These subjects experience symptoms
after repeated exposure to birds (respiratory sensitization)
and subsequently develop symptoms of food allergy upon
ingestion of chicken eggs and chicken meat. The major aller-
gen is Gal d 5, chicken serum albumin, which is highly pre-
sent in egg yolk and avian meat and serum (3). Clinical
cross-reactions have been reported for several avian meats
such as chicken and turkey (18). Hypersensitivity to chicken
meat without sensitization to eggs has been only rarely
addressed (19-22). Among these studies, some cases reported
identified chicken meat allergens such as hemoglobin or myo-
sin light chain while others described allergens in a molecular
weight range of 20-70 kDa without further insights about
their molecular identities and properties. One case study
reported on the allergen identification of parvalbumin in a
patient with chicken meat allergy (20). A single case of clini-
cal cross-reactivity between fish and chicken has been
reported more recently (17). So far, the identification of a
new clinical phenotype of fish-allergic patients with cross-
reactivity to chicken meat has not yet been addressed before.

The objective of this study was to analyze the relevance of
the clinical association between fish allergy and chicken meat
allergy in patients without sensitization to chicken eggs and
furthermore to analyze the molecular basis for this clinical
cross-reactivity. Our study focuses on the identification and
characterization of allergens causing clinical cross-reactivity
between fish and chicken.

Fish—chicken syndrome

Methods
Patients and patient sera

Twenty-nine patients with food allergy to both fish and
chicken meat were recruited at clinical centers in Luxembourg
(n = 18), France (n = 4), Belgium (n = 4), Germany (n = 2),
and Sweden (n = 1). Twenty-three patients were males and six
were females (age 4-54 years; mean age 19.3 years). Seven
patients with chicken meat allergy only were recruited in Lux-
embourg (n = 3), Germany (n = 2), France (n = 1), and Bel-
gium (n =1). The age of these five male and two female
individuals ranged from 7 to 30 years (mean age 16.1 years).
Criteria for study participation were a documented clinical
history of codfish allergy and/or chicken meat allergy without
symptoms to bird feathers and chicken eggs. Further criteria
were positive skin prick tests with cod and/or chicken meat as
well as specific IgE to cod and chicken extract. Skin prick tests
were performed using commercial cod/chicken extracts (Aller-
gopharma, Reinbek, Germany) or fresh cod/chicken meat
samples. They were rated positive if the wheal diameter was
3 mm larger than the negative control. Single patients were
tested for skin reactivity with native, purified allergens (0.1, 1,
10, und 50 pg allergen/ml sterile saline containing 0.03%
human serum albumin; ALK, Hersholm, Denmark). Specific
IgE was detected by ImmunoCAP (>0.35 kU /1 positive; Pha-
dia-ThermoFisher, Uppsala, Sweden). All patients experi-
enced several allergic episodes upon ingestion, inhalation,
and/or contact with fish and/or chicken meat; clinical symp-
toms were recorded for each food. Most patients refused to
undergo oral provocation tests with the argument that allergic
symptoms to the culprit food had been elicited at several occa-
sions. Nevertheless, oral challenges were performed in five
patients with chicken meat according to published procedures
(23). The study was approved by the National Committee for
Medical Research Ethics in Luxembourg (Ref. 201307/04),
and all patients gave informed consent.

IgE reactivity to cod and chicken extracts by immunoblot

Proteins were extracted from cod (Gadus morhua) and
chicken (Gallus domesticus) muscle, followed by immunoblot
analysis as described before (14, 20). Briefly, patient sera
were 3x, 5x, and 10x diluted in blocking buffer containing
3% bovine serum albumin (BSA; Sigma-Aldrich, Bornem,
Belgium). Sera from five nonatopic subjects were applied as
negative controls.

Biomolecular characterization of cod and chicken meat
allergens

Edman N-terminal protein sequencing and mass spectromet-
ric analysis of IgE-reactive proteins were performed as
previously established (14). Then, the identified allergens —
parvalbumins, enolases, and aldolases from cod and chicken
— were purified by column chromatography using a combina-
tion of ion exchange and gel filtration matrices already used
in previous studies to isolate cod allergens and chicken
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parvalbumin (14, 20). Protein purity was analyzed by silver-
stained sodium dodecyl-polyacrylamide gel electrophoresis
(SDS-PAGE) and 2D-gel analysis (24). Protein identity was
confirmed by allergen-specific antibody detection in immuno-
blot using two antiparvalbumin antibodies (cod: murine anti-
cod parvalbumin polyclonal antibody (24); chicken: rabbit
anti-rat parvalbumin polyclonal antibody; Abcam, Cam-
bridge, MA, USA), an antienolase (rabbit anti-human eno-
lase polyclonal antibody; Lifespan Biosciences, TE Huissen,
the Netherlands) and an antialdolase antibody (goat anti-rab-
bit aldolase polyclonal antibody; Rockland, Limerick, PA,
USA) shown to cross-react with homologues from fish and
chicken. The presence of native structures of purified parval-
bumins was established by circular dichroism spectroscopy or
enzymatic activity assays for enolases and aldolases (14).
Enolase enzyme activity was tested in a coupled enzymatic
assay (2-phosphoglycerate to phosphoenolpyruvate by eno-
lase, followed by phosphoenolpyruvate conversion to pyru-
vate by pyruvate kinase, followed by reduction in pyruvate
to lactate by lactic dehydrogenase with concomitant conver-
sion of NADH to NAD) while the last enzymatic step was
followed by absorbance decrease at 340 nm. Aldolase enzyme
activity was measured by a coupled colorimetric assay (fruc-
tose-1,6-diphosphate to dihydroxyacetone phosphate/glycer-
aldehyde 3-phosphate by aldolase, followed by reaction with
2,4-dinitrophenylhydrazine) while the hydrazone formation
was recorded at 540 nm.

IgE reactivity to cod and chicken meat allergens by ELISA

Determination of specific IgE was performed using enzyme-
linked immunosorbent assay (ELISA) including an IgE stan-
dard curve as detailed in a previous study (14). In short,
allergens were coated at a concentration of 5 pg/ml to
ELISA plates. Patient sera were 3x, 5x, and 10x diluted in
blocking buffer containing 3% BSA. Fifteen sera of nonato-
pic individuals were used as negative controls. IgE titers
below 0.35 kUA/l were considered negative. The negative
control sera gave a mean background that was several fold
lower than the cutoff value.

For IgE cross-inhibition, a competitive ELISA method was
used and sera (where >2 ml was available: no. 16, 19, 27)
were pre-incubated at final concentrations of 50-500 pg in-
hibitor/ml patient serum. Following, IgE reactivity was tested
with a homologue allergen coated onto the ELISA plate. As
an inhibitor concentration of 200 pg/ml turned out to be in
the saturation phase of the inhibition curve, all other sera
were inhibited at this inhibitor concentration as follows: Sera
were pre-incubated with purified parvalbumin, enolase, and
aldolase from cod and chicken, and then mixes containing
patient sera and inhibitor proteins were added to an ELISA
plate coated with the homologue. To exemplify, if cod par-
valbumin was used as inhibitor, chicken parvalbumin was
coated to the microtiter plate. In addition, selected sera inhi-
bitions (patient sera nos 1, 2, 8, 11, and 28) were titrated at
final concentrations of 0.01-100 pg inhibitor/ml patient
serum. Cod or chicken enolase and cod or chicken aldolase
were used as inhibitors in this setting.

Kuehn et al.

Detection of chicken meat allergens in authentic food
samples

Quantitative detection of poultry allergens was modified from
a method previously reported (24, 25). Briefly, authentic food
samples (three individual samples each) of raw but also cooked
and roasted chicken (breast, leg, and wing) were obtained, fol-
lowed by protein extraction in triplicate and buffer exchange in
phosphate-buffered saline (pH 7.2). For comparison, three cod
samples were extracted by the same method. A calibration
curve was established by ELISA using purified cod and
chicken allergens coated in duplicate at 2-200 ng protein/ml.
Cod and chicken extracts were coated in a dilution series at
0.5-5 pg/ml (triplicate). Allergens were detected using an anti-
rat parvalbumin polyclonal antibody (Abcam), anti-human
enolase polyclonal antibody (Lifespan Biosciences), and anti-
rabbit aldolase polyclonal antibody (Rockland) (1 : 10 000
dilution). Allergen contents were estimated as ‘milligram per
gram muscle tissue’. Quantification limits were calculated for
each antibody as the mean of the lowest allergen concentration
detected in 10 experiments. Detection limits for cod allergens
were 8 ng enolase/ml and 12 ng aldolase/ml. Chicken aller-
gens were detected down to 2 ng parvalbumin/ml, 9 ng eno-
lase/ml, and 15 ng aldolase/ml.

Results

Clinical characteristics of patients with fish and chicken meat
allergy

Twenty-nine patients with documented clinical history of
food allergy to fish and chicken meat were recruited
(Table 1). Clinical symptoms varied from mild over moderate
to severe. Clinical reactivity to chicken meat was confirmed
by oral provocation in three representative patients with fish/
chicken meat allergy and in two representative patients with
chicken meat allergy only (Table 2). Skin prick tests to cod
and chicken meat were positive (except for one patient, no.
21, where the sensitization was confirmed by specific oral
food challenges). Specific IgE titers for cod and for chicken
meat extract (ImmunoCAP) were positive in most patients
(90% and 97%, respectively).

Identification of new chicken meat allergens

In IgE immunoblotting experiments using total extracts, most
patient sera detected IgE-reactive protein bands at 12, 40,
and 50 kDa in cod and chicken meat. IgE reactivity to
chicken proteins is shown in Fig. 1A. For a minority (about
15% of the patients), additional IgE reactivity to other
chicken proteins (20-35 kDa) was found. Immunodetection
by specific antibodies against parvalbumin, enolase, and
aldolase as well as N-terminal sequencing identified main
IgE-reactive bands as parvalbumin (12 kDa), aldolase
(40 kDa), and enolase (50 kDa) (Table S1). Minor chicken
meat allergens were found to be myoglobin (20 kDa) and
triosephosphate isomerase (28 kDa). Further analysis was
focused on allergens from fish and chicken presumably
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Table 1 Twenty-nine cases of fish and chicken meat allergy and seven cases of chicken meat allergy: patients’ clinical characteristics and
relevant IgE profiles

sIgE by ELISA (kUa/Ni

slgE by CAP
(kUM Parvalbumin Enolase Aldolase
SPT to
No. Sex/Age  Clinical symptoms* cod/chicken’ Cod Chicken Cod Chicken  Cod Chicken  Cod  Chicken
Patients with allergy to fish and chicken meat
1 M/4 Fish: U Pos/Pos 12 11 0.8 Neg 2.1 3.0 1.5 Neg
Chicken: AE
2 M/5 Fish: OAS Pos/Pos 0.4 2.0 0.4 Neg 0.5 0.4 0.4 Neg
Chicken: U
3 M/7 Fish: A, AE, V Pos/Pos 188 8.0 140 22 70 Neg 13 0.6
Chicken: AE
4 M/7 Fish: AP, N, OAS Pos/Pos 0.9 3.4 0.4 0.4 0.9 1.1 0.9 1.0
Chicken: AP,
N, U, V
5 M/7 Fish: U, V Pos/Pos 5.4 8.9 Neg Neg 4.3 4.6 Neg Neg
Chicken: V
6 F/7 Fish: N, U Pos/Pos 3.5 4.0 Neg Neg 2.1 1.1 Neg 1.0
Chicken: AE, U
7 F/8 Fish: OAS, Co Pos/Pos 1.0 2.8 0.5 0.4 1.3 0.5 0.8 0.4
Chicken: AE, U, V
8 M/9 Fish: AP, U, V Pos/Pos 1.2 0.9 2.1 1.9 2.3 0.5 2.0 0.5
Chicken: AP, D
9 M/10 Fish: AP, OAS Pos/Pos 0.9 1.1 Neg Neg 0.6 0.4 0.5 0.4
Chicken: AP, OAS
10 M/12 Fish: A, AE, U Pos/Pos 16 3.2 18 1.0 10 2.1 7 2.7
Chicken: A, U
11 M/12 Fish: AE Pos/Pos 17 2.8 14 0.4 18 Neg 15 0.4
Chicken: Pr
12 M/13 Fish: AE, U Pos/Pos 3.2 2.4 2.7 2.3 3.5 Neg 3.7 0.9
Chicken: AE
13 M/14 Fish: OAS Pos/Pos 1.1 1.6 Neg 1.0 Neg Neg 4.1 1.0
Chicken: AE,
AP, D, V
14 M/14 Fish: OAS, U Nd/Nd 1.5 40 Neg 108 1.8 0.5 Neg Neg
Chicken: A, AE, U
15 M/19 Fish: A, AE, OAS Pos/Pos 1.3 0.9 Neg 0.4 1.9 0.6 2.1 0.8
Chicken: OAS, Pr
16 M/20 Fish: A, AE, U Pos/Pos 19.8 1.5 21 7.2 5.7 Neg 9.6 0.9
Chicken: nd
17 M/21 Fish: AE Pos/Pos 9.8 10 Neg 1.1 3.9 2.3 2.1 0.5
Chicken: U, V
18 M/21 Fish: A, AE, U Pos/Pos 0.5 2.2 Neg Neg Neg 0.5 Neg 0.4
Chicken: AE, U
19 F/22 Fish: AE, U Pos/Pos >100 1.6 25 18 5.0 1.2 Neg 1.4
Chicken: OAS
20 M/23 Fish: AP, OAS, V Pos/Pos Neg 0.5 0.4 1.4 0.7 0.4 0.6 0.5
Chicken: AP, V
21 F/25 Fish: AE, OAS, U Neg/Neg Neg Neg Neg Neg 1.9 0.6 2.1 0.8
Chicken: A, AE, U
22 F/26 Fish: AE, U Pos/Pos 0.4 0.8 Neg 0.4 Neg Neg Neg Neg
Chicken: AE, U
23 M/27 Fish: AP Neg/Pos 0.5 4.6 0.5 Neg 0.5 Neg 0.5 0.4
Chicken: AP, D, Pr
24 M/30 Fish: A, OAS Pos/Pos 0.5 0.6 0.4 0.4 1.3 0.4 0.4 0.4
Chicken: A, Pr
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Table 1 (continued)
slgE by ELISA (kUa/NE
slgE by CAP
(kUM% Parvalbumin Enolase Aldolase
SPT to
No. Sex/Age  Clinical symptoms* cod/chicken® Cod Chicken Cod Chicken  Cod Chicken  Cod  Chicken
25 M/33 Fish: A, AE Pos/Pos 1.1 10 Neg 1.0 1.3 Neg Neg 1.4
Chicken: AE, D, U
26 M/35 Fish: AE Neg/Pos 0.4 0.4 Neg Neg 0.4 0.4 Neg 0.4
Chicken: AE
27 M/36 Fish: AE Pos/Pos 33 0.8 40 1.6 3.1 0.4 Neg 0.5
Chicken: AE, OAS
28 M/38 Fish: AE, U Pos/Pos Neg 0.3 Neg 0.8 0.6 2.1 Neg 0.8
Chicken: A, AE, U
29 M/54 Fish: OAS Pos/Pos 3.0 12 Neg 1.7 5.0 1.3 3.0 11.3
Chicken: OAS, V, H
Mean 19.3 - - 38.0 13.0 10.0 2.6 5.3 0.8 2.7 1.1
Median  19.3 - - 1.2 2.3 0.4 0.4 1.9 0.5 0.6 0.5
Patients with allergy to chicken meat only
1 M/7 Chicken: AE Neg/Pos Neg 1.7 Neg 0.5 Neg Neg Neg 0.9
2 M/8 Chicken: A, AE, U, V. Nd/Pos Neg 6.8 Neg Neg Neg 6.1 Neg 0.4
3 M/10 Chicken: D, OAS, U Neg/Pos Neg 49 Neg Neg Neg 0.5 Neg Neg
4 M/15 Chicken: D, OAS, U Neg/Pos Neg 3.7 Neg 2.8 3.2 1.4 Neg 0.5
5 F/19 Chicken: A, AE, U, V. Neg/Pos Neg 3.7 Neg Neg Neg 0.4 Neg 0.4
6 M/24 Chicken: A, AE, U Nd/Pos Neg Neg Neg Neg 0.7 0.4 Neg 0.4
7 F/30 Chicken: U Nd/Neg Neg Neg Neg Neg Neg 0.5 Neg 1.1
Mean 16.1 - - 035 3.1 0.35 0.7 0.8 1.4 0.35 0.6
Median  15.0 - - 035 37 0.35 0.35 035 05 0.35 0.4

*A, asthma; AE, angioedema; AP, abdominal pain; Co, conjunctivitis; D, diarrhea; H, hypotension; N, nausea; Pr, pruritus; U, urticaria, V,

vomiting; nd, no data.

+SPT: Nd, not determined; Neg, negative; Pos, positive; SPT, skin prick test.

$IgE determination by ImmunoCAP system and ELISA: Neg, negative.

Table 2 Five patients with diagnostic food challenges to chicken
meat: eliciting doses and clinical symptoms

No. Chicken breast (g)* Clinical symptoms
1 100 AE, AP, OAS

21 30 OAS, U

24 100 OAS

5 0.1 AE, V

7 120 U, OAS

AE, angioedema; AP, abdominal pain; OAS, oral allergy syndrome;
U, urticaria, V, vomiting.
*Lowest dose giving a first objective symptom.

involved in clinical cross-reactivity — parvalbumins, aldolases,
and enolases. Indeed, cod parvalbumin, enolase, and aldolase
as well as chicken parvalbumin had been isolated and
described as allergens before (14, 20). For the present study
on fish—chicken cross-reactivity, these allergens in addition to
chicken enolase and aldolase were extracted from cod and
chicken and purified to homogeneity by column chromatog-
raphy (Fig. 1B). Protein quality was substantiated for parval-
bumins by evidence of the alpha-helical protein structure
and for enolases/aldolases by determination of enzymatic
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activities (Fig. S1). By 2D-gel analysis, the isoelectric points
of purified cod and chicken meat allergens were found to be
similar, both for parvalbumin at about pH 5.0, enolase at
about pH 7.0, and aldolase at about pH 9.0 (Fig. S2).

Pure chicken muscle enolase and aldolase were further
characterized as to their protein sequence by MS analysis
with sequence coverages of 74% and 63%, respectively
(Tables S2 and S3).

Patients with fish and chicken meat allergy: IgE reactivity,
skin reactivity to purified native allergens, and cross-
reactivity among homologues

Cod and chicken meat allergens were tested in ELISA for
IgE quantification in sera from patients with both food aller-
gies. Concerning parvalbumins, 15 of 29 patients (52%) had
specific IgE to cod parvalbumin (0.4-140.0 kU4/l) and 20 of
29  (69%) to chicken parvalbumin (0.4-108.0 kUA/I)
(Table 1). Focusing on specific IgE to enolases, 26 of 29
patients (90%) had IgE to cod (0.4-70.0 kU /1) and 21 of 29
(72%) to chicken enolase (0.4-4.6 kU,/1). For aldolases, 19
of 29 patients (66%) were positive in IgE ELISA with cod
aldolase (0.4-15.0 kUx/l) and 24 of 29 (83%) with the
chicken homologue (0.4-11.3 kU /).
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Figure 1 (A) Chicken meat allergens were detected by patient
sera-specific IgE (for instance, patient nos 1-5, 8, 10, 11, 17, 20,
28, and 29). As controls, allergen-specific antibodies detected par-
valbumin (P), aldolase (A), and enolase (E) in chicken leg extract at

cod

chk } Inhibitor protein

—4

IgE inhibition [%]

T
cod
Enolase

T
cod

T
chk

T T
chk cod
Aomse l' Coated allergen

Parvalbumin

Figure 2 Serum IgE antibodies of fish and chicken meat-allergic
patients are cross-reactive to parvalbumins, enolases, and aldolases
from cod and chicken (chk). High inhibition rates correlate with
patient’s primary sensitization (for instance, patient no. 7 to fish
and patient no. 4 to chicken).

Cross-reactivity among fish and chicken meat allergens was
confirmed by a competitive IgE inhibition ELISA method
(Fig. 2). IgE cross-reaction was found for parvalbumins (15
patients), enolases (16 patients), and aldolases (16 patients) in
individuals with IgE to both homologues. In patients with
cross-reactive IgE to parvalbumins and enolases, either fish
or chicken allergens were potent inhibitors in all patients (ex-
cept for two patients with moderate inhibition rates of about
50% for enolases). In patients with specific IgE to aldolase
homologues, chicken aldolase was a strong inhibitor in four
patients while other inhibition rates were in the medium
range (about 30-50%). The inhibition rates correlated with
the self-report of primary sensitization in most patients. In
patients with primary sensitization to fish, fish allergens
inhibited effectively the IgE binding to chicken homologues
(Fig. 2, for instance, patient no. 7). In patients with primary
sensitization to chicken meat, chicken allergens were strong
inhibitors of IgE reactivity to fish homologues (Fig. 2, for
instance, patient no. 4).

In vivo reactivity to fish and chicken enolases and aldo-
lases was verified in five patients by skin testing using the

Allergy 71 (2016) 1772-1781 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

10, 40, and 50 kDa. M, molecular weight marker; arrows, major
allergens. (B) Cod and chicken allergen purity was shown by SDS-
PAGE followed by silver staining. P, parvalbumin; A, aldolase; E,
enolase.

Table 3 Five patients with fish and chicken meat allergy: primary
sensitization and results of skin testing using purified enolases and
aldolases

Prick test (pg/mi)t

Enolase Aldolase
No. Primary sensitization*  Cod  Chicken ~ Cod  Chicken
1 Fish 10 10 10 Neg
2 Fish 10 10 Neg Neg
8 Fish 10 50 1 50
11 Fish 10 Neg 10 50
28 Chicken 50 10 Neg Neg

*Self-report based.
tLowest allergen concentration giving a first positive skin reaction.

purified allergens (Table 3). In case of positive skin testing
with homologous enolases and aldolases, IgE cross-reactiv-
ity was further analyzed by establishing titration curves
using various inhibitor concentrations (Fig. 3). Skin test
results and IgE cross-reaction rates correlated to the self-
reported initial source for food allergy of these selected
patients as follows. In patients primarily sensitized to fish
(nos 1, 2, 8, and 11), positive skin reactivity was found
either equally strong or stronger for fish allergens than for
chicken meat homologues while all IgE inhibition rates
were clearly stronger with the fish allergens (enolase and
aldolase). In patient no. 28 with reported primary sensitiza-
tion to chicken meat, the skin reactivity to chicken enolase
was stronger with the chicken meat allergen than with the
fish allergen correlating with the results of the correspond-
ing high IgE inhibition rates using the chicken allergen as
the inhibitory protein.

New chicken meat allergens were named Gal d 8 for par-
valbumin, Gal d 9 for enolase, and Gal d 10 for aldolase
(Allergen Nomenclature Sub-committee of the World Health
Organization and International Union of Immunological
Societies, WHO/IUIS; www.allergen.org).
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Figure 3 Serum IgE antibodies of fish and chicken meat-allergic
patients are cross-reactive to varying degrees to allergens from cod
and chicken positively tested for skin reaction. High inhibition rates

Patients with chicken meat allergy: clinical characteristics
and IgE reactivity

Seven chicken meat-allergic patients were included in the
study (Table 1). These patients tolerated hen’s eggs and fish.
IgE reactivity to chicken meat was confirmed by positive skin
tests and/or positive IgE titers with chicken (except for
patient no. 7 with clinical reactivity confirmed by a positive
oral challenge to chicken). Two of seven patients had specific
IgE to chicken parvalbumin Gal d 8 and six of seven to each
enolase Gal d 9 and aldolase Gal d 10. In patient nos 4 and
6, who had IgE against cod enolase, IgE binding to the cod
protein could be eliminated completely by pre-incubation of
the serum with the chicken homologue (data not shown).

Allergen levels in chicken samples

As allergen levels and stability of allergens toward food pro-
cessing are important factors contributing to the allergenicity
of food proteins, chicken allergen detection was performed in
authentic food samples (Table S4). Chicken allergen levels
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correlate with patient’s primary sensitization (patient nos 1, 2, 8, 11
fish and patient no. 28 chicken meat).

varied in different pieces (breast, legs, and wings) as well as
in differently processed samples (raw, cooked/boiled, and
roasted). Parvalbumin was detected in all leg and wing sam-
ples irrespective of the food processing method (0.05-0.2 mg
parvalbumin/g muscle tissue), whereas this allergen was not
detectable in any of the breast samples. Enolase and aldolase
were both found in all native samples from chicken breast,
leg, and wing (0.6-1.5 mg enolase or aldolase/g muscle tis-
sue). In processed samples, only the breast tissue samples
were positive with detectable enolase or aldolase contents,
which were reduced up to 15 times compared to the raw
muscle samples. For comparison, cod enolase and aldolase
levels were determined at 1.5-2.0 mg/g raw muscle tissue
each and were up to seven times lower in processed fish mus-
cle tissue.

Discussion

In the present study, we identified three new chicken aller-
gens, parvalbumin (Gal d 8), enolase (Gal d 9), and aldolase
(Gal d 10) and could show that these allergens, which have

Allergy 71 (2016) 1772-1781 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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homologues in fish, are responsible for the clinical cross-reac-
tivity between fish and chicken meat. We demonstrated dif-
ferent allergen contents in chicken breast, leg, and wing
samples leading to the conclusion that these tissues have a
variable allergenicity, not only for patients with food allergy
to fish and chicken meat but also for chicken meat-allergic
patients without concomitant fish allergy. While clinical
cross-reactions among different fish species are very common,
the knowledge about cross-reactivity between fish and other
foods is still limited (26-29). Only a single case of clinical
cross-reactivity between fish and chicken meat has been
described in the literature (17).

The present study used Atlantic cod (G. morhua) as a rep-
resentative fish as all study participants had a history of
allergic reactions to this fish species. Cod is also one of the
most commonly consumed fishes in Europe. Parvalbumin,
Gad m 1, is the well-established main cod allergen which is
highly expressed in fish muscle (24, 30). Cod enolase, Gad m
2, and aldolase, Gad m 3, have been identified as relevant
allergens more recently (14). Our identified homologous
chicken parvalbumin (Gal d 8), enolase (Gal d 9), and aldo-
lase (Gal d 10) are important food allergens being involved
in the clinical cross-reaction between fish and chicken meat.
The majority of the study participants (n = 36) had specific
IgE binding to these allergens.

Among study participants with both fish and chicken meat
allergy, we found IgE reactivity to chicken parvalbumin in
69%, to chicken enolase in 72%, and to chicken aldolase in
83% of the cases. Remarkably, nine patients (31%) had no
specific IgE to chicken parvalbumin but to chicken enolase
and/or aldolase only. The clinical reactivity of these parval-
bumin-negative patients was confirmed in two representative
individuals by food challenges (patient no. 1 and no. 21). IgE
cross-reactivity to cod parvalbumin, enolase, and aldolase
was found in 43%, 66%, and 59%, respectively, of these
patients. IgE cross-inhibition assays revealed that in vitro
cross-reactions were variable: in some cases the fish allergen
and in other cases the chicken meat allergen being the stron-
gest inhibitor. We explained this finding by the primary sensi-
tization of the individual patients either to fish or to chicken.
Despite the fact that the chronological onset of different food
allergies is mostly difficult to define, it was possible to esti-
mate their first food allergy based on which food the patients
experienced the first allergic reactions to (fish 62%, chicken
meat 31%, and fish/chicken meat 7%), and indeed, these
reports matched with the results from IgE cross-inhibition
assays. A further confirmation was obtained from skin test
results correlating with IgE cross-reaction rates in compar-
ison with the primary sensitization in a subgroup of selected
patients. In summary, the present study suggests that both
fish-allergic and chicken meat-allergic patients might be at
risk to develop a food allergy to chicken meat or fish, respec-
tively. In addition, chicken parvalbumin, enolase, and aldo-
lase are relevant food allergens in patients with chicken meat
allergy only, as shown in our study.

In general, high content and high stability of a food pro-
tein to processing are crucial features of potent food aller-
gens. While fish parvalbumins have been described as very

Fish—chicken syndrome

stable proteins, fish enolases and aldolases seem to have a
lower resistance to food preparation methods (14, 31). In the
present study, we found that cod enolase and aldolase levels
in native fish muscle were in the range of previously reported
parvalbumin levels (24). Enolase and aldolase were still
traceable by immunodetection in cooked cod, but levels of
intact allergens were several fold lower than in raw cod. A
similar result was obtained for enolase and aldolase levels in
chicken meat samples. All raw chicken meat samples were
positive at similar levels as the fish samples, but in processed
samples, enolases and aldolases were only detectable in
breast but not in leg or wing samples. Interestingly, we could
detect chicken parvalbumin only in leg and wing samples
(raw, processed) but not in chicken breast, suggesting very
low allergen amounts in the latter muscle tissue being below
the detection level of parvalbumin-specific ELISA. As a
translational aspect to clinical practice, we hypothesize that
chicken meat-allergic patients might react differently to
breast and leg/wing samples depending on their individual
allergen-specific IgE-binding profiles. Patients with specific
IgE to chicken parvalbumin might experience more severe
allergic reactions upon consumption of chicken leg/wing
than breast, irrespective of the processing method. Individu-
als with sensitization to chicken enolases or aldolases might
react stronger to chicken breast than leg or wing samples. In
the present study, the clinical work-up did not include the
systematic analysis of clinical reactivity to different parts of
chickens. However, one patient (no. 19) reported to react to
chicken leg which correlated to high specific IgE to chicken
parvalbumin. It might be important to raise the awareness
of clinicians about varying in vitro and in vivo reactivity pro-
files in chicken meat allergy, especially for the design of
diagnostic prick-to-prick testing or the interpretation of
extract-specific IgE titer.

In summary, we could for the first time substantiate the
clinical profile of patients with cross-reactivity between fish
and chicken meat which will be of importance in food
allergy. Analogous to the ‘bird—egg syndrome’, we propose
to define this clinical entity as ‘fish—chicken syndrome’ with
cross-reactive allergens involved being parvalbumins, eno-
lases, and aldolases.
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of purified enolases was confirmed in a coupled enzyme assay
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by absorbance decreases at 340 nm. (C) Enzyme activity of
purified aldolases was verified by colorimetric analysis using
absorption measurement at 540 nm.

Figure S2. Isoelectric points of purified cod and chicken
parvalbumin (P), aldolase (A) and enolase (E) were deter-
mined by 2D-gel followed by silver staining.

Table S1. N-terminal sequences of putative chicken meat
allergens by microsequencing from IgE-reactive bands in
total extracts.

Table S2. Chicken beta enolase peptides matching with
enolase of chicken, Gallus gallus (gi/46048765) sequence
after request in the NCBInr database (74.4% sequence cover-
age).

Table S3. Chicken aldolase peptides matching with fruc-
tose-bisphosphate aldolase A of falcon, Falco cherrug (gi/
541954690) sequence after request in the NCBInr database
(63.3% sequence coverage).

Table S4. Allergen contents in raw and authentic chicken
samples by quantitative ELISA (24, 295).
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1 TableSl. N-terminal sequences of putative chicken meat allergens by microsequencing from IgE-reactive bands in total extracts.

Protein band [kDa] Sequence Database no. Protein identity Allergen
12 AMTDVLSAEDIKKAVG P80026 parvalbumin Ga d8
20 GLSDQEKQQVLTISW P02197 myoglobin -*
8 APRKFEVGGNWKMNG P00940 triosephosphate isomerase -*
40 PHQY PALTPEQKKELHDIAK COHJY3 aldolase A Gal d10
50 SIOKIHARE] P07322 enolase Gald9

2  *dlergen name not applied for, putative minor allergens in chicken meat not involved in cross-reactivity to fish homologs
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1 Table S2. Chicken beta enolase peptides matching with enolase of chicken, Gallus gallus (gi/46048765) sequence after request in the

2 NCBInr database (74.4% sequence coverage).

Start-End Observed Mr, calc. Sequence
9-27 2094.077 2093.083 R.EILDSRGNPTVEVDLHTAK.G
15-27 1380.749 1379.712 R.GNPTVEVDLHTAK.G
15-31 1877.967 1876.962 R.GNPTVEVDLHTAKGHFR.A
32-49 1778.958 1777.940 R.AAVPSGASTGIHEALELR.D
32-53 2194.089 2193.110 R.AAVPSGASTGIHEALELRDGDK .K
32-55 2478.270 2477.306 R.AAVPSGASTGIHEALELRDGDKKR.F
64-79 1733.001 1731.996 K.AVEHINKTIGPALIEK.K
71-79 941.568 940.567 K.TIGPALIEK.K
71-80 1069.685 1068.662 K. TIGPALIEKK.I
80-102 2663.276 2662.363 K.KISVVEQEKIDKVMIEMDGTENK.S
81-91 1287.736 1286.715 K.ISVVEQEKIDK.V
81-102 2535.235 2534.268 K.ISVVEQEKIDKVMIEMDGTENK.S
81-104 2750.343 2749.395 K.ISVVEQEKIDKVMIEMDGTENKSK.F

105-119 1519.857 1518.830 K.FGANAILGVSLAVCK.A
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120-131 1231.725 1230.679 K. AGAAEKGVPLYR.H

132-161 3039.510 3038.601 R.HIADLAGNTELILPVPAFNVINGGSHAGNK.L
162-182 2321.107 2320.124 K.LAMQEFMVLPVGAASFHDAMR.V
183-192 1102.616 1101.589 RVGAEVYHSLK.G

183-196 1499.890 1498.858 RVGAEVYHSLKGVIK.A

228-252 2643.233 2642.291 K.AAIAQAGYTDKVVIGMDVAASEFCR.D
239-252 1553.786 1552.745 K.VVIGMDVAASEFCR.D

239-261 2663.276 2662.259 K.VVIGMDVAASEFCRDGRYDLDFK.S
253-261 1128.564 1127.532 R.DGRYDLDFK.S

268-280 1547.882 1546.854 K.RIITGEQLGEIYR.G

269-280 1391.786 1390.753 RIITGEQLGEIYR.G

281-305 3055.352 3054.447 R.GFIKDY PVVSIEDPFDQDDWEAWKR.F
343-357 1633.853 1632.821 K.VNQIGSVTESIQACK.L

358-371 1564.811 1563.780 K.LAQSHGWGVMVSHR.S

372-393 2353.129 2352.159 R.SGETEDTFIADLVVGLCTGQIK.T
394-402 1033.509 1032.484 K.TGAPCRSER.L

412-421 1073.614 1072.584 R.IEEALGDKAK.F
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3  Start-End, positions of the peptides in the protein sequence; Observed, experimental m/z value; Mr, calc., relative molecular mass
4  calculated from the matched peptide sequence; Sequence, sequence of the peptide in one letter code;

5



Kuehn A et a Table S3_ CLEAN VERSION 1

1 Table S3. Chicken adolase peptides matching with fructose-bisphosphate aldolase A of falcon, Falco cherrug (gi/541954690)

2  sequence after request in the NCBInr database (63.3% sequence coverage).

Start-End Observed Mr, calc. Sequence

1-12 1408.670 1407.722 -PHQYPALTPEQK.K

1-20 2343.039 2342.246 -PHQYPALTPEQKKELHDIAK.R
1-21 2499.116 2498.347 -PHQYPALTPEQKKELHDIAKR.I
13-21 1109.583 1108.643 K.KELHDIAKRII

14-27 1547.206 1545.906 K.ELHDIAKRIVAPGK.G

21-41 2054.037 2053.160 K.RIVAPGKGILAADESTGSIAK.R
22-41 1897.895 1897.059 R.IVAPGKGILAADESTGSIAK.R
28-42 1488.761 1487.802 K.GILAADESTGSIAKR.L

42-56 1717.778 1716.858 K.RLSSVGAENTEENRR.W

43-56 1561.699 1560.756 R.LSSVGAENTEENRR.W

69-86 2088.943 2088.079 R.VDPCIGGVILFHETLYQK.A
87-98 1342.673 1341.711 K.ADDGRPFPQVIK.S
108-133 2658.120 2657.340 K.VDKGVVPLAGTNGETTTQGLDGLMER.C

139-148 1193.580 1192.606 K.KDGADFAKWR.C
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140-148 1065.483 1064.511 K.DGADFAKWR.C

140-152 1565.754 1564.789 K.DGADFAKWRCVLK.I
153-160 940.442 939.485 K.ISEHTPTR.L

161-172 1314.685 1313.720 R.LAIMENANVLARY
173-199 3020.232 3019.503 R.YASICQQNGIVPIVEPEILPDGDHDLK.H
242-257 1779.850 1778.931 K.KYSPEEIAMATVTALR.R
242-258 1935.918 1935.032 K.KYSPEEIAMATVTALRR.T
243-257 1651.776 1650.836 K.YSPEEIAMATVTALR.R
243-258 1807.842 1806.937 K.YSPEEIAMATVTALRR.T
304-316 1342.673 1341.759 R.ALQASALRAWAGK.K
322-329 937.419 936.463 K.AAQEEYVK.R

322-330 1093.537 1092.564 K. AAQEEYVKR.A

Start-End, positions of the peptides in the protein sequence; Observed, experimental m/z value; Mr, calc., relative molecular mass

calculated from the matched peptide sequence; Sequence, sequence of the peptide in one letter code;
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Table S4. Allergen contents in raw and authentic chicken samples by quantitative ELISA.%*%

Allergen content [mg/g muscle tissue]

Chicken sample Processing parvabumin enolase aldolase
no nd 0.8-15 0.6-1.2
breast cooking nd 0.1-0.7 0.1-0.8
roasting nd 0.1-0.6 0.1-0.7
no 0.07-0.2 0.8-1.3 0814
leg cooking 0.05-0.1 nd nd
roasting 0.05-0.1 nd nd
no 0.05-0.2 0.7-1.5 0.6-1.4
wing cooking 0.05-0.1 nd nd
roasting 0.05-0.1 nd nd

Cod enolase and adolase were quantified each at 1.5-2.0 mg/g native muscle tissue and 0.3-1.1 mg/g processed muscle tissue.

[mg/g muscletissue], allergen levels calculated per gram muscle as a sample-specific concentration. nd, not detected.
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FIGURES

FIG S1. A. Alpha-helical structures of purified cod and chicken parvalbumin were visualized by
far UV CD spectra as two characteristic absorbance minima at 208 and 222 nm. MRME, mean
residue molar elipticity. B. Catalytic activity of purified enolases was confirmed in a coupled
enzyme assay by absorbance decreases at 340 nm. C. Enzyme activity of purified aldolases was
verified by colorimetric analysis using absorption measurement at 540 nm. Control, no enzyme

added.

FIG S2. Isoelectric points of purified cod and chicken parvalbumin (P), adolase (A) and enolase

(E) were determined by 2D-gel followed by silver staining. M, molecular weight marker.
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