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A B S T R A C T

Background: Brucellosis is still considered as one of the major zoonosis afflicting Syrian health and economy. This disease is caused by 
members of the genus Brucella which are gram-negative bacteria living facultatively within mammalian cells during infection.
Objectives: In this paper, a strategy was developed to introduce a new generation of binders called Nanobodies (Nbs) in our combat against 
Brucella. Nbs are genetically engineered camelid-derived single-domain antibody fragments that are very stable and highly soluble, making 
them promising tools in numerous biotechnological and medical applications.
Materials and Methods: In our previous work, three Nb-displaying phages (Nb-phage), referred to as NbBruc01, 02 and 03, were retrieved by a 
phage display panning of a Nb library constructed from Brucella- immunized camel. In this work, soluble Nbs were produced after recloning 
their genes in protein expression plasmid followed by purification with affinity chromatography.
Results: Interestingly, two of these soluble Nbs (NbBruc02 and 03) were able to detect Brucella antigens from two main Brucella species (B. 
abortus and B. melitensis) and distinguish them from those of Yersinia. This is remarkable as the camel IgG failed in such antigen discriminations. 
High similarity, mainly in the structure of lipopolysaccharides (LPS) of these different types of bacteria, causes regular serum cross reactivity 
and thus lack of specificity urging the need for more accurate diagnostic techniques, e.g. a multiplex PCR. Furthermore, NbBruc02 and 03 
targets may represent Brucella immunodominant proteins as shown by immunoblotting.
Conclusions: In addition to their own importance, identifying these antigenic targets will open new perspectives for diagnosis, vaccines and 
treatment of Brucellosis.
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1. Background
Camelids produce antibodies that are naturally devoid 

of light chains (1). The variable domain of such heavy 
chain antibody (HCAb) is fully capable of antigen bind-
ing. The recombinant variable domain of the HCAb re-
ferred to as Nanobody (Nb) is a monomeric structure that 
possesses a high physicochemical stability and solubility; 
with a high production level in E. coli or yeast (2). Thus, 
Nbs offer several advantages over intact antibodies for 
biotechnological or research purposes and medical ap-
plications (3-6). For example, they might be an efficient 
alternative to the engineered antigen-binding domains 
of conventional antibodies which are referred to as a sin-
gle chain antibody variable fragment (scFv) (7, 8). Indeed, 
similar to classical antibodies and their engineered scFvs, 
which have a longstanding history as diagnostic and 
therapeutic agents against toxins and pathogens, the 
impact of Nbs is gradually rising (7-9). Nbs were success-
fully generated against numerous pathogens including 
intact bacterial cells, viruses and toxins (5, 10-13). Brucella 
is a small invasive, non-motile, gram-negative coccobacil-
lus that multiplies and survives within a broad range of 
eukaryotic cells (14). Brucellosis, also known as undulant 
fever or Mediterranean fever, is caused by this genus of 
bacteria and is still one of the major, highly transmissi-
ble, zoonotic diseases afflicting people and animals (15). 
While it has been successfully eradicated from most de-
veloped countries, the situation of this disease in certain 
countries of the Near East and Middle East (e.g. Syria) is 
becoming even worse. It still has a major impact on the 
health of both human beings and domestic animals, par-
ticularly cattle, sheep, goats and camels with concomi-
tant economic consequences (16, 17). While classical sero-
logical techniques are widely used for diagnosing human 
and animal brucellosis, they depend mainly on the detec-
tion of circulating host serum antibodies to lipopolysac-
charide (LPS), the immunodominant surface antigen (18). 
However, the immunologically recognized feature of 
Brucella LPS, the O:9 epitope, is also shared by some Yer-
sinia. As a result, many existing anti-Brucella sera exhibit 
cross-reactivity with Yersinia (15). This shortcoming of an-
ti-LPS antibodies has fueled an increasing interest in the 
detection of antibodies alternative to Brucella antigens, 
since it is important to distinguish these two organisms 
as double infections are common (15). Phage display is 
considered as one of the most successful applications for 
the identification of new diagnostics and therapeutics 
(Nbs or ScFvs) for a wide range of disease causing agents 
including bacteria (19). This approach was used recently 
to isolate Brucella specific scFvs, despite the solubility 
and stability problems these antibody fragments might 
show (20). Considering all the advantages of Nbs, we have 
recently established a new Nb-phage display library from 
an Arabian camel immunized with Brucella (21). This im-
mune library was sufficiently large and competent to 

retrieve new Brucella specific Nbs. After three rounds of 
phage display panning on total bacterial lysate, three dif-
ferent Nbs were isolated. In this study, we report on the 
purification and characterization of soluble Nbs against 
Brucella. Unlike purified IgG from camel serum, Nbs were 
able to discriminate Brucella from Yersinia antigens, pro-
viding an efficient tool to surmount the problem of cross-
reactivity between these two types of bacteria.

2. Objectives
Brucella specific Nbs are of particular importance since 

there is a definite need for better diagnostic and thera-
peutic tools to combat this infectious agent in the Near 
and Middle East.

3. Materials and Methods

3.1. Antigens and Antibodies
Brucella and Yersinia strains were provided by Unité de 

Recherche en Biologie Moléculaire, Facultés Universita-
ires Notre-Dame de la Paix, Namur, Belgium. Prior to in-
activation, B. melitensis strain Rev. 1 and B. abortus strain 
2308 NalR were grown in Brucella broth medium (HIME-
DIA Laboratories) supplemented with 5% heat inactivated 
horse serum (PAN Biotech GmbH) for at least 48 h in a 
37ºC incubator. The inactivation step was performed by 
washing the bacteria twice with cold phosphate buffered 
saline (PBS) followed by heat inactivation by incubation 
at 60ºC for 30 min. Inactivation was confirmed by inocu-
lating 1 mL of bacterial suspension on Brucella agar solid 
media. Y. enterocolitica strain O9 was used mainly to test 
the antibody cross-reactivity. In order to prepare lysate 
from different types of bacteria, 1 gram of wet weight 
bacteria was re-suspended in 5 mL of ice cold PBS and 
protease inhibitor solution (1 mM Phenylmethanesulfo-
nyl fluoride (PMSF), 1 × complete-protease inhibitor from 
Roche supplemented with 1 mg.mL-1 of lysozyme), and 
was incubated for 30 min on ice followed by a 5 times son-
ication (15 sec pulses) on ice. Bacterial debris was elimi-
nated by centrifugation (15000 ×g, 15 min, 4°C) and the 
supernatant was saved. The protein concentration in the 
supernatant was estimated by the Bradford colorimetric 
assay. For ELISA tests, rabbit anti-camel (Bethyl Laborato-
ries Inc.), Horseradish peroxidase (HRP) conjugated goat 
anti-rabbit (BioRad) and mouse anti-his-HRP (Roche) 
antibodies were all used according to manufacturer's in-
structions.

3.2. Recloning of Nb genes in an Expression Vector
Nb genes from three previously isolated clones (21) were 

PCR-amplified using forward FR4For38 (3'-GGA CTA GTG 
CGG CCG CTG GAG ACG GTG ACC TGG GT) and reverse A6E 
(3'-GAT GTG CAG CTG CAG GAG TCT GGA GGA GG) prim-
ers. Amplified Nb genes were recloned into the protein 
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expression vector pHEN6 (22), using the restriction en-
zymes PstI and BstEII and the plasmid constructs were 
transformed into E. coli WK6 cells. Nbs expressed from 
this vector were supplemented with 6× his-tag necessary 
for further purification steps using nickel charged col-
umns.

3.3. Purification of Soluble Nbs
A large-scale production of recombinant Nbs was per-

formed in 250 ml shake flasks by growing the bacteria in 
Terrific broth medium (1.2 % tryptone, 2.4 % yeast extracts, 
0.8 % glycerol, 17 mM KH2PO4, 72 mM K2HPO4) supple-
mented with 0.1% glucose and 100 µg.mL-1 ampicillin till 
an optical density (at 600 nm) of 0.6 to 0.9 was reached 
and then expression was induced with 1 mM IPTG for 16 
h at 28°C according to previous reports (23). After pel-
leting the cells, the periplasmic proteins were extracted 
by osmotic shock (24). Using fast protein liquid chroma-
tography (FPLC) AKTAprime plus system (GE lifescience), 
this periplasmic extract was loaded on a 1 mL column of 
nickel charged nitrilotriacetic acid (NTA) superflow Sep-
harose (Qiagen). After washing, the bound proteins were 
eluted with a 250 mM imidazole buffer. The eluted frac-
tion was concentrated on Vivaspin concentrators with a 
molecular mass cutoff of 5 kDa (Vivascience) and loaded 
on a Superdex-75 10/30 gel filtration column (Pharmacia). 
The purity of the fragments was evaluated in a Coomass-
ie-stained SDS-PAGE. The absorption at 280 nm and the 
extinction coefficient as calculated from the amino acid 
sequence of each Nb (Figure 1) were used to determine 
protein concentrations.

3.4. Enzyme-Linked Immunosorbent Assay (ELISA)
Maxisorb 96-well plates (Nunc) were coated with anti-

gens by overnight incubation (at 4°C) with 100 µL/well of 
bacterial lysates, or pure LPS, prepared at 0.01 - 1 mg.mL-1 
in PBS. Residual protein binding sites in the wells were 
blocked for 2 h at 37ºC with 5% skimmed milk powder in 
PBS. Dilutions of soluble Nbs and IgGs, previously puri-
fied from the serum of Brucella immunized and con-
troled camels (21), were added to the wells according 
to what was indicated in each experiment. Detection of 
antigen-bound Nbs or IgG was performed with mouse 
anti-his peroxidase conjugated antibody, and rabbit anti-
camel antibodies, respectively. Subsequent detection of 
the rabbit antiserum was done with an anti-rabbit-HRP 
conjugate. The absorption at 450 nm was measured after 
adding peroxidase substrate 3,3',5,5'-tetramethylbenzi-
dine (TMB ready-to-use from Sigma)  followed by stopping 
buffer (1 M of H2SO4) in order to terminate the enzymatic 
reaction of peroxidase.

3.5. Immunoblotting 
SDS-PAGE (10 %) separation was performed for 10 mg 

of bacterial extract and separated proteins were blotted 
onto two 0.45 µm nitro-cellulose membranes (BioRad) 
using 1 × blotting buffer (25 mM Tris-base, 200 mM Gly-
cine, 0.1 % SDS and 20 % Methanol). After incubation in the 
blocking buffer (3 % skimmed milk, 1 % BSA in 1 × PBS), one 
of the membranes was incubated with 1:500 dilution of 
NbBruc02 and the other with 1:50 dilution of NbBruc03 
for an hour at room temperature. After several washes 
with TBS-tween-20 (20 mM Tris-base, 150 mM NaCl, 0.05 
% Tween-20, pH 7.5), they were incubated with 1:1000 dilu-
tion of mouse anti-6 × His antibody HRP for 1 h at room 
temperature. Bands revelation was achieved by adding 
AEC (3-amino-9-ethylcarbazole) chromogen substrate in 
acetate buffer in the presence of hydrogen peroxide.

3.6. Multiplex PCR
Multiplex PCR reactions were achieved directly on ali-

quots of heat-killed bacteria. Before use, the killed organ-
isms (see above) were rinsed once with distilled water 
and were then resuspended in distilled water at an opti-
cal density at 600 nm of 0.15 to 0.20 (approximately 109 
cells per mL). Two µL of bacteria suspension were used in 
each PCR reaction. Brucella and Yersinia Multiplex PCRs 
were performed using multiple pairs of primers able to 
amplify a specific genome locus, based on the work of 
Imaoka et al. (25) with minor modifications.

4. Results

4.1. Characteristics and Sequences of the New Nbs
After immunizing a dromedary with heat-killed B. meli-

tensis bacteria, we cloned the Nb genes from its blood lym-
phocytes and constructed an ‘immune’ library. This Nb 
library was displayed on phage and panned on B. meliten-
sis bacterial lysate. After three rounds of panning, three 
isolated clones were able to produce virions with a Nb at 
their tip that recognized the crude bacterial lysate of Bru-
cella (21). The genes of these Nbs were amplified with PCR 
from three independent clones in TG1 E. coli cells. The am-
plicons of these three clones have a similar size; however, 
differences in their nucleotide sequences could be easily 
discerned by restriction digestion with HinfI followed 
by gel-electrophoresis. This restriction fragment length 
polymorphism (RFLP) analysis revealed three distinctive 
cutting profiles (Figure 1A). These (intact) amplicons were 
sequenced and the deduced encoded soluble proteins 
were analyzed (Figure 1B). Their amino acid sequences 
were aligned (Figure 1C) and compared with a consensus 
Nb sequence. Minor changes were noticed in the protein 
size and molecular weight between the three Nbs and 
these differences were mainly related to the amino acid 
composition and the length of CDR3 loop. Obviously, 
among the three clones, the other CDRs (1 and 2) have 
the same length but have differences in their amino acid 
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sequence. Therefore, these clones reflect independent 
B-cell lineages that were at the origin of their expressed 
Nbs (6). Nevertheless, it is clear that all three Nbs were 
derived from the VHH germline genes, as they contained 
the hallmark amino acid substitutions in frameworks 1 
and 2. As such, they possess arginine instead of leucine 
residues at position 50 (4, 9, 26). In addition to the con-
served bridge between Cys23 and Cys104, that is present 
in all the clones, an extra interloop disulfide bridge, fre-
quently occurring between CDR1 and CDR3 in camel Nbs, 
was observed in NbBruc02 (Figure 1C).

Figure 1. Molecular Characterization of the New Nbs
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(A) Agarose gel migration of DNA fragments, containing Nb genes, after being amplified by PCR from their respective colonies. Internal sequence poly-
morphisms were revealed by digestion of the DNA fragments with HinfI restriction enzyme resulting in three distinct profiles on agarose gel (right). 
(B) Major protein characteristics of the three predicted Nbs including, fragment size (aa), theoretical molecular weight (kDa), isoelectric point (pI) and 
extinction coefficient (kMEC). This last property was used to calculate the concentrations of Nbs by spectrophotometer. (C) Alignment of amino acid 
sequence of the three predicted Nbs. Framework and hypervariable regions (CDR) are indicated. Numbers are according to IMGT numbering (27).

4.2. Expression and Purification of Soluble Nbs
Soluble Nbs were obtained after ligation of their am-

plicons into the expression vector pHEN6 and transfor-
mation into E. coli (22). In this system the expressed Nbs, 
carrying a 6× his tag to facilitate purification, were trans-

ported into the periplasmic space of E. coli. Purification of 
Nbs using periplasmic extract was done by immobilized-
metal affinity chromatography, using a nickel-charged 
NTA column installed on AKTAprime system. The UV-de-
tector, supplemented with this system, enabled the real-
time monitoring of the different steps of Nb purification 
(Figure 2A). Column purification yielded 95% pure Nbs 
(14.5 kDa) as determined by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) stained with 
coomassie blue dye (Figure 2B, lane 3), which totally disap-
peared in the purification flow-through of each sample 
(Figure 2B, lane 2).

The yield of the purified product varied from 100, 80 
and 40 mg.L-1 of bacteria culture for NbBruc01, 03 and 02, 
respectively. The purified proteins were present as mono-
mers, since only a single band co-migrating with proteins 
of molecular mass of 14,000 Da could be seen after SDS-
PAGE (Figure 2B).
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Figure 2. Expression and Purification of Soluble Nbs
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(A) Diagram of purification procedure using Ni-NTA column installed 
on FPLC AKTAprime system. Continuous line represents the absorbance 
of the eluate; different purification steps are shown below and peaks of 
the flow-through sample and of the purified Nb are indicated. The dashed 
line represents conductivity of the eluate. (B) Protein migration in SDS-
PAGE (12%) of Nb fractions obtained after different steps of purification. 
Total periplasmic extract (1); flow-through sample from Ni-NTA column 
(2); and purified Nb protein (3) for each of the three Nbs. The location of 
Nbs in the gel is indicated and defined as 14.5 kDa by comparison to the 
protein molecular weight ladder in the first lane (M).

4.3. Brucella Recognition by Purified Nbs
Nbs were tested for binding to Brucella lysate in a solid 

phase indirect ELISA using serial dilutions of each of the 
three Nbs (Figure 3). NbBruc02 and 03 were both able to 
recognize Brucella antigens at high and moderate dilu-
tions, respectively. At dilutions from 1×10-3 onwards, the 
NbBruc03 gradually lost its binding capacity toward Bru-
cella. Interestingly, NbBruc02 showed a higher reactivity 
since it still had its full binding capacity at high dilutions 
of up to 2×10-4. Unexpectedly, soluble NbBruc01 failed to 
give a positive signal in ELISA even when used at a high 
concentration. To optimize the quantity of Brucella lysate 

necessary for recognition by the different Nbs at their op-
timal dilutions, an ELISA test was performed using serial-
ly diluted concentrations of Brucella lysate ranging from 
0 to 100 µg per well (Figure 4). NbBruc02 and 03 were able 
to recognize Brucella antigens even at 1 µg/well and this 
reactivity reached a steady state level starting from 5 µg/
well, onwards. NbBruc01 failed to detect Brucella lysate 
even at high antigen quantities of 100 µg/well (Figure 4).

4.4. Identification of Nbs Purification and Antigen 
Detection Problems

We anticipated that the conformational structure of the 
Nb might hinder the accessibility of its 6× his-tag result-
ing in low ELISA signal when using an anti-his antibody 
for detection. To examine if this could be a plausible ex-
planation for the low NbBruc03 binding capacity rela-
tive to that of NbBruc02, we used different Nb detection 
strategies in our ELISA (Figure 5A). In addition to anti-his-
HRP conjugated antibody, a rabbit anti-camel antibody 
followed with goat anti-rabbit-HRP conjugated antibody 
was employed to detect the Nbs attached to the immo-
bilized (coated) Brucella antigens (Figure 5B). Rabbit-an-
ti-camel antibody was able to recognize NbBruc02 and 
NbBruc03 which are derived from camel heavy chain an-
tibodies (Figure 5B). In addition, the difference in reactiv-
ity between NbBruc02 and NbBruc03 observed with anti-
his system disappeared when this anti-camel antibody 
was used. The NbBruc01 was probably not binding to 
Brucella antigens, since it was undetectable with either 
of these approaches (Figure 5B).

NbBruc01 was isolated from Brucella Nb library by the 
phage display method, where it was expressed as fu-
sion with the phage coat protein (GIII). Apparently, the 
production of a single form of NbBruc01 by cloning its 
coding sequence into the expression vector pHEN6 re-
sulted in an unstable protein that may have lost antigen 
recognition. Therefore, we surmise that the malfunction 
of NbBruc01 could be related to a misfolding problem, as 
the crude NbBruc01 periplasmic extract has low binding 
capacity to the immobilized Brucella antigens and this 
capacity is totally lost after purification (Figure 5B inset). 
In agreement with the last finding and unlike NbBruc02 
and 03, the NbBruc01 was found to form a precipitate in 
the elution buffer after the chromatographic purifica-
tion from periplasmic extract.

4.5. Specificity of the New Nbs Toward Brucella Spe-
cies

Purified Nbs were tested in an ELISA for their specificity 
to antigens from different species of Brucella, and their 
cross-reactivity toward Yersinia antigens (Figure 6). In or-
der to ensure the identity of the used bacterial strains, 
Brucella and Yersinia multiplex PCRs were performed 
directly on bacterial suspension and the resulting PCR 
products were separated through agarose gel (Figure 6A-
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Figure 3. Titration of the Nbs
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Figure 4. Optimization of the Quantity of Brucella Lysate for ELISA Test
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One single dilution (1/100) of each Nb was tested in ELISA against increas-
ing concentrations of Brucella lysate, ranging from 0 to 100 µg/well.

inset). With the amplified DNA bands from Brucella, we 
could define the Brucella genus by the presence of a pair 
of bands at approximately 300 and 400 bp. Brucella spe-
cies of each sample were identified by the presence of 
a single band above the duplicate, 500 bp for B. abortus 
and 700 bp for B. melitensis. One universal band ampli-
fied from the highly conserved 16s rRNA locus could be ob

served in all tested DNAs at 1000 bp and was considered as 
our control for the presence of genomic bacterial DNA in 
the PCR reaction. Another multiplex PCR was performed 
to identify Yersinia. In this reaction, the characteristic 
bands for Yersinia, absent in Brucella sample, were clear-
ly visualized at 950 bp (for the genus Yersinia) and at 300 
bp (for the species Y. enterocolitica). Total bacteria lysates 
were prepared from these PCR-checked strains, immobi-
lized on ELISA plates and tested for recognition by soluble 
Nbs, NbBruc02 and NbBruc03, that had reacted positively 
in previous tests (Figure 6A). We found that both Nbs were 
able to detect antigens from B. melitensis and B. abortus 
lysates giving absolutely no cross-reactivity to those from 
Y. enterocolitica. This clear antigen discrimination was 
completely abolished when the polyclonal camel IgG was 
used instead of the monoclonal Nbs, since this ‘immune’ 
polyclonal IgG sample reacted to the same level with the 
antigens present in the different types of bacteria (Fig-
ure 6A). To identify the specific antigen of NbBruc02 and 
NbBruc03 within Brucella lysate, we performed an immu-
noblotting assay. To this end, proteins from cell lysates of 
B. melitensis and B. abortus were separated onto 10% SDS-
PAGE and then transferred to nitro-cellulose membranes 
in order to be revealed either by NbBruc02 (Figure 6B, 
top) or NbBruc03 (Figure 6B, bottom). Attached Nbs on 
the membranes were detected by incubation with mouse 
anti-6× His-HRP conjugated antibody. This experiment 
demonstrated that, NbBruc02 antigen was a protein of 
about ~ 60 kDa and NbBruc03 antigen was a smaller pro-
tein of about ~ 20 kDa and both proteins were detected in 
the lysates of the two strains of Brucella.
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Figure 5. Inspection ofNb Detection Problems

A                                                    B

Mouse Anti-His-HRP conjugated

Rabbit anti-camel serum

Goat anti-rabbit-HRP conjugated

A
b

so
rb

a
n

ce
 (

4
5

0
 n

m
)

Anti Camel

Anti-His

NbBruc01    NbBruc02      NbBruc03              No Nb

3.5

3

2.5

2

1.5

1

0.5

0

Ni   -NTA Purification

B. melitensis
No Ag

before                  after

1

0.8

0.6

0.4

0.2

0

A
b

so
rb

a
n

ce

(A) Schematic representation of two models for the detection of the interaction between Nbs and Brucella antigens (Ag). Either by anti-his antibody con-
jugated to HRP or by rabbit anti-camel serum antibody followed by goat anti-rabbit antibody conjugated to HRP. (B) ELISA test of the interaction between 
Nbs (1/100) and Brucella total lysate (10 µg/well) using the two indicated approaches of detection. Signal backgrounds of both systems are shown in the 
absence of Nbs (No Nb). Reactivity of NbBruc01, before and after chromatography purification, in the absence (No Ag) or the presence of Brucella lysate 
(10 µg/well) was ELISA tested (inset).

Figure 6. Specificity of Nbs Toward Antigens From Different Brucella Species
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Diluted Nbs (1/500 for NbBruc02 and 1/50 for NbBruc03) or Brucella-immunized (+) or control (-) camel-purified IgGs (1/1000) were tested by ELISA and 
backgrounds of each antigen condition in absence of Nbs or IgG are shown (No Ab). (A) ELISA was performed in the presence of immobilized total extract 
(10 µg/well) from different sources (B. melitensis, B. abortus and Y. enterocolitica as negative control). Identity of used bacteria strains were confirmed by 
Brucella and Yersinia multiplex PCRs which were performed directly on bacterial suspension. PCR products, containing different DNA fragments accord-
ing to the genus and the species of each type of bacteria, were separated through 1.5% agarose gel (A-inset). (B) Immunoblotting of 10µg of protein extracts 
from B. melitensis (lane 1), B. abortus (lane 2) or no antigens (lane 3), using NbBruc02 (Top; 1:500 v:v) or NbBruc03 (Bottom; 1:50 v:v).
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5. Discussion
The data presented here report the purification and the 

characterization of three Nbs which were previously iso-
lated from a large Brucella ‘immune’ Nb library. In fact, 
phages carrying these Nbs were highly enriched after 
panning with Brucella total antigens (21). This study con-
firms the findings from a previous report describing the 
feasibility to isolate a panel of infectome-specific binders 
from an immunized camel without having prior knowl-
edge of the antigens involved (4). In contrast to their 
apparent equivalent size, the internal amino acids se-
quences of the Nbs are quite different, especially in their 
CDRs, indicating the use of different V-germline within 
their respective B-cells. Furthermore, the extra disulfide 
bond in NbBruc02, observed between the first and the 
third antigen-binding loop, is expected to confer an in-
creased stability to the protein structure and thus can 
assist in its high reactivity toward Brucella antigens even 
at a low concentration. All three Nbs were successfully re-
cloned, expressed and purified in large yields from E. coli 
culture suggesting being an ideal system for continuous 
mass production as required for medical or commercial 
purposes. Dissimilar to monomeric behaving Nbs, which 
exist as a single polypeptide chain, scFvs were produced 
by the random joining of the two variable domains (V) of 
conventional antibody; those of the heavy (VH) and light 
(VL) chains. This splitting and then artificial rejoining of 
the natural antigen-binding partners usually result in 
binders with suboptimal affinity and stability (1). In fact, 
previous research that worked to produce soluble Brucel-
la specific scFv have encountered multiple problems of 
solubility and degradation (20). ELISA tests have shown 
that both NbBruc02 and 03 could recognize two of the 
main Brucella species, B. melitensis and B. abortus belong-
ing to a monospecific genus with interspecies homology 
above 87 percent (15). Despite the shared antigens of this 
genus with types of Yersinia, mainly the LPS O-ring epi-
tope, both Nbs were able to distinguish between these 
two genera. As expected, purified polyclonal IgG from 
camel, immunized with Brucella, was unable to make 
such distinction. This cross-reactivity is seen regularly 
in sera collected from immunized or naturally infected 
animals. The protein nature of the antigens targeted by 
NbBruc02 and 03 was presumed since these Nbs showed 
no reactivity to Brucella LPS despite them being the main 
immunogenic part of bacteria (28). This strategy of avoid-
ing LPS-specific antibodies while using Nbs to detect rela-
tively rare but unique and specific epitopes should allow 
rapid definition of bacteria within mixed populations 
and be of application to environmental sensing. Our re-
sults demonstrated that beside multiplex PCR, which is 
considered as the most accurate molecular technique 
(25), Brucella could also be successfully identified by Nbs. 
In this context, it would be interesting to continue with 
this current Brucella ‘immune’ Nb library and explore 

more advanced panning strategies to retrieve a wider 
range of species-specific Nbs. For example, a subtractive 
panning could be introduced here as it was already suc-
cessfully employed to identify Taenia species-specific Nbs 
(5). Such an approach could be adapted in order to obtain 
Nbs able to distinguish the different species of Brucella 
and thus be used for different diagnostic purposes. Apart 
from the employment of Nbs in diagnostic tests, a thera-
peutic utilization might be envisaged as well. In fact, us-
ing proteomic techniques such as immunoprecipitation 
and MALDI-TOF-MS (29), the 60 kDa protein antigen of 
NbBruc02 (GenBank accession no. JF313902), was isolated 
and identified as the chaperonin GroEL (30). A similar 
approach should be done in order to identify the 20 kDa 
protein antigen of NbBruc03. Studying the importance 
of these antigens in Brucella physiology and life cycle, in-
cluding infection, will be of great importance. These an-
tigens are presumed to be immunodominant, not only 
because the phages displaying these Nbs were rapidly 
enriched during panning but also since a small quantity 
of Brucella total lysate was sufficient to be recognized by 
their purified proteins (i.e. high sensitivity of detection). 
In case these antigens turn out to be novel markers, we 
could invest in their utility to be developed for a sensitive 
and specific serological diagnostic tool of Brucella infec-
tion and even to develop a new vaccine against Brucello-
sis.
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