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ABSTRACT: The described technique offers a sensitive and repro- 
ducible method for inferring the source of over 50 different animal 
species from bloodstains and blood mixtures. Hemoglobins from 
each of the species were examined using reversed-phase high perfor- 
mance liquid chromatography (HPLC) in chromatographic times 
of less than 25 rains. The I-IPLC method complements and furthers 
current methodology for identification of species of origin. HPLC 
analysis is particularly well suited for the quantitative analysis of 
blood and blood mixtures and is applicable to species for which 
antisera are unavailable. The sensitivity of the method (hemoglobin 
amounts down to 1.2 ixg) lends itself to the analysis of blood 
mixtures in which only a small percentage of the mixture represents 
blood from a given species. Such resolution and quantitation is 
applicable to wildlife forensic casework. 

KEYWORDS: forensic science, species identification, hemoglo- 
bin, bloodstains, high performance liquid chromatography 

Blood evidence is common in wildlife forensic science. The 
wildlife forensic community examines blood evidence similarly 
to the human forensic community. In many instances, whole blood 
offers the greatest amount of usable evidence in the form of protein 
and DNA genetic markers identifying family, genus, or species of 
animals. The greatest underlying difference between the human 
and wildlife forensic application is that blood evidence from 
humans arises from a single species, while blood evidence from 
animals may be one of many different species. Erythrocytes are 
the most abundant of the blood's formed dements. Hemoglobin 
represents about one-third the erythrocyte weight that corresponds 
to approximately 0.15 g/mL in adults (1). Analytical blood tech- 
niques range from presumptive testing (i.e., benzidine, luminal, 
etc.) to identify analysis (i.e., DNA techniques). 

The National Fish and Wildlife Forensics Laboratory (NFWFL) 
uses immunodiffusion or immunoelectrophoresis to determine 
family of origin depending on the amount and quality of blood or 
tissue evidence. Once family has been established for an item. 
Species is determined by isoelectric focusing and staining for 
proteins that are known to differentiate one species within a family 
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from another. The primary limitation of both immunological meth- 
ods is that antisera are not available for many wildlife families. 
While antisera for such families as deer, bear, dog, and cat families 
are commercially available, antisera for bird, amphibian, and rep- 
tile families are difficult to obtain and sometimes must be devel- 
oped. Isoelectric focusing represents a significant advance in 
electrophoretic methods, reducing the amount of evidence required 
and increasing the repeatability between analyses. The major limi- 
tation with isoelectric focusing as with other electrophoretic meth- 
ods is fending species-specific protein markers that are stable and 
detectable in degraded evidence samples. Additionally, isoelectric 
focusing has difficulty differentiating between neutral amino acid 
substitutions that have occurred in two otherwise similar proteins 
and thus is limited in its ability to distinguish globin differences 
completely (2). Because blood is collected from so many crime 
scenes, the HPLC technique on hemoglobin provides a powerful 
species-specific marker that could identify evidence where other 
methods have been inconclusive. 

Previous work has pointed out how discriminating, even with 
very minor differences, HPLC can be for distinguishing various 
hemoglobins (3-9). Kutlar and coworkers showed that variations 
in retention time signals were observed even for proteins with 
similar single amino acid residue substitutions (3). In addition, 
food sciences practitioners have applied HPLC techniques to the 
separation of hemoglobin, myoglobin, and other pigments from 
tissue samples (10-12). 

Hemoglobin is most generally characterized as consisting of 
two a-13 dimers that couple to form a tetramer in physiological 
conditions. Each globin chain is associated with a prosthetic heme 
unit. Analysis by HPLC of animal hemoglobin produces chromato- 
grams with three or more significant peaks. Generally these peaks 
correspond to the ct-globin chain, the 13-globin chain, and the heme 
unit. We found some species possessed as many as four distinct 
chromatographic peaks. This is not unexpected as some animals 
are known to contain heterogenous globins (6,13). For the well- 
represented species studied by HPLC, the number of major globin 
chain signals and their positions (unique retention times, e.g., cow, 
human, etc.) were reproducible. In this report we present the results 
of the HPLC analysis of 275 animal samples. The advantages of 
the HPLC technique (vide infra) over existing methodology are 
simplicity, time efficiency, and resolution. 

Material and Methods 

Blood and Bloodstain Samples 

Hemoglobin standards were purchased from Sigma (St. Louis, 
Missouri) for the following species: horse, dog, sheep, pig, turkey, 
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TABLE 2 HPLC gradient time table for species identification. 

Time, nfin Solvent, % 

0:00 A: 60 B: 40 
15:00 A: 50 B: 50 
25:00 A: 45 B: 55 
30:00 A: 0 B: 0 
35:00 A: 60 B: 40 

C: 100 

human (HbA), human sickle-cell (HbS), cat, goat, bovine, rabbit, 
pigeon, baboon, and rat. The domestic blood samples listed in 
Table 1 were obtained from local veterinary clinics. The other 
species listed in Table 1 were taken from the reference collection 
at the NFWFL. 

Fresh Whole Blood--Five to twenty-five IxL of fresh whole 
blood was added to 1 mL of pure distilled water, causing hypotonic 
lysis and then filtered through a syringe tip filter (25-mm, 0.45- 
I~g Nylon filters from Lab Source Inc.). The EDTA or heparin or 
both present in the blood collection vacutaines used at veterinary 
clinics made no difference in the retention times of the globin 
signals. 

Dried Blood--Dried blood samples collected on sterilized gauze 
were also analyzed. Many samples were obtained from the refer- 
ence collection at the NFWFL which is maintained at -60~ The 
dried blood samples were prepared by cutting a small blood- 
soaked piece from the gauze (25-mm z section). The blood was 
then removed from the gauze by wetting with 1 mL of distilled 
water and filtering. 

ESPINOZA ET AL. - SOURCE IDENTIFICATION OF HEMOGLOBIN 807 

High Performance Liquid Chromatography (HPLC) 

The chromatograms were obtained using a Hewlett Packard 
1090 Series II HPLC. The instrument's diode-array detector (DAD) 
allowed for the simultaneous spectrophotometric observation of 
the analytes. The detector's wavelength settings were established 
at 210 and 410 nm. These settings detected the proteins and the 
heme, respectively. A 125-1xL injection loop was used. The average 
injection volume was 10 I~L. A Merck, LiChroCART 125-4, LiCh- 
rospher i00 RP-8 (5-1xm) column (125 by 4 mm) was used. A 
Merck, LiChroCART 4-4, LiChrospher 100 RP-8 (5-1xm) guard 
column (4 by 4 nun) was placed in-line. 

The mobile phase of the system consisted of the following 
solvents using the gradient displayed in Table 2. 

Solvent A--HPLC grade water (Fisher Chemicals, Pittsburgh, 
Pennsylvania) with 0.1% trifluoroacetic acid (TFA) (Pierce Chemi- 
cals, Rockford, Illinois) and 0.1% triethylamine (TEA) (Fisher 
Chemicals) added. 

Solvent B--HPLC grade acetonitrile (Fisher Chemicals) with 
0.1% TFA and 0.1% TEA added. 

Solvent C (wash)--1.36 g of sodium acetate (Fisher Chemicals), 
plus 0.02 g of Na2EDTA (Fisher Biotech, electrophoretic grade) 
added to 100 mL of HPLC grade water, then pH balanced to 
7.2. The pH was adjusted with dilute glacial acetic acid (Fisher 
Chemicals) and 6M sodium hydroxide (Fisher Chemicals). To the 
resulting solution, 400 mL of acetonitrile was added for a total 
volume of 0.5 L. 

All the solvents were sparged for approximately 20 min with 
helium gas. The solvents were prepared freshly every 48 h, and 
the solvent flow rate was 1.0 mL/min at 36~ 

FIG. l---Graph of the reproducibility study for C. familiaris. 
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FIG. 2--Regression of C. familiaris hemoglobin over peak area. 

BLACK-TAIl  .l~.D DEER o. 

1001 

sol 
j L  . . . .  A . .  , 

I 150 

N ~100 

WHI' rE-TAILED DEER 

100] 

5~ _ ~ -  

TABLE 3--The comparison (calculated versus actual) of some 
blood mixtures. 

Actual Calculated* 

Animal % a 13 % 
Mixture mg Hb Proportion Globin % Globin % Proportion 

Cow 0,45 38.4 18.7 18,0 36.7 
Horse 0.72 61.6 24.2 39.1 63.3 

Cow 1,40 76.1 36.9 43.1 80.0 
Horse 0.44 23.9 9.9 10.1 20.0 

r2$o Goat 1,00 40.0 18.4 13.9 32.3 
N~ ~[20o Pig 1,50 60.0 41.4 26.3 67.7 

I s0 Human 3,10 70.5 30.7 45.5 75.5 

r: 
0 Baboon 1.30 29.5 11.4 13.1 24.5 

J ~ 0 Human 0.70 60.9 28.8 29.9 58.7 
- ~. Baboon 0,45 39.1 19.6 21.6 41.2 

50 N I 
lOO 

5o 

| I 
. . . .  d . . . .  1 ' 0  . . . .  C s  . . . .  2 ' o  . . . .  

Time (rain.) 

FIG. 3--The comparison of chromatographic signatures between black- 
tailed deer, mule deer, and white-tailed deer. 

Cat 0,20 20.0 9.2 16.9 26.1 
Pig 0.80 80.0 35.0 38.9 73.9 

*Calculated by normalization of chromatographic peak areas for the 
major globin chains. 

Results  

Over 275 samples of blood (262 individual samples and 13 
mixtures) have been analyzed to date. These samples were gathered 
from 22 discrete families comprising 38 genera and approximately 
50 distinct species (see Table 1). Previously, both Andrasko et al. 
(12) (analyzing slightly over a dozen unique species) and Inoue 
et al. (6) (studying roughly 20 primates and a handful of domestic 
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animals) successfully characterized species using a C-4 column. 
However, no previous study has been as far reaching in the number 
of different species examined or in the number of individuals 
examined in a given family as the study described here. 

The unique chromatographic retention times produced by the 
globin chain signals from species to species serve as the prof'des 
to which an unknown species is compared and identified. Conse- 
quently, globin chain identity (i.e., whether a chromatographic 
signal represents the t~- or the B-chain) is not needed to make a 
positive species identification. Earlier HPLC studies using similar 
columns and solvents as our method have shown the elution pattern 
of the globin signals to be the [3-globin chain followed by the ot- 
globin chain (3-7). As such, we have designated the first major 
globin chromatographic peak as the [3-globin chain and the second 
as the tx-globin chain. 

To substantiate further this designation of the globin chain sig- 
nals, chromatographic profiles of human hemoglobin (HbA) and 
human sickle-cell (HbS) hemoglobin were obtained. The first 
major globin peak obtained from the HbS was shifted 0.3 min 
longer than the first major globin peak from the HbA chromato- 
gram. The second major globin peak had virtually the same reten- 
tion time in both chromatograms. Since the sickle-cell mutation 
(glutamic acid ~ vaiine) is known to occur within the [3-globin 
chain (a.a. Position 6) it was concluded that the first major peak 
represented the 13-globin chain and the second the a-chain. There 
also exists a third major signal in the chromatograms of some 
species that is arbitrarily given the designation "to-globin chain" 
(Table 1). The appearance of a third major globin chain signal 
suggests an abundant heterogeneous globin chain and its identity 
is currently under investigation. We recognize that the identity of 
the globins may be different than designated once further structural 
studies are undertaken. Several of the species tx- and 13-globin 
chain identities have been identified using electrospray ionization 
(ESI) mass spectrometry (Perkin Elmer PE SCIEX-API1 LC/MS). 
By comparing the experimentally determined molecular weights 
with known molecular weights, we were able to show in several 
species the chromatographic peaks followed the designation of 
the globin chains (14). We are currently studying the structural 
distinctions of more species' globin chains by ESI LC/MS. 

Several of the species examined produced minor peaks in their 
corresponding chromatograms, and we have chosen to enumerate 
only the major chromatographic peaks (terming them [3-globin 
chain, ct-globin chain, and, in some cases, o~-globin chain). Prior 
work has postulated that the presence of minor peaks may be due 
to: heterogenous globins present in low concentration (i.e., other 
blood components) (13), globin-glutathione complexes (3), or 
denaturation products of the native globins (6-8). 

The species specific hemoglobin chromatograms obtained with 
this method were reproducible. The statistical results of globin 
retention time reproducibility can be seen in Table 1. A key factor 
to the chromatographic retention time reproducibility within a 
given species was the development of the column reconditioning 
wash for the HPLC solvent system. The wash allows for large 
sequences of samples to be run without retention time drift or 
lengthy interruption for column purging. The resulting chromato- 
grams have been free of retention time drift in over 275 such 
sequenced injections. The heme signal for all hemoglobin samples 
appeared at the same retention time (8.22 rain -+ 0.18 rain, standard 
deviation = 0.006 17 for 275 samples). In essence, the heme signal 
for any sample serves as an internal reference for monitoring HPLC 
conditions. The sensitivity of this technique approached a lower 
limit of 1.2 I~g of hemoglobin. The detection limit was obtained 

from a series of diluted hemoglobin standards from which the 
lowest discernible chromatogram was obtained from a 7-p.L injec- 
tion of a 0.17-mg/mL hemoglobin standard. Dried blood samples 
left at ambient temperatures showed consistent profiles for a period 
of at least three months. This is in agreement with previous 
work (7,8). 

To evaluate species reproducibility, 27 breeds of domestic dogs 
(Canisfamiliaris) were analyzed. The Canidae family study also 
included several species of fox [M. otocyon (bat-eared fox), V. 
vuples (gray fox), and grey wolf (C. lupus). The large number of 
domestic dog samples provided a suitable population for statistical 
analysis within a single species (C. familiaris). A graph displaying 
the retention times versus dog breed demonstrates the reproducibil- 
ity of this method (see Fig. 1). Although some of the species are 
represented by a small number of samples (n -< 5), the reproducibil- 
ity within the species (n > 27) allows one to expect similar repro- 
ducibility for all the species' chromatograms (independent of 
population variations). 

Determining the amount of blood present from evidence can be 
crucial to forensic science casework. In addition to family or 
species identification or both of an unknown hemoglobin, hemo- 
globin quantity can also be determined using this method. Regres- 
sion analysis for quantitative purposes was performed using 
chromatographic peak areas versus concentration from a series 
of standardized dog hemoglobin dilutions. The results (Fig. 2) 
produced good linearity and supports the ability of the method to 
quantitate an unknown concentration of blood. 

Table I contains species that are forensically significant in North 
America. As can be seen the Cervidae, Bovidae, and Canidae were 
statistically well represented. These families were followed by the 
Equidae, Ursidae, Felidae, and Suidae. Four families Cercopithec- 
ida, Columbidae, Leporidae, and Trichechidae had only one repre- 
sentative. The remaining ten families studied ranged from two to 
eight species. As mentioned, the retention times of the globin chain 
signals change significantly enough from species to species within 
a given family (except with respect to the Ursidae family) to allow 
species signature profiles to be observed. Table 1 displays 20 
families that show partial, if not complete, ability to be differenti- 
ated to the individual species level. 

There are notable differences between species in the Cervidae 
family. These species were A. alces (moose), E. davidianus (Pere 
David deer), C. elaphus (elk), C. elaphus-red deer (red deer, a 
subspecies of elk), C. nippon (sika Deer), Q. hemionus (mule deer), 
O. hemionus-black-tailed deer (black-tailed deer, a subspecies of 
mule deer) and O. Virginianus (white-tailed deer). All of these 
species produced distinct chromatograms by this HPLC technique. 
Note that black-tailed deer, a subspecies of mule deer, has a unique 
HPLC signature, distinguishing it from both white-tailed or mule 
deer. The comparative chromatograms for these species can be 
seen in Fig. 3. 

Of the numerous families studied, the Ursidae (bear) family 
was unique in its inability to be differentiated beyond the family 
level. The Ursidae family included; Ursus americanas (American 
black bear), Helarctos malayanus (sun bear), U. maritimus (polar 
bear), Selanarctos thibetanus (Himalayan bear), and Melursus ursi- 
nus (sloth bear). All bear samples produced chromatograms with 
nearly identical retention times regardless of the species (globin 
chain retention time variances, I~ = 0.013 and et = 0.049). Such 
reproducibility suggests highly conserved globin chains among 
bears. 

The detection of more than one animal's blood at a suspected 
crime scene may indicate a kill was due to natural predation rather 
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than from an illegal act. Likewise, the presence of human and 
animal blood may indicate more than just a wildlife crime. There- 
fore, the identification of blood mixtures is a forensically signifi- 
cant capability. The chromatographic nature of the HPLC technique 
lends itself nicely to the analysis of blood mixtures. The identifica- 
tion of  the respective species' globin chains will be a result of 
their distinguishing HPLC signals. Several hemoglobin mixtures 
were studied (both from the standards and from fresh blood) and 
the quantitative results (actual versus calculated) can be seen in 
Table 3. 

Table 3 indicates that quantitation was slightly less precise with 
respect to mixtures than it was for a single species hemoglobin (Fig. 
2). Nonetheless, mixture analysis provides a good approximation of 
the relative abundance of each constituent. We have also noted 
slight retention time shifts associated with quantitating mixtures. 
The cause of this is under investigation. One possible explanation 
is the new globin--globin interaction that occurs between the 
increased number of unique globin chains in the mixture. 

Discussion 

The HPLC procedure developed for this study is rapid, sensitive, 
and reproducible. The technique allows for complete separation 
of the heme, eL-, and 13-globin chains in less than 25 min. This 
work has advanced earlier studies by exploring a large number of 
heretofore unanalyzed species. This analysis has also resolved a 
reproducibility problem associated with retention time drifting, 
which was inherent in previously published analyses (3-5). In the 
published cases of hemoglobin analysis by HPLC, the analyses 
were marked by chromatographies ranging from 40 to 60 min, 
and extensive purging of the HPLC column was required to obtain 
reproducibility of signal retention times, A problematic shift in 
retention times of a multiple run sequence occurred early in this 
study, as it did in the work of others (3-5). 

The work of Andrasko et al. (4) deduced that the retention time 
shift in their studies was due to the samples being sequentially 
more dilute. We postulate the cause to be the repetition of sample 
injections that resulted in a buildup of small concentrations of 
protein, an accretion that over time caused a shift to slightly longer 
retention times (tenths of a minute). 

The hemoglobin sequences of many of the species studied in 
this report have been obtained from the SWlSS-PROT Protein 
Sequence Data Bank (14). These sequences indicate that approxi- 
mately 50% of globin amino acid residues are conserved, and 50% 
exhibit neutral substitution in both the o~- and the 13-globin chains. 
Understanding the vast variability that can occur in the primary 
amino acid sequences of  these globin chains offers, in part, a 
structural explanation for the resulting unique chromatographic 
globin chain signals. A representative comparison of the 13-globin 
chain sequences of 19 different species can be seen in Table 4. 

We have analyzed multiple blood samples from individuals of 
the same species that have been dried for one week, dried and 
stored in a freezer for as long as three years, dried and maintained 
at ambient conditions for up to three months, or sampled directly 
from fresh whole blood (diluted). There is no change in the chro- 
matographic signature seen for these varied samples. HPLC analy- 
sis of hemoglobins provides sound inference for taxa identification. 
The HPLC method complements and furthers existing methodol- 
ogy. We feel HPLC analysis is also particularly well suited for the 

quantitative analysis of blood and blood mixtures and is directly 
applicable to species for which antisera is unavailable. This tech- 
nique is of distinct interest to the forensic sciences, as it provides 
a rapid and reliable method for preliminary identification of species 
origin from blood or bloodstains. When a more thorough globin- 
chain molecular weight study of these selected species is complete 
(using ESI LC/MS), more robust statements of identification may 
be possible. 
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