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Abstract
Treatment of alligator serum with different concentrations of EDTA resulted in a concentration-dependent inhibition of serum-mediated
sheep red blood cell (SRBC) hemolysis. This inhibition of serum-dependent hemolysis was observed for other chelators of divalent metal
ions, such as phosphate and citrate. Treatment of alligator serum with 5 mM EDTA completely inhibited SRBC hemolysis, which could be
totally restored by the addition of 5 mM Ca2+ or Mg2+, but not Cu2+ or Ba2+. These data indicate a specific need for Ca2+ and/or Mg2+ in the
serum-mediated hemolysis of SRBCs. Kinetic analyses revealed that the addition of 30 mM EDTA 1 min after incubation of SRBCs with
serum resulted in only 30% inhibition of hemolytic activity. However, addition of EDTA as early as 3 min post-incubation resulted in
complete SRBC hemolysis. Pretreatment of serum with EDTA inhibited the hemolytic activity, but the activity could be restored in a timedependent manner by the addition of Ca2+or Mg2+. These data indicate that, as in human serum, the need for divalent metal ions occurs early
in the alligator serum complement cascade.
D 2005 Elsevier Inc. All rights reserved.
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1. Introduction
The serum complement system, an important component
of the humoral immune response, is composed of 25 –30
proteins that can be activated to initiate the inflammatory
response, recruit leukocytes to the site of infection, mediate
opsinization of particulate foreign materials, and to kill
microorganisms directly by the assembly of a multiprotein
membrane attack complex in the outer membrane of
microbes (Muller-Eberhard, 1986; Dalmasso et al., 1989).
Because of the immunological importance of the serum
complement system, a deficiency or mutation in any
complement protein is almost always associated with
multiple recurring infections (Morgan and Walport, 1991;
Pascual and French, 1995).
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Recent studies in our laboratory have shown that serum
from the American alligator exhibits potent and broadacting antibacterial (Merchant et al., 2003), amoebacidal
(Merchant et al., 2004), and antiviral (Merchant et al.,
2005a) activities. Further studies have shown that these
activities are likely due to an active serum complement
system in the blood of alligators (Merchant et al., 2005b).
This study was conducted to investigate the role and kinetic
requirements of divalent metal ions in alligator serum
complement function.

2. Materials and methods
2.1. Chemicals and biochemicals
Ethylene diamine tetraacetic acid (EDTA), orthophosphate, calcium chloride, barium chloride, and cupric
chloride were purchased from Sigma-Aldrich Chemical
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ments in which EDTA, Ca2+ and/or Mg2+ were included,
20 AL of each was added at 10 the final concentration.
The final concentration of SRBCs was kept at 1% and the
reaction volume was maintained at 2 mL.
2.4. Statistics and controls
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Fig. 1. Concentration-dependent inhibition of serum-mediated SRBC
hemolysis by EDTA. Alligator serum was pretreated with different
concentrations of EDTA. The effects of the EDTA on SRBC hemolysis
are displayed. The results are expressed as the percent of activity of a
positive lysis control, and represent the means T standard deviations of four
independent determinations.

All experiments were performed in triplicate to enable
valid statistical evaluation of the results. The results of each
assay are expressed as the percent of maximum lysis by
comparison to the positive control value obtained by full
hemolysis of SRBCs by physical disruption in a hyposaline
solution. All results represent the means T standard deviations. The results were subjected to analysis of variants
using Sheffe’s post-hoc comparisons.

3. Results

2.2. Treatment of animals
Wild alligators were captured and then housed at the
Rockefeller State Wildlife Refuge in Grand Chenier,
Louisiana, USA. Adult alligators were typically captured
at night with use of a cable snare. Numerous juvenile
alligators, which were hatched in captivity from eggs
collected in the wild, were maintained at Rockefeller Refuge
in fiberglass-lined concrete tanks approximately 4.57 m
long  1.83 m wide. Several small alligators (up to 91 cm in
length) were housed in a single tank.
The environment in the tanks consisted of 50% dry
bottom and 50% water of approximate 12.5 cm depth. The
temperature was maintained at approximately 30 –31 -C.
The alligators were fed formulated dry pellets four –five
times per week and the tanks were cleaned five times per
week. Blood samples were drawn from the spinal vein
(Olsen et al., 1975, Zippel et al., 2003) using a 3.81-cm, 18gauge needle and a 20-mL or 60-mL syringe and transferred
to either serum or plasma (50 mM EDTA) vacutainer tubes.
2.3. SRBC hemolysis assay
Five hundred microliters of alligator serum was added
to 500 AL of 2% SRBCs (v/v) in a 2-mL microcentrifuge
tube. Except in the kinetic study, during which the
incubation time varied, the samples were incubated at
room temperature (RT) for 30 min. The samples were
centrifuged at 2500g (5 min, RT) in a microcentrifuge
to pellet intact cells and debris from lysed cells. The
optical density of the supernatants was quantified using a
Varian Cary 50 spectrophotometer (525 nm) and a
microprobe accessory designed for the measurement of
optical density in samples of small volume. For experi-

The inhibition of alligator serum complement activity is
shown in Fig. 1. Pretreatment of alligator serum with 1 mM
EDTA, prior to incubation with SRBCs, did not result in a
statistically significant reduction of SRBC hemolysis
( p < 0.05). However, pretreatment of the serum with 2
mM, 3 mM, or 4 mM EDTA resulted in reductions to 53%,
15%, and 1% of the total hemolytic activity, respectively.
Treatment of the alligator serum with concentrations of
EDTA higher than 4 mM resulted in full inhibition of SRBC
hemolysis.
The effects of divalent metal ion chelators on the
hemolysis of SRBCs by alligator serum are depicted in
Fig. 2. Incubation of SRBCs with untreated alligator serum
resulted in 90% of maximum hemolysis, while treatment
of serum with 50 mM EDTA produced only 9% of
maximum hemolysis. Treatment of serum with 50 mM
phosphate caused the hemolytic activity to drop to 22%,
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Fig. 2. Effects of divalent metal ion chelators on the hemolysis of SRBCs
by alligator serum. Alligator serum was incubated with 30 mM EDTA,
citrate or inorganic phosphate. The results are expressed as the percent of
activity of a positive lysis control, and represent the means T standard
deviations of four independent determinations.
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Fig. 4. Effects of different combinations of Ca2+ and Mg2+ on the alligator
serum-mediated lysis of SRBCs. Alligator serum was treated with 5 mM
EDTA and either 10 mM Ca2+ or Mg2+. The serum treated with Ca2+ was
titrated with different concentrations of Mg2+, and vice versa, to determine
the combined effect of these metals on SRBC hemolysis. The results are
expressed as the percent of activity of a positive lysis control, and represent
the means T standard deviations of four independent determinations.

The dynamics of SRBC hemolysis by alligator serum is
shown in Fig. 5. Treatment of alligator serum with 30 mM
EDTA prior to, and at different times after, incubation with
1% SRBCs resulted in time-dependent effects on hemolytic activity. Pretreatment of the serum with 30 mM
EDTA resulted in strong inhibition ( p < 0.01, not significantly different from negative controls) of SRBC hemolysis at all time points. However, treatment of serum that
had been incubated with SRBCs for 1 min resulted in only
10% of maximal hemolytic activity, compared to positive
lysis controls. Addition of 30 mM EDTA to alligator
serum 2 min after the addition of SRBCs resulted in 90%
of the maximal SRBC hemolysis activity, while 3 min
post-SRBC EDTA incubation resulted in only 100% of
hemolysis.
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while treatment of the alligator serum with 50 mM citrate
resulted in a decrease in hemolysis to 10% of the
maximum activity. These values were obtained by comparing each treatment group to SRBCs incubated with the
same volume of normal saline.
The ability of excess Ca2+ or Mg2+ to overcome the
inhibitory effects of EDTA is illustrated in Fig. 3. Pretreatment of alligator serum with 4 mM EDTA followed by
exposure to SRBCs resulted in a nearly complete inhibition
of hemolytic activity, when compared to control SRBCs,
which were completely hemolysed by syringing in a
hyposaline solution. However, cotreatment of the serum
with 4 mM EDTA and 1 mM, 2 mM, or 5 mM Mg2+
restored the hemolytic activity to 31%, 63%, or 87% of
maximal activity, respectively. Cotreatment of the serum
with 4 mM EDTA and 5 –20 mM Mg2+ did not result in
further increase in hemolytic efficiency ( p > 0.05). The
results obtained for Ca2+ restoration of EDTA-inhibited
hemolysis were nearly identical to those obtained for Mg2+.
Cotreatment of serum with 4 mM EDTA and 1 mM, 2 mM,
or 5 mM Ca2+ restored the hemolytic activity to 31%, 73%,
87% of maximal activity, respectively. Cotreatment of
alligator serum with SRBCs in the presence of 4 mM
EDTA was not affected by the addition of Ba2+(1– 100 mM)
or Cu2+ (1– 100 mM).
The effects of different combinations of Ca2+ and Mg2+
on the alligator serum-mediated lysis of SRBCs are depicted
in Fig. 4. Alligator serum pretreated with 5 mM EDTA and
10 mM CaCl2 was titrated with MgCl2. The addition of 1
mM MgCl2 significantly elevated serum complement
activity by approximately 11% ( p < 0.01). Addition of
higher concentrations of MgCl2 did not further change the
complement activity ( p > 0.05). The titration of MgCl2spiked serum with CaCl2 displayed almost identical effects.
The addition of 1 mM CaCl2 caused a 9% increase in
hemolytic activity and addition of concentrations of MgCl2
above 1 mM did not further increase the hemolytic activity
of the alligator serum ( p > 0.05).
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Fig. 3. Optimal concentration of Mg2+ and Ca2+ in alligator serum for the
hemolysis of SRBCs. Alligator serum was incubated with 5 mM EDTA and
then titrated with different concentrations of Mg2+ or Ca2+. The results are
expressed as the percent of activity of a positive lysis control, and represent
the means T standard deviations of four independent determinations.

10

20

30

40

50

60

Reaction Duration (min)
Fig. 5. Kinetics of the effects of EDTA on the hemolysis of SRBCs by
alligator serum. Alligator serum was mixed with SRBCs, and 30 mM
EDTA was added at different time points after the addition of SRBCs. The
results are expressed as the percent of activity of a positive lysis control,
and represent the means T standard deviations of four independent
determinations.
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4. Discussion
The humoral immune response comprises a significant
portion of the immune system and acts as an initial defense
mechanism against microbial growth shortly after infection
occurs. While higher eukaryotes have evolved complex
adaptive immune systems, Sunyer et al. (1997) have
theorized that more ancient vertebrates, such as teleost
fishes, have evolved diverse innate immune systems. Sunyer
has revealed that bony fish have evolved five different
isoforms of C3. This allows fish to respond immunologically to a broad spectrum of stimuli. This broad-acting
innate immunity is similar to that which was described for
alligator innate immunity by our laboratory (Merchant et al.,
2003, 2004, 2005a). Previous studies in our laboratory have
provided evidence for the existence of a functional
crocodilian serum complement system in the American
alligator (Merchant et al., 2005b).
We have employed the sheep red blood cell (SRBC)
hemolysis assay to probe the role of divalent metal ions in
alligator serum complement function. The hemolysis of the
SRBCs results in the release of hemoglobin from the cells.
The concentration of released hemoglobin can be quantified
spectrophotometrically by measuring absorbance at 525 nm.
Early reports by Cernovodeanu and Henri (1906)
indicated that Ca2+ and Mg2+ were required for human
serum complement function. Later reports by Levine and
coworkers (1953a) indicated that complement-mediated
hemolysis of SRBCs is inhibited by ethylene diamine
tetraacetic acid (EDTA). These studies also indicated that
the guinea pig serum complement system was affected
profoundly by treatment of serum with EDTA, prior to
incubation with SRBCs. More modern studies have shown
the need for these divalent cations in innate host defense in a
variety of models (Des Prez et al., 1975; Romanella et al.,
1997; Watford et al., 2000). The data displayed in Fig. 1
show that EDTA inhibits alligator serum-mediated hemolysis of SRBCs in a concentration-dependent manner. The
pretreatment of serum with 4 mM EDTA (final concentration) completely inhibits the complement-mediated
SRBC hemolysis. This phenomenon is also observed
following pretreatment with other chelators of divalent
metal ions such as inorganic phosphate and citrate (Fig. 2).
In addition, the supplement of a molar excess of Ca2+ or
Mg2+ restores the EDTA-inhibited hemolytic activities of
alligator serum in a concentration-dependent manner (Fig.
3). These results, in contrast to the findings of Levine et al.
(1953b) that demonstrate the requirement for human serum
of both Ca2+ and Mg2+ for complement activity, indicate
that either Ca2+ or Mg2+ alone can restore alligator
complement activity. The addition of Ca2+ and Mg2+
together, at various concentrations, did not increase the
hemolytic properties of alligator serum substantially more
than either cation alone at equivalent total-cation concentrations (Fig. 4). Although alligator serum seems to lack the
complement specificity for Ca2+ and Mg2+, there is not a

complete lack of specificity of alligator complement for
divalent metal ions, as the addition of Ba2+ or Cu2+ did not
restore the hemolytic effects of alligator serum (data not
shown).
Levine et al. (1953a) showed that treatment of guinea
pig serum with EDTA after SRBC challenge reduced the
effectiveness of the EDTA to inhibit hemolysis. Later
studies showed that some of the early steps in the serum
complement cascade required the presence of divalent
cations (Levine et al., 1953b). The results from this study
indicated that the need for Ca2+occurred prior to that of
Mg2+in the complement cascade. The results displayed in
Fig. 5 indicate that the requirement for divalent metal ions
occurs very early in the alligator complement cascade. The
addition of 30 mM EDTA 3 min after the initial incubation
of alligator serum with SRBCs failed to inhibit the
hemolytic effects of the alligator serum. Likewise, the
addition of EDTA 2 min after incubation exhibited
minimal effects. However, the addition of EDTA 1 min
after SRBC exhibited a strong inhibition of hemolytic
activity. These data indicate that the kinetics of alligator
complement at 25 -C is much faster than that of human
complement at 37 -C.
The results from this study indicate that alligator serum,
like human and guinea pig serum, requires divalent metal
ions for complement activity. The data indicate that, for A.
mississippiensis, the ability to distinguish between Mg2+
and Ca2+ during complement-mediated hemolytic activity
may not be as refined as that for higher eukaryotes. In
addition, alligator serum requires these metals much earlier
in the kinetic curve than mammalian systems.
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