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Characterization of Serum Complement Activity in Three
Speciesof Crocodiliansfrom Southeast M exico

Abstract
Plasma collected from three wild crocodilian spgciative to southeast Mexico were exposed to sheep
red blood cells (SRBCs) to measure serum complementine activities. Incubation of different

9 volumes of plasma OR SERUM??? fr@rocodyl us acutus, Crocodylus moreletii, andCaiman

crocodilusresulted in a

volume-dependent increase in SRBC hemolysis. Meyavhile maximum hemolysis f&. acutus and
C. moreletii were both approximately five-fold higher than tb&Ca. crocodilus. A kinetic study
revealed that the hemolysis was rapid, with neatimam activity recorded at 30 min f@. acutus and
C. moreetii. HoweverCa. crocodilus activity exhibited a significant increase only beem one and two
hours. A thermal analysis showed that the SRB@dhgsis was maximal at temperatures to which these
species thermoregulate. The thermal profiles wendar for all three species, although the attiwas
lower forCa. crocodilus. The SRBC hemolysis was strongly inhibited bidrhieat treatment (56, 30
min) and also by EDTA, indicating that the hemalyditivity was probably due to the presence of
crocodilian serum complement activity. The EDTnibited activity was restored by the additionaof
20 mM excess of Caor Mg™", but not F& or CU*, thus exhibiting the specific need for®Car Mg™".
The serum complement activities ©f acutus andC. moreletii are much higher tha@a. crocodilus,
which may be related to the maximum sizes and as&@ aggressive naturesfacutus andC.
mor el etii.
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34  1.Introduction

35  The American crocodileQdrocodylus acutus) primarily inhabits coastal mangrove swamps, tveelr

36  brackish sections of rivers, and coastal lagooreastern Mexico [1]. The Morelet’s crocodile

37  (Crocodylus moreletii) is found in freshwater lakes, marshes and rivausjs occasionally found in

38  brackish areas [2]. The ranges and habitatsesktbwo species overlap, and interbreeding in Meisic
39  known to occur [3-4]. The spectacled caim@ainan crocodilus) is an extremely adaptable species that
40 lives in a wide variety of habitats and a broadyeaaf salinities, and can be found in practically a

41  wetlands and riverine systems throughout its rangeMexico, this species is restricted to therexte

42  southeastern portion of the country.

43

44  AlthoughC. acutusis listed as CITES INDICATE THE COMPLETE NAME Y INCDE IN
REFERENCES appendix | in Mexico, a@dmoreletii was only recently

45  down-listed to appendix Il little is known abobietbiochemistry, physiology, and immunology of thes
46  apex predators. It is important to understandtihead disease of animals in order to effectivenage
47  populations [5-7 Delahagt al., 2009]. A better understanding of the immunstesys of these animals
48  will lead to a better apprehension of their susbdjies and resistances to diseases. This sivaty

49  conducted to characterize and compare serum coraptenrmate immune activity in three different

50 crocodilian species native to southeast Mexico.

51

52 2. Materialsand Methods

53  2.1. Reagents— Sheep red blood cells (10% v/v, washed and packeck purchased from Rockland

54  Immunochemicals (Gilbertsville, PA, USA). Ethy&diamine tetraacetate (EDTA) was purchased from
55  Sigma-Aldrich Chemicals (St. Louis, MO, USA). OTHEREAGENTS WERE FROM SIGMA ALSO???
56

57  2.2. Treatment of animals—|Crocodilians were captured at night, from a lva#t the aid of a spotlight
58 and a stainless steel cable-locking sr@macodylus acutus specimens (n=18, 0.85 - 2.62 m) were

59  captured from Boca del Cielo on the Pacific co@stcodylus moreletii (n=12, 0.67 - 2.26 m) were

60  capture from Laguna de las lllusiones in Villahesacand from the Rio Hondo near Cacda@aiman

61  crocodilus (n=11, 0.62 - 1.24 m) samples were collected framrt® Arista. After collection of blood
62  samples, the animals were released at the captere s

63

64  2.3. Collection of blood — Blood was collected from crocodilians via thengpivein [8-9] using a 3.8 cm
65 18 ga. Needle AND COLLECTED IN TUBES WITHOUT ANTIGXULANT . Approximately 5-7
mL of blood were collected from animals with a tdésmgth of 0.6-1.2

66  m, while 20 mL were collected from animals gredtan 1.2 m. All of the activities involving haimty
67  of the animals used in this study were approvebieese State University Animal Care and Use

68 Committee.

69

70  2.4. SRBC hemolysis assay — crocodilian plasma?? OR SERUM was incubated aitlequal volume of
2% SRBCs for

71 30 min. The samples were centrifuged for 5 miBG0>g, and 20QuL of supernatant was transferred
72 to a well of a 96-well microtiter plate. The alls@nce values were measured with a BioRad Benchmark
73  Plus™ microtiter plate reader at 540 nm. DID THE AIORS USE SERA POOLS OR INDIVIDUAL
SAMPLES???? WHICH WAS THE Number of samples empldge each assay???

74

75  For experiments in which the effects of differeatumes CONCENTRATIONof plasma SERUM were
determined, 0-20QL of

76  plasma were added to 200 of 2% SRBCs, and the volume was kept constatihéyddition of 0.7%
77 saline. The samples were allowed to incubatendient ROOM temperature for 30 min, centrifuged) 20
pL of

78  supernatant was removed to a microtiter plate th@®D;4o was measured as described above.

79

80 Time-dependence of SRBC hemolysis was determineshbgcubation of 1.0 mL of 50% plasma

81  (diluted with isotonic saline) with 2.0 mL of 2% BRs. Aliquots were removed, at different times (0
82 2,5, 10, 15, 30, 60, and 120 min), AND ADDED???0.05 volumes of 1 M EDTA (pH 8.0). The
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83 immediately centrifuged (500@%or 3 min), and 20QL of supernatant were removed to microtiter plates
84  for determination of OE),
85
86 To determine the effects of temperature on the heisoof SRBCs by crocodilian plasma, 450
87  aliquots of crocodilian serum and 2% SRBCs werabated at different temperatures (5@pfor 15
88  min, and then mixed to start the reaction. AB@min, the reactions were stopped by the adddidh
89 mLof 1 M EDTA (pH 8.0), and then centrifuged imnegdly at 5000g for 3 min at ambient ROOM
90 temperature. The supernatants (RQPwere removed to wells of a microtiter plate, @ne OD4owas
91 determined as described above.
92
93  The effects of mild heat treatment on SRBC hemslysis determined by incubation of the crocodilian
94  plasma at 5% for 30 min prior t@ co-incubation with 2% SRBGrfa@ient ROOM temp, 30min). In
95  addition, the contribution of divalent metal ionasyprobed by inclusion of 50 mM EDTA to an
96 incubation of 2% SRBCs and 50% crocodilian plasnide effects of Mg, C&*, F&', and €@’ on
97  hemolysis by inclusion a 20 mM excess of the ctmsalts of these metals with 2% SRBCs and 50%
98 crocodilian plasma. The samples were centrifugad,the Ol of 150uL were determined as
99 described above.
100
101 2.5. Statisticsand controls— For each assay, the results were compared tsi@pdiemolysis control
102 in which a sample of 1% SRBCs were exposed to 0.068n-X detergent, and vortexed vigorously for
103 one min. The OR,for each sample was compared to that of the pesitintrol, and the results are
104 expressed as % maximum hemolysis. Each samplanedgzed in quadruplicate, and the results
105 presented represent the means + standard deviatibhe samples were subjected to analysis of maxjia
106  using Duncan’s post-hoc comparisons [10], vidth 0.05 chosen as the level of significance.
107
108 3. Results
109 The results displayed in Figure 1 show the volUMENCENTRATIONdependent complement activity
110 for plasma derived
111 from C. acutus, C moréletii, andCa. crocodilus. Hemolysis of SRBCs was measured IniR®f plasma
112  of C. acutus (25.4 £ 1.2%) andC. moreletii (20.4 = 0.1%). In contrast, significant actiwiyas not
113  observed irCa. crocodilus serum until4QuL (7.5 £ 1.9%). Hemolytic activities peaked at
114  approximately ZQL for C. acutus (103.1 + 1.3%)C moreletii (103.6 = 2.0%), an€a. crocodilus (22.8
115 +0.4%). The SRBC hemolysis was clearly lower in €acodilus P > .01), relative to the other two
species, at all volumes greater than. The CH5istioned in the discussion but not here and
neither in the section Material and Methods hiese experimental conditions how the CH50 ar
crocodilus was calculated?
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122  Figure 1. Volume or complement CONCENTRATION-degent hemolysis of SRBCs by serum
from C. acutus, C. moreletii, andCa. crocodilus. Different volumes of crocodilian serum IS seram
plasma ??? was incubated with 1% (v/v) SRBCs fanB0at ambient temp, and then the hemolysis
was measured spectrophotometrically at 540 nms&ided in Material and Methods. The data
represent the means + sd for four independentrdatations | For pooled sera??? Or individual
samples???This question is valid for all the gregphi
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Figure 2 exhibits the kinetic analysis of serum ptament activities for all three crocodilian specie
studied. The hemolytic activity increased rapifityboth C. acutus andC. moreletii, and peaked
between 30 and 60 min. Hemolytic activity foa. crocodilus exhibited no significant increase from
time zero for up to 30 mirP(> .05), and showed only a small increase to 21160 ain. The
maximum activity observed fdZa. crocodilus (36.6 + 0.8%) was approximately three-fold lowr(
.01) than for the other two species (98.8 - 99.218%) still increased only slightly between 60 a2
min.
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Figure 2. Kinetic analysis of the hemolysis ofB8F by serum fron€. acutus, C. moreletii, andCa.
crocodilus. Crocodilian serum was incubated with 1% (v/RBEs for different amounts of time at
ambient temp, and then the hemolysis was measpestirephotometrically at 540 nm as described in
Material and Methods. The data represent the sn¢a for four independent determinations.

The results shown in Figure 3 demonstrate the thigpnofile of the serum complement activity of all
three crocodilian species. The serum from a#t¢tapecies exhibited relatively low activities at
temperatures below 20. The hemolysis activities increased in a lirfaahion from 5-3%C for serum
from bothC. acutus andC. moreletii. The hemolytic activity peaked at°80for C. acutus (89 + 1.5%),
and then decreaseB € .05) to 81 + 1.3 and 74 + 1.1% at 35 andCi@espectively. Likewise, the
activities forC. moreletii also peaked at 8G (88 + 1.4), and then decreased dC36/3 + 2.3) and 4T
(71 £ 1.6). Although the activities were lower f@rum fromCa. crocodilus at all temperature$(<
0.01), the same pattern of activities were obserasdhe activity peaked at ®D(40 + 0.4%) and
decreased at 36 (35 + 0.7%) and 4C (33 + 1.2%).
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147
148  Figure 3. Temperature-dependent hemolysis of SRBGerum fron€C. acutus, C. moreletii, andCa.

149  crocodilus. Crocodilian serum was incubated with 1% (v/RBEs at different at different temps for 30
150 min, and then the hemolysis was measured spectmpbtrically at 540 nm as described in Material and
151 Methods. The data represent the means + sd dioiridependent determinations. Some explanation is
152  lacking in the figure 3 for the third type of bavhite)????

153

154  The results of a mechanistic study on the effettsilol heat treatment and divalent metal ions an th

155  hemolytic activity of crocodile serum toward SRB&® shown in Figure 4. Incubation of serum at

156  56°C for 30 min, prior to incubation with SRBCs, redddP < .01) the hemolytic activity to 5.6-9.6% of
157 the untreated serum. Treatment of serum with BDEDTA produced an 86.2, 91.7, or 93.7% reduction
158 (P <.01) in SRBC hemolysis b9. acutus, C. moreletii, or Ca. crocodilus serum, respectively.

159  However, the inhibitory effects of EDTA were almesimpletely overcomeP(< .01) by the addition of
160 50 mM Mg (89.9-103.6%) or C4(96.8-108.6%). The addition of Fer Cuf* exhibited no effectR

161 > .05) on the inhibition of SRBC hemolysis by crdidian plasma.
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164  Figure 4. Effects of EDTA and mild heat treatmentthe hemolysis of SRBCs by serum fr@m

165 acutus, C. moreletii, andCa. crocodilus. Indicate in the figure the bars for each one cGdiian serum
166  was heated to 56 for 30 min, or treated with 30 mM EDTA, and theaubated with 1% (v/v) SRBCs
167  at different at different temps for 30 min. The lodysis was measured spectrophotometrically at 540
168 nm as described in Material and Methods. The @gieesent the means + sd for four independent
169  determinations.
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4. Discussion

Serum complement is an ancient form of immunolddicst defense, and can be found in virtually all
vertebrates, and many ancient invertebrates [11-1S%rum complement is known to be a critical
component of innate immunity, and human patierds élhibit complement deficiencies are prone to
recurring infections [13-14]. It has many proteomponents, and three primary components of
activation: classical [15], alternative [16], diedtin-mediated [17]. Recent studies have shihah
crocodilians exhibit potent and broad-acting secomplement activities [18-21]. Studies with the
American alligator Alligator mississippiensis) have shown that the alternative [22] and lectediated
[23] activation pathways of complement activity &ractional. The Ckp, or the volume of plasma that
will cause the lysis of 50% of SRBCs, is similathose measured in other crocodilian species (Eigu

The kinetic efficiencies with which the serum coempkent hemolyzed the SRBCs is similar to other
crocodilian species. For instance, SRBC hemobgtitvities were maximal at approximately 30-45 min
for Caiman latirostris[21]. However, other crocodilians exhibit mor@ichcomplement action, as
maximal activity is achieved in the serumAifigator mississippiensisat 20 min [22], and at 15 -20 min
for C. porosus andC. johnstoni [19].

Because crocodilians are ectothermic vertebrates, hiochemical and physiological processes are
largely affected by external temperatures. In®@upul and coworkers [24] reported that f@ur

acutus individuals showed thermal preferences from 28.8°80 In additionC. moreletii exhibits a
thermal preference of approximately’@QMarco Lopez, personal communication), &d crocodilus
thermoregulates to 29.9-34G depending on the size of the animal [25]. Ehesperature preferences
are in the range of the maximum serum complemdivitées observed in this study (Figure 3). ltis
reasonable to expect that optimal temperaturesiégor physiological functions (digestion, respioati
immunity, etc.) would fall within the temperatug@ges to which these animals thermoregulate. The
maximum serum complement activity observed fothatte species occurred at’8) although the

activity for Ca. crocodiluswas substantially loweP(< .01) than foiC. acutus andC. moreletii. In
addition, the complement activities are noticeahigpressed at lower temperatures (%)5and thus
during the colder winter months, the depressed éeatpres would potentially lead to reduced abdite
fight infection, However, these crocodilians Er®s active during these months, and thus few to no
territorial disputes occur during this time. bidétion, microbial growth occurs much more slowty a
lower temperatures, and thus the need for a higttiye immune system during the winters becomes les
important.

The hemolysis of SRBC be crocodilian serum couldieeto a variety of proteins that exhibit actiti
that can compromise the integrity of plasma celinimeanes. For instance, phospholipaseafh enzyme
that cleaves fatty acids from tke-2 position of membrane phospholipids, is knowbéoexpressed in
crocodilian serum [26-28]. This enzyme is knowrméave the ability to compromise the integrity and
function of plasma membranes. To determine tla $tability of the molecules responsible for the
hemolytic activity, the serum was subjected to rhidait treatment. Serum complement proteins are
known to be very heat labile. This heat sensitigfrigure 4) rules out the possibility that therfudytic
activity was due to the presence of antimicrobegtples expressed by crocodilian leukocytes please
EXTEND AND CLARIFIED THESE CONCEPTS[29]. In addin, it is known that several serum
complement enzyme components require divalent ntal

[30-31], and thus the sensitivity to EDTA (Figureptovides further evidence of an active crocodilia
serum complement system. The specific requirefieergither Mg* or C&*, but not both, is a
characteristic of complement activity observedtimeo species [18-21].

5. Conclusions

Crocodilians exhibit territorial aggression, andngtimes cause severe injuries. Because thesalanim
live in aqueous environments in which a rich diitgrsf potentially infectious microbes live, thepve
put an enormous evolutionary pressure on themsawdsvelop an immune defense that can prevent
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serious infection in these wounds. The adaptivaiine components of crocodilians seems less
developed relative to other higher vertebrates33R- However, the complement activity is potent
compared to other vertebrates. In addition, tbeadilian complement system exhibits a broader
spectrum of activities than those of higher verdéds [18]. This phenomenon has also been observed
teleost fish [34-35]. Thus, it reasonable to plage that crocodilians followed the evolutionagtipof a
well-developed innate immunity, potentially at thgpense of adaptive immunity. The results of this
study show that. acutus andC. mordletti exhibit potent, rapid, and temperature-dependeunse
complement activities. However, the hemolytid\aist displayed byCa. crocodilus is much less active
than that of the aforementioned. Several stuaee documented the aggressive natures of ®oth
acutus [36] andC. moréeletii [37-39] (Hunt, 1975, Hunt, 1977, Perez-Higared®8®9 However(Ca.
crocodilus does not grow as large as the other two specidsdd@ also is not as aggressive, and these
facts might account for the lower serum compleniemate immunity of this specieBlease give

support to this part of the discussion with arguments and r eferences
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