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While the specific humoral response of reptiles is slow and does not typically increase in titer or binding affinity upon secondary
immunization, reptiles produce polyreactive natural antibodies (NAbs) that have low binding affinity and are produced in the
absence of antigen stimulation. Given the poor specific response, NAbsmay be an important protective resource in reptiles. In order
to investigate the relative contributions of natural and specific antibodies, we immunized turtles with the novel antigen keyhole
limpet hemocyanin (KLH). We did not detect an increase in antibody titers. However, preimmunization titers to KLH, as well as to
a series of other novel antigens, were high in the turtles, indicating a strongNAb response. Interestingly, we found an age-associated
increase in NAb titers in adults. Overall, our data suggest that reptiles may use NAbs as part of a strong innate immune response
rather than relying on slower specific humoral responses.

1. Introduction

The vertebrate immune system is a complex network of cells
and molecules that interact to protect the animal against
constant attacks from pathogens. Upon initial contact with
an antigen, the nonspecific innate branch of the immune
system responds quickly to act as a first line of defense [1].
At this time there is also activation of the humoral branch,
which involves the production of highly specific antibodies
by B cells. Antibodies are important in protecting against
pathogens because of their role in facilitating lysis ofmicroor-
ganisms, neutralizing toxins, and agglutinating microorgan-
isms to improve phagocytosis [2].

Humoral responses are often studied by deliberately
immunizing naı̈ve animals with an antigen to which they
have not been exposed previously (a novel antigen) and then
examining the resulting antibody response. The kinetics of
the humoral response to immunization is well studied in
mammals and, to a lesser extent, in birds. When exposed to a
novel antigen, a latent phase occurs inwhichT andB cells first
make contact with the antigen and begin to proliferate and

differentiate. In mammals, this latent period lasts around 1 to
2weeks depending on such factors as type and dose of antigen
used and immunization route. In birds, the latent period is
around 3 to 5 days depending on the species [3]. After the
latent period, antibody titers increase exponentially and peak
at a steady state shortly thereafter. During this phase, IgM
is the first antibody produced, which is then supplanted by
IgG in mammals and IgY in birds [4]. After reaching peak
titers, antibody production in mammals begins to decline
and ceases within a few weeks. The antibody response in
birds is more rapid, but of shorter duration than mammals,
most likely due to the higher body temperatures of birds [4].
Upon a second exposure to the antigen, the latent period is
shortened and antibody titers are increased in both birds and
mammals [3]. In mammals, binding affinity of the antibody
to the antigen is increased [5]; however, it is unclear if affinity
maturation also occurs in birds [6]. Antigen-driven affinity
maturation and memory cell generation are hallmarks of an
adaptive immune response.

Reptiles have humoral immune responses as well but, in
comparison to birds andmammals,much less is known about
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their response. Immunization studies on several species of
reptiles have shown that, while antibodies can be detected
after 1 week, peak antibody titers are often not reached until
6 to 8 weeks after the primary immunization [7]. The latent
period is shortened after a secondary immunization, but
there is often no increase in titer when compared to the
primary response.There is also no evidence for an increase in
binding affinity [7]. While this delay in the humoral response
could be attributed to the fact that reptiles are ectotherms
and have a more variable body temperature, Grey found
that housing of painted turtles (Chrysemys picta) at a higher
temperature did not change the kinetics of the response [8].
Therefore, the comparatively slow humoral immune response
may not be a function of temperature alone.

Because the reptilian specific humoral response is much
slower in comparison to the mammalian humoral response
and often does not result in increased antibody titers upon
a second immunization or increased binding affinity in
response to exposure to an antigen, reptiles may rely upon
another type of humoral response, the production of natural
antibodies (NAbs). At present, little is known about NAbs
in reptiles, but NAbs have been described in a number of
taxonomic groups [9, 10], and clues to their function may
come from studies inmammals. Producedmainly by a subset
of B cells known as B-1 cells, NAbs are spontaneously secreted
in the absence of antigen stimulation [11]. NAbs are encoded
by germ line gene segments [12] and consist predominately
of IgM, but IgG and IgA isotypes have also been detected
[13]. Often self-reactive, NAbs are thought to play essential
“housekeeping” roles in everything from Alzheimer’s disease
to atherosclerosis [14]. NAbs have low binding affinity and
most NAbs are polyreactive to evolutionarily conserved
components of pathogens [11] and thus also play an important
role in the early defense against pathogens. They can trigger
innate immunity by activating the complement cascade as
well as facilitate adaptive immunity by targeting the antigen
to the spleen to activate B cells [11]. Studies have shown that
NAbs can reduce the severity of and increase survival against
both viral and bacterial infections by limiting the spread
of pathogens to vital organs while also improving antigen
trapping in the secondary lymphoid organs [15, 16]. Given
the capacity of NAbs to provide recognition for a broad range
of antigens as well as initiate a variety of immune responses,
they may indeed be an integral component of the reptilian
immune response.

Red-eared slider turtles (Trachemys scripta) live in habi-
tats that likely expose them to a variety of antigens, are
opportunistic omnivores that will readily eat carrion [17], and
often show signs of injury but rarely exhibit signs of infection
(pers. obs.). Yet, we know little about the immune responses
of red-eared sliders, including how they might avoid serious
infections given their many potential routes of exposure to
pathogens. Previously, we found an increase with age in
total immunoglobulins [18] and lipopolysaccharide- (LPS-)
specific antibodies [19], further indicating that they may also
utilize a natural antibody response. We demonstrated in vitro
that B cells from red-eared sliders respond to stimulationwith
LPS by increasing both the number of antibody secreting cells
and the amount of antibody secreted by each cell [19].

In order to investigate their humoral response in vivo,
we immunized turtles from a natural population with a pre-
sumably novel antigen, keyhole limpet hemocyanin (KLH),
and measured KLH-specific antibody levels and the avidity
of the antibodies for KLH. KLH is a highly immunogenic
protein antigen commonly used to induce specific antibodies
in laboratory mammals. While affinity is a measure of how
strong a single antibody binds to an antigen, avidity is the
strength of the binding of a population of antibodies. Given
previous data on the reptilian humoral response, we had
initially predicted an increase in antibody titers to KLH upon
immunization with a shortened latent period after a second
injection and little to no change in avidity. However, we found
that the turtles had significant levels of antibodies to KLH
preimmunization and did not elevate titers or avidity after
immunization.These results suggested that slider turtles may
utilize a predominant NAb response. To further characterize
the preexisting antibody reactivity, we investigated the ability
of slider antibodies to bind to a whole suite of presumably
novel antigens and determined if those titers varied across the
active season or with age.

2. Materials and Methods

2.1. Immunization. In May 2012, sixteen female adult turtles
were trapped at Banner Marsh State Fish and Wildlife Area,
Fulton County, Illinois, and transported to Illinois State
University. Only females were used due to the difficulty of
trapping enough males at this time of year. In a previous
study, we found no sex differences in the ability of slider
leukocytes to produce antibodies in response to stimulation
with LPS [19]. Because red-eared sliders grow throughout
their lifetime [17], wemeasured plastron length to the nearest
mm as a proxy for age [20, 21]. Females used in this study
ranged from 182 to 234mm. Turtles were housed in 100 gallon
tanks held at an average water temperature of 27∘C ± 1.5∘C
with a natural light cycle. Basking platforms were provided in
the tanks for the turtles. Water temperature was monitored
daily and turtles were fed pelleted reptile food three times
a week. A preimmunization blood sample was taken from
the caudal vein using an EDTA-coated syringe to prevent
clotting. Eight turtles were then immunized intraperitonealy
with 100 𝜇L of a 1mg/mL of keyhole limpet hemocyanin
(KLH; Sigma) in PBS solution absorbed into 100𝜇L of alum
(Pierce Chemical) and eight other turtles were injected with
100 𝜇L PBS absorbed into 100 𝜇L of alum as a control. Turtles
were bled every two weeks for a total of eight weeks. Turtles
were then given a booster injection as before and bled every
twoweeks for sixmoreweeks. For all blood samples collected,
plasma was separated by centrifugation and stored at −20∘C.
After the last blood sample was collected, all turtles were
returned to their site of capture. Plasma was tested for
quantity using an ELISA and avidity of antibodies against
KLH using a competitive ELISA.

2.2. Natural Antibodies. To further characterize the nature of
the preimmunization antibody levels in the general popula-
tion, we utilized stored plasma from nonimmunized turtles
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that had been captured previously. Adult male and female
red-eared sliders were trapped periodically at Banner Marsh
State Fish and Wildlife Area throughout the active season of
May through September 2007. Male plastron length ranged
from 111 to 220mm and female plastron length ranged from
106 to 241mm. Blood samples were taken from each turtle
from the caudal vein using an EDTA-coated syringe. Plasma
was separated by centrifugation and stored at −20∘C. Plasma
from 20 males and 20 females was tested for antibodies
against tetanus toxoid (Fort Dodge), KLH, and hen egg white
lysozyme (HEWL; Sigma) using an ELISA.

Plasma was collected from 25 hatchling T. scripta in
March 2008 to assess whether NAbs are present at hatch,
potentially as a result of maternal transfer to offspring. Blood
was collected from the postcranial sinus using an EDTA-
coated syringe. Plasma was separated by centrifugation and
stored at −20∘C until assayed by ELISA. Due to the limited
amount of hatchling plasma, it was only tested for antibodies
against KLH.

2.3. ELISA. Polystyrene 96-well plates were coated with
100 𝜇L/well of a 20𝜇g/mL solution of either tetanus tox-
oid, KLH, or HEWL dissolved in PBS and then incubated
overnight at 4∘C.Wells were washed three times for 3minutes
with 200𝜇L per well of PBS-1% BSA-0.05% Tween buffer
(PBS-T). Plasma samples from the immunization study were
diluted 1 : 25 and 1 : 100. In order to compare measurements
among plates, eight blood samples from unmanipulated
turtles that were housed with the immunized turtles were run
as references on every plate and then used to adjust values
across plates. Plasma samples from 2007 and from hatchling
plasma were diluted 1 : 25 in 100𝜇L PBS-T in each well. For
each antigen, all samples were run simultaneously on one
plate. The plates were incubated at room temperature for 1
hour and then washed as before. One hundred microliters
of 1 : 500 dilution of antiturtle light chain mAb conjugated
to biotin (HL 673, University of Florida Hybridoma Facility)
was added to each well and plates were incubated and washed
as before. One hundred microliters of 1 : 1000 dilution of
Streptavidin-HRP was added to each well and then incu-
bated and washed as before. Plates were washed once with
100 𝜇L/well ddH

2
o before adding 100 𝜇L/well of ABTS pow-

der dissolved in ABTS buffer solution (Southern Biotech).
The optical density (OD) was determined using a Powerwave
340 plate reader (BioTech Inc.) with a 405 nm wavelength.

2.4. Avidity. Avidity was measured using a competitive
ELISA [19]. Fifty microliters of test serum diluted in PBS
(1 : 50) was added to six 50 𝜇L aliquots of antigen serially
diluted in PBS—0.1% BSA—0.05% Tween (0.08–5mg/mL)
and two tubes of 50 𝜇L of PBS—0.1% BSA—0.05% Tween
only and incubated for 18 h at room temperature in glass
tubes. An ELISA was then run as described above with the
plates coated with the antigen of interest. Avidity values
were calculated from the absorbance according to previously
described methods [22]. Thus, for the individual turtle
plasma sample, six values (one from each tube used in the
serial dilution) were obtained by subtracting the absorbance
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Figure 1: Least square mean OD ± SE for control turtles and turtles
immunized with KLH at each sampling point.

in a well from the average absorbance of the wells that came
from the tubes that contained no antigen. That number was
divided by themolarity of the antigen present in the glass tube
during incubation and those six values were then plotted. A
linear regression was used and the slope of the line was the
dissociation constant and avidity was then recorded as the
reciprocal of the dissociation constant.

2.5. Statistics. A repeated measures analysis of covariance
(RMANCOVA) was used to test for the effects of sampling
point and immunization on antibody titers with plastron
length as the covariate.

Antibody levels against HEWL were square root trans-
formed prior to the analysis to meet the assumption of nor-
mality. A multivariate analysis of covariance (MANCOVA)
was used to compare NAb levels between sexes and the
different sampling dates with plastron length as the covariate.
All interactions were tested and nonsignificant effects were
removed from the model. Pearson correlation coefficients
were calculated between NAb levels against each antigen.

3. Results

All adult animals tested demonstrated significant levels of
KLH binding antibodies, even in the absence of immu-
nization, and these did not vary over the course of the
experiment (𝐹

7,16
= 0.38,𝑃 = 0.88; Figure 1). Despite repeated

immunization, the amount of KLH-specific antibodies in
immunized turtles did not differ from control turtles (𝐹

7,7
=

2.00, 𝑃 = 0.19). The date by plastron length interaction was
not significant (𝐹

7,7
= 0.44, 𝑃 = 0.85).

Avidity did not vary over the course of the experiment
(𝐹
2,12

= 0.26, 𝑃 = 0.77; Figure 2) nor did it differ between
immunized and control turtles over the course of the exper-
iment (𝐹

2,12
= 01.24, 𝑃 = 0.32). The date by plastron length

interaction was not significant (𝐹
2,12

= 0.21, 𝑃 = 0.81).
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Figure 2: Least square mean avidity ×10−5± SE for control turtles
and turtles immunized with KLH before immunization, 8 weeks
after the primary immunization and 6 weeks after the booster
injection.

For the MANCOVA, the main effect of plastron length
was significant, with larger turtles having higher amounts of
NAbs against all antigens (𝐹

3,30
= 5.53, 𝑃 = 0.004; Figure 3).

Sampling date (𝐹
15,96

= 1.36, 𝑃 = 0.18) and sex (𝐹
3,30

= 0.04,
𝑃 = 0.99) were not significant. Levels for all three antibodies
were significantly and positively related with plastron length
(KLH: 𝐹

1,40
= 6.68, 𝑃 = 0.0137, Figure 3(a); HEWL: 𝐹

1,40
=

12.13, 𝑃 = 0.0013, Figure 3(b); Tetanus: 𝐹
1,40

= 6.60, 𝑃 =
0.0142, Figure 3(c)). Antibody levels for all antigens were
significantly correlated andpositive (Table 1). Individuals that
exhibited a stronger antigenic response to KLH also had
stronger responses to both HEWL and tetanus toxoid. In
contrast to adults, hatchling plasma did not have detectable
levels of natural antibodies to KLH.

4. Discussion

To study humoral responses of red-eared slider turtles, we
immunized individuals with a presumably novel antigen,
KLH. However, upon testing, we discovered that most adult
individuals had significant titers of preexisting KLH binding
antibodies. Interestingly, turtles immunized with KLH did
not produce increases in antibody titer over a 14-week period,
even after secondary immunization. Other studies in reptiles
have found that increased antibody titers can be detected
around 1 to 4 weeks after immunization [22–25], even though
peak antibody titers are not reached until anywhere from
6 to 9 weeks [8, 23–27]. However, the latent period is
shortened upon secondary immunization [27–29].Therefore,
our protocol should have been sufficient to detect an increase
in antibody titers if the turtles were to produce one.

The high preimmunization titers and lack of response to
immunization suggest that we are measuring a NAb response
in the sliders. We detected antibodies to a series of antigens

that the turtles should not have been exposed to previously
(e.g., KLH, tetanus, and HEWL) and the avidities to KLH
we report in this study (10−5 to 10−6) are within the range
of the avidity for natural antibodies (10−3 to 10−7), even after
immunization [11]. Reagents are not currently available to
distinguish turtle antibody isotypes, but we would predict
that these natural antibodies are of the IgM isotype.

Some studies in reptiles that report an increase in anti-
body titers after immunization have not detected antigen
binding antibodies before the primary injection [24, 27].
However, it has been shown that water pythons have anti-
bodies to diphtheria and tetanus prior to immunization and
fail to increase antibody titers in response to both primary
and secondary immunizations with these antigens [30]. In
addition, immunization of desert tortoises with ovalbumin
(OVA) resulted in a tradeoff between the production of NAbs
and acquired antibodies against OVA [31].

So how do natural antibodies prevent B cells from
producing antigen-specific antibodies in response to immu-
nization? It has previously been hypothesized that NAbs
occur at high enough titers to mask epitopes on the antigens
and therefore prevent any further humoral response [30–
32]. The lack of change in avidity reported in the present
study lends further support to this idea. In order for antibody
production to occur, the antigen must be captured by the
antigen-specific B cell by binding to an Ig on the surface of
the B cell with a high enough affinity to activate the B cell
to produce antibodies [33]. This activation then results in
the B cell producing an antibody with a higher affinity than
NAbs that are produced in the absence of antigen stimulation
[34]. Thus, the conservation of avidity to KLH throughout
the immunization period suggests that the NAbs are masking
the epitopes and not allowing the B cell to be activated.
Previously, we found that B cells from sliders are able to
respond in vitro to the stimulation with LPS by increasing
both the number of antibody secreting cells and the amount
of antibody secreted by each cell [19]. In this study, the B cells
were isolated from whole blood, a process that removes any
NAbs.Thus, when LPS was added to the culture media, there
were no NAbs blocking the activation of the B cells, further
supporting the epitope masking hypothesis.

Natural antibody levels to all antigens tested were pos-
itively correlated with size and presumably age. An age-
associated increase in NAbs has been shown in a number
of taxa including fish [35], birds [36], reptiles [30], and
mammals [37]. NAbs are produced by B-1 cells, which are
long-lived and self-replenishing [38], and as the animal ages,
B cells are selected which react to environmental antigens
[39] presumably causing an increase in NAb levels with
time. This idea is further supported by our failure to detect
natural antibodies in hatchling plasma. We have previously
detected antibodies against KLH in yolk, presumably of
maternal origin, and the levels of these antibodies decreased
during development (unpublished data, LMZ). In addition,
we have determined that hatchling plasma contains roughly
four times lower levels of total immunoglobulins compared
to adult plasma [18, 40]. Therefore, we believe it is likely
that hatchlings do contain antibodies that can bind to
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Figure 3: Relationship between plastron length and OD for (a) KLH, (b) HEWL, and (c) tetanus.

Table 1: Pearson correlation coefficients between OD for each
antigen.

KLH Tetanus HEWL

KLH 0.64881 0.49888
𝑃 < 0.0001 𝑃 = 0.0004

Tetanus 0.64881 0.59389
𝑃 < 0.0001 𝑃 < 0.0001

HEWL 0.49888 0.59389
𝑃 = 0.0004 𝑃 < 0.0001

KLH, and the amount would increase with time, but at the
stage of hatchling development used in the present study,
the antibodies are present at levels below the threshold of
detection by our assay. A similar result has been found in
chickens, where newly hatched chicks hadmaternally derived
IgY but did not produce antibodies against KLH until 5 to
7 weeks of age when all isotypes of antibodies began to be
produced [41].

We did not detect a sex difference in NAb levels from
plasma taken from turtles across the active season. Sex differ-
ences are a common finding in humoral immune measures
in a variety of taxa, with females often exhibiting higher

levels of immune responses [42]. However, in other studies
on the same population of turtles, we have detected very
little evidence for sex differences in a number of humoral
immune measures, including total immunoglobulin levels,
the number of antibody secreting cells, and the amount of
LPS-specific antibodies [18, 19].

We also found no effect of date onNAb levels. In previous
studies, we found a buildup of total immunoglobulin levels
and levels of LPS-specific antibodies across the active season,
suggesting an accumulation of pathogen exposures [18, 19].
However, we also found no seasonal changes in the ability
of cells to produce antibodies either spontaneously or in
response to stimulation [19].

While monoclonal NAbs have been identified, most are
polyreactive to structurally unrelated antigens [43]. Antibody
levels to all three antigens tested here were positively cor-
related to each other, and it is unclear if a single antibody
is able to bind to all three antigens or if there are separate
antibodies binding to each antigen. Madsen et al. [30] report
a similar result, finding that water pythons with high levels
of NAbs to tetanus also have high levels to diphtheria.
Polyreactive antibodies have been shown to be more effective
when compared to monoreactive antibodies in activating
the innate immune system by inhibiting bacterial growth,
enhancing phagocytosis, and triggering complement [43].



6 ISRN Zoology

Thus, polyreactive antibodies with low binding affinities, as
part of a quickly responding innate immune system, may be
advantageous for a reptile instead of relying on a humoral
response that might not peak until 6 or more weeks after
contact with a pathogen.

Other studies in reptiles have shown that aspects of innate
immunity can be stronger and of much broader range than
their mammalian counterparts. For example, several types of
antimicrobial peptides have been found in reptiles, and one
isolated from snake venom from the branded krait, Bungarus
fasciatus, was found to be amore potent antibiotic than ampi-
cillin and benzylpenicillin and even demonstrated antimicro-
bial activity against several strains of clinically isolated drug-
resistant Salmonella typhi and Klebsiella pneumoniae [44].
Serum from American alligator (Alligator mississippiensis)
was shown to have broad range antibacterial activity against
both gram-negative and gram-positive bacteria, including
several strains which human serum was not effective against
[45].NAbs play an important part of this strong innate immu-
nity by triggering complement, neutralizing bacteria directly
through lysis, and enhancing phagocytosis [11]. Reptiles may
use NAbs along with other innate components to form a
quickly responding nonspecific first line of defense instead of
relying on a much slower specific humoral response.

5. Conclusions

In this study, we immunized turtles with a presumably novel
antigen, KLH.While the turtles did not mount an increase in
antibody titers with immunization, preimmunization titers to
KLH and a number of other antigens were high, suggesting
a NAb response. Antibody titers also increased with age.
NAbsmay be especially important for reptiles because of their
slow adaptive immune response, and thus NAbs may form
a central component of a robust innate immune response in
red-eared sliders.
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