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The third and final year of activity concerning the development of an
artificial diet for blood feeding arthropods has ended with mixed results
about success., The fact that it is not possible to obtain a renewal from
AID places restrictions on the future of this research. Although a
semi-defined artificial diet was successfully developed and tested, the
greatest breakthroughs will come only with an understanding of the
nutritional importance of lipids isolated with all hemoglobin preparations.
To this end a process for isolating nondenatured hemoglobin free of membrane
lipids has been developed. A manuscript for publication is in preparation.
The African counterpart Mr. Geoffrey Kapatsa has one year to complete
his PnD at Texas A&M University. Since funding is a problem, Mr. Kapatsa
M3y Nnot complete his degree by the time his funds expire in December 1986.

Attacned you will fingd publications from this research which give

greater detail of our 3 years of progress. The most significant findings

are:

1. Hemoglobin and albumin components of blood provide nutritional
adequacy for tsetse flies.

2. Tsetse and stable flies have glycosidases in the diyestive tract for
blood meal digestion.

3. Freeze-arieo dlood offers some alternazives 1o feeding fresn blooa
10 flies., e 5 0S T )
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Additives and physical processes can improve the nutritional quality
of freeze-dried blood.

Nutritional superiority of pig blooa over cow blood may be due to
the physical nature of pnospnolipids.

Nutritionally inferior cow blood may have high concentrations of

C:18-3 fatty acid which interferes with the fly's physiology.
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Comparison of lipid-free haemoglobin and stroma-contaminated haemo-
globin diets for adults of Stomoxys calcitrans (L.) (Diptera: Muscidae)

G. Karatsa®, G. E. Spates, C. L. SHEFFELD and J. R, DelLoacH

US Depariment of Agriculture, Agriculiural Research Service, Veterinary Toxicology and Entomology
Research Laboratory, P. O. Drawer GE, College Station, Texas 77841, USA

Abstract

Adults of Stomoxys calcitrans (L.) that fed on stroma-contaminated
haemoglobin plus bovine serum albumin had normal survival, fecundity and
egg hatch. Feeding on haemoglobin from which the erythrocyte membrane
stroma had been removed, together with bovine serum albumin, reduced
fecundity to zero. The addition of membrane ghost preparation to a lipid-free
haemoglobin and bovine serum albumin diet restored the essential nutrients
for normal fly fecundity. For normal reproduction therefore, S. calcitrans
adults require erythrocyte stroma.

Introduction

Artificial diets for blood-feeding arthropods have been reported. Diets for adults of the
stable fly, Stomoxys calcitrans (L.), and tsetse fly, Glossina paipalis palpalis (Robineau-
Desvoidy) were independently reported by Deloach & Spates (1984) and Kabayo et al.
(1985). Both laboratories reported the use of a bovine haemoglobin and bovine serum
albumin diet which essentially replaced whole blood. Haemoglobin which was isolated in
this labcratory and suspected to contain membrane stroma as a contaminant was used as
one component of the dict. A commercially available bovine haemoglobin was also found
to be suitable in dietary tests (Kabayo er al., 1985). However, some commercial prepara-
tions of bovine haemoglobin were found to be totally unsuitable for either S. calcitrans or
G. p. palpalis (DeLoach & Spates, 1984).

Although a semidefined artificial blood diet for stable flies and tsetse flies is known. a
true holidic diet cannot be defined until the question of purity of the two basic components
of the diets is known. It is highly probable that the haemoglobin used in the so-called
College Station dict (DeLoach & Spates. 1984) and the haemoglobin used in the KT-80
diet (Kabayo et al., 1985) are indeed contaminated with membrane erythrocyte stroma
components. Moreover, it is unclear as to whether haemoglobin is required or whether the
stroma contaminants are required by the flies. Since our laboratory has reported the
development of a process to isolate ultrapure lipid-free haemoglobin (DeLoach er al.,
1986), it became possible to test the hypothesis of the importance of stroma in the diet of
adult stable flies (Sheffield er al., 1987; Sheffield et al., in press).

* Deceased.

Mention of a trade name, proprictary product, or specific equipment does not constitute a
guarantec or warranty by the US Department of Agriculture and does not imply its approval to the
exclusion of other products that may be suitable.
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Feeding tests were conducted with adults of S. calcitrans, and the fecuadity, percentage
egg hatch and percentage surviva of the flics were determined. Flies were fed diets
consisting of lipid-free bovine haemoglobin, stroma-contaminated bovine haemoglobin and
various stroma additives in combination with bovine serum albumin.

Materials and methods

S. calcitrans was obtained from a stock ¢olony maintained at this laboratory since 1969
(Ivie & Wright, 1978). The larval rearing method was as described by Bridges & Spates
(1983). Newly emerged flies were sexed and placed in cages (12 females and 6 males).
Twenty-four hours post-emergence. flies were fed to satiation from dental rolls saturated
with a particular diet and were then fed daily for 13 days. Egg collection was begun on the
sixth day and continued to the 13th day.

Haemoglobin isolation

Bovine blood (500 m!) was collected in a heparinized container from Brahman x
Hereford cattle. Erythrocytes were isolated by centrifugation (at 1000 g) and washed. three
times each, in 5 vol. of 0-9% NaCl. The washed erythrocytes were divided into equal
portions for further isolation of bovine haemoglobin.

Stroma-contaminated bovine haemoglobin was prepared from erythrocytes which were
haemolysed by hypotonic dilution in distilled water. One vol. of washed erythrocytes was
mixed with 3 vol. of water. and the haemolysate was centrifuged at 10 (00 g for 20 min.
The supernatant containing the haemoglobin contaminated with erythrocyte stroma was
freeze-dried for storage before use in feeding tests.

Lipid-free haemoglobin was prepared essentially as described by DeLoach er al. (1986).
Basically, erythrocytes were dialysed against hypotonic phosphate buffer until an osmolarity
of 160-180 mOsm/kg was reached. Then, dialysed porous erythrocytes were ultrafiltered
with a 0-1-um-pore hollow-fibre unit. The ultrafiltrate containing stroma-free haemoglobin
was then freeze-dried and stored at ambient temperatares,

Freeze-dried bovine blood and bovine plasma

Fresh bovine blood was collected with heparin in 500-ml batches. Blood was immediately
shell-frozen and freeze-dried in a laboratory scale freeze-dryer. Dried blood was stored at
ambient temperature until use. The freeze-dried bovine blood was stored at ambient
temperature until it was reconstituted in distilied water for feeding tests.

Bovine whole blood was collected in heparin and centrifuged at 1000 g for 20 min. The
plasma supernatant was saved and frozen for feeding tests.

Erythrocyte ghost isolation

Since the haemoglobin purification procedure described by DeLoach et al. (1986) vields
two components, lipid-free haemoglobin and a membrane-rich fraction, the membrane
fraction was further processed to vield essentially haemoglobin-free meinbrane ghosts. The
erythrocyte ghosts from the haemoglobin ultrafiltration process was mixed with an equal
volume of KH:PO, (0-05 mm, pH 7-2) (adjusted to 160 mOsm/kg with NaCl) and centrifuged
at 10 000 g for 20 min. The pellet was washed three additional times with 4 vol. of buffer.
The resulting white ghost pellet was resuspended in 0-97 NaCl to yield a ghost concentration
of 1 x 10"/ml. Erythrocyte ghosts were enumerated in a particle counter equipped with
channel analyser (Coulter Electronies, Hialeah. Florida).

Feeding tests

Replicate groups (3) of adult flics (12 females and 6 males) were fed the following diets:
(1) freeze-dried bovine whole blood reconstituted in distilled water, (2) stroma-contaminated
haemoglobin (14 g%) plus bovine serum albumin (6 g%) in distilled water. (3) stroma-
contaminated haemoglobin (14 g%) plus fatty acid free bovine serum albumin (6 2%) (Cohn
Fraction V. Sigma Chem. Co., St. Louis. Missouri). (4) stroma-free haemoglobin (14 g5 )
plus bovine serum albumin, and (S) stroma-free haemoglobin (14 g% ) plus fatty acid free
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bovine serum albumin (6 g ). Fecundity, perce~tage egg hatch and percentage survival
were calculated. Data were analysed by analysis of variance.

Feeding tests with erythrocyvte ghosts preparations

Replicate groups (3) of adult flies (12 females and 6 males) were fed the following diets:
(1) freeze-dried bovine blood reconstituted in distilled water, (2) stroma-contaminated
haemoglobin (14 ) plus bovine serum albumin (6%7) in distilled water, (3) stroma-free
haemoglobin (14¢7) plus bovine serum albumin (6% ) in distilled water, (4) | vol. diet no. 3
plus 1 vol. erythrocyte ghosts, (5) 1 vol. diet no. 3 plus § vol. erythrocyte ghosts, (6) bovine
plasma, (7) 1 vol. bovine plasma plus 5 vol. ervthrocyte ghosts. Fecundity, egg hatch and
survival were recorded. Data were analysed by analysis of variance.

Results

Fiies fed on the control diet (freeze-dried bloed) showed excellent fecundity (Table 1).
The stroma-contaminated hacmoglobin plus either bovine serum albumin or farty acid free
bovine serum albumin we:e not significantly different with respect to fecundity, percentage
egg hatch and percentage survival. The mean fecundity of 48-6 eges/female per dav attained
with the former diet is 20 higher than that previously reported for the so called College
Station dict (DeLoach & Spates, 1984).

The most important aspect of these feeding tests is the finding that flies fed a diet
consisting of stroma-free haemoglobin in combination with bovine serum albumin had zero
fecundity. Survival on this diet was also significantly reduced (Table 1). These are the first

TABLE | Fecundity, egg hatch and survival of Stomoxys calcitrans adults fed on
lipid-free haemoglobin

No of Hatch Survival

Diet cpgsfemale/day () (7)
Freeze-dried bovine blood 69-8a 97-0a 95-40
Lipid-containing hiemoglobin

plus bovine serum albumin (BSA) 48-6b 86-6b 94-6a

plus fatty acid free BSA 47:2b 75-1b 93-0a
Lipid-frec haecmogloin

plus BSA Oc Oc 63-2b

plus fatty acid free BSA Oc O¢ 5976

The figures are means (n = 21) )
Figures in same column followed by a common letter are not significantly different (P<0-05).
BSA = Bovine serum albumin.

results describing the nutritional requirement for erythrocyte stroma in the blood diet of
adults of 8. calcitrans.

When lipid-free haemoglobin plus bovine serum albumin was combined with increasing
amounts of purified erythrocyte membrane preparation, fecundity increased proportionally
(Table I1). With 5 vol. of membrane preparation, the fecundity was significantly higher than
with | vol. of membrane. Survival increased significantly as the amount of membrane

TaBLe II. - Fecundirv, egg hatch and survival of Stomoxys calcitrans adults fed on
membrane stroma and protein

No. of Hatch Survival
Diet cggs female day () ()
Frecze-dried bovine blood 72-bu 9534 N-7a
Lipid-contaminated hacmoglobin + BSA 44:7h 93 ju 95-5a
Lipid-free hacmoglobin + BSA 27 (Nl 86-4h
(1 vol.) membranc 12-94 1-4¢ 9176
(5 vol.) membranc 44:5b 45-86 99-6a
Bovine plasma 27-5¢ N-1a 81-2b
Plasma + (5 vo).) membrane 33.0¢ 94:1a 84-7b

The figures arc means (n = 21).
Fi&urcs in same column followed by a common letter are not significanlly different (P<0-05).
BSA = Bovine serum albumin.
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suspension in the diet increased (Table II). Lipid-free haecmoglobin plus bovine serum
albumin plus 5 vol. membrane was not significantly different from st oma-contaminatec
haemoglobin plus bovine serum albumin.

When membrane suspensions were added to bovine plasma, no significant improvement
in fecundity, percentage egg hatch or percentage survival were observed (Table ). In all
feeding tests with lipid-free haemoglobin plus bovine serum albumin, egg production was
0-3 eggs/female per day, with very little variation. Lipid-free haemoglobin plus bovine
sesum albumin plus membrane suspension fed to flies resulted in a percentage hatch not
significantly different from that of control flies fed on reconstituted freeze-dried whole
blood.

Discussion

We report here for the first time that erythrocyte stroma is required by adults of S.
calcitrans for normal fecundity, egg hatch and survival. These results demonstrate the
essential nature of the erythrocyte membrane components on the flies. Previous methods
to isolate lipid-free hacmoglobin have resulted in either denatured haemoglobin (Riggs,
1981) or stroma-contaminated haemoglobin (Rabiner et al., 1967). Thus. the isolation
methodology for large quantities of lipid-free haemoglobin (Deloach et al.., 1986) has
proved useful.

Haemoglobin purity and its stroma content have been previously reported (Deloach er
al., 1986). All the lipid-free haemoglobin used in these tests was from a lot known to be
lipid-free. The stroma-contaminated hacmoglobin has been previously shown to contain
cholesterol. sphingomvelin, phosphatidy! serine and phosphatidy! ethanolamine {Del.oach
etal., 1986; Sheffied e al., 1987).

The addition of membrane suspensions to lipid-free haemoglobin plus bovine scrum
albumin diets gave a significant improvement in fecundity (Table [1). Survival of the adults
also improved significantly. Contrary to these results, the addition of membrane suspensions
to bovine plasma did not cause an increase in the fecurdity (Table II). Thus. haemoglobin
is required hy the flies. Apparently. plasma alone provides sufficient nutrient so that
fecundity is about three-quarters of that found with stroma-contaminated haemoglobin plus
bovine serum albumin. Plasma alonc has been previously shown to provide enough of the
essential nutrients for Glossina 1o reproduce.

Protein and stroma are the major required nutrients in the diets of blood-feeding
arthropods. However, other nutritonal factors are known to play a role in meeting dietary
needs. For example, a dialysable factor from haemolysed blood cells is required by G. p.
palpalis (Kabayo & Taher. 1986). Flies that were fed diets which had been previously
dialysed failed to reproduce and their reproductive systems showed signs of atrophy. Normal
reproduction was achieved if the dialysable component was returned to the diet.

The essential dietary components for adults of S. calcitrans and possibly other blood-
feeding arthropods comes from two classes of molecules in the blood, protein and stroma.
The protein component consists of bovine serum albumin and haemoglobin (Del.oach &
Spates, 1984; Kabayo er al.. 1985). Evidence presented here shows the importance of
membrane components in the diet of S. calcitrans. Before a true holidic diet can be
developed. the essential components in the erythrocyte membrane must be determined.
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THE NATURE OF ERYTHROCYTE STROMA
LIPID COMPONENTS REQUIRED FOR NORMAL
REPRODUCTION IN STOMOXYS CALCITRANS
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Abstract—Adult Sromoxys calcitrans require erythrocyte membrane components in their diets for normal
reproduction. Nutritionally sub-optimal diets consisting of stroma-free. lipid-free haemoglobin and serum
albumin were greatly improved by supplementation with either erythrocyte ghost preparations or lipid
mixtures containing cholesterol, sphingomyelin and phosphatidyl ethanolamine. The apparent nutritional
requirement of dietary erythrocyte membrane components by adult Stomoxys calcitrans is discussed in
terms of the nutritional value of the erythrocvte membrane hipid components.

Kev Word Index: Lipids, arthropods artificial diet. nutrition, stable flies

INTRODUCTION

The derelopment of s:mi-defined. nutritionally
adequate. svnthetic diets for blood-feeding insects
(DeLoach and Spites, 1984: Kabayo ¢r al.. 1985) has
been a signiticant achievement in the quest for a full
understanding of the nutritonal requirements of
these insects The major components of these
diets (haemoglobin and albunin) are heterogeneous
macromolecules whose chemmical composiion and
nutrittonal guahty is dependent on a vurniety of
impurities with which they are co-puritied. The nu-
tritional quahty of serum albunun 1o tsetse thies has,
for example. been assoctated with its bound hpid
impunities rather than to the albunun protemn per se
(Kabayo. 1982)

Analysis of a haemoglobin preparation used 1n
svnthetie diet mixtures revealed a vanety of hpid
contaminants which are thought to onginate from
ervthrocvte stroma components (Shethield er al..
1987). Recently. Deloach er al. (1986) employed
dialvsis ultrafiltration svstem to 1solate large quan-
tities of stroma-free. hpid-free haemoglobin: this
made 1t possible, for the first time. to investigate
the nutntional value of lipids normally bound to
haemoglobin constituents of synthetic diets.

The present study was undertaken to examine
the nature of nutntional importance of erythrocyte
stroma components in diets for Stomoxyvs calcitrans.

MATERIALS AND METHODS

Flies
S. calcurans flies were obtained from a colony
routinely maintained as presiously described (lvie

skeDece.sed
+To whom correspondence should be addressed.
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and Wright, 1978; Bridges er al., 1984). For each diet
tested. three cages of newly emerged flies (6 males and
12 females cage) were used.

Dictys

Bovine haemoglobin was prepared as described
by DelLoach and Spates (1984). bovine lipid-frec
haemoglobin was prepared using the dialysis and
ultrafiltranon methods described by DeLoach er al
(1986). Bovine serum albumin, fraction V., sphingo-
myehn from bovine brain. phosphatidyl ethanol-
amine. phosphatidylserine. cholesterol and choline
chloride were obtained from Sigma Chemical Com-
pany. St Louis, MO. Sphingomyelin was 99% purc
and contained primarily lignoceric acid, phosphatidyl
cthanolamine and phosphatidyl serine were 98%
pure. Cholesterol was 99% pure. All phospholipids as
supplied were onginally isolated from bovine tissue.
Bovine ervthrocyte ghosts were prepared from the
pink ervthrocytes remaining after the extraction of
haemoglobin by the dialysis and ultrafiltration
method (Sheflield er al.. 1987). The pink erythrocytes.
containing less than 2% of their onginal haemo-
globin. were washed 3 umes, with 4 vol of hypo-
osmotic phosphate-buffered saline (15 mM KH,PO,.
70 mM NaCl. pH 7.2, osmotic pressure 170 mOsm
kg). and centrifuged (10,000 g for 30 min) between
washes. The resulting pellet of white ghosts was
resuspended 1n 19 vol of isotonic saline and ghost-cell
density of the suspension was determined with a
particle counter (Coulter Electronics. Hialeah, FL).
Using this procedure, the ghost-cell count of the
suspenston was 6-7 v 10* cellsiml.

A series of synthetic diets were prepared compris-
ing bovine serum albumin (6.5%) and total hacmo-
globin (12%)} with different proportions of bovine
lipid-free haemoglobin and bovine haemoglobin (as

showncir;/Tuﬁblc I).ﬁ « J\.T ) ’Q
O
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Table 1 Survinal and reproduction in Stomovis calcitrans fed synthetic diets containing different
proportions of haemoglobin-bound hmds

Hb-bound
Diet composition® hipd
%o {w v in disulled water)  mpuritiest Survival Number Hatch
BHb  LFHb BSA (%) (%0) egps female day (%)
12 0 65 100 974 + 26a MS5+4Ta 870+ 64a
10 2 68 83 962~ 4.0a 735+ 34b 948 = 09a
7 ) 6S S8 914+ 37 MN4=310b 87.6 = 6.5a
s 7 6.5 EN 982+ 20 T 4+53 R19 - 64a
2 10 6 ? 912247 32233 BS+41b
0 12 65 0 889 » 4 20 09 +04d 21+ 15

Data are & = SE (n = 21) Data in same column followed by a common letter are not significantly
different (P < 0.05)
*Abbreviations BHb. bovine haemoglobin, LFHb bovine hipid-free haemoglobin, BSA: bovine

serum albumin

tBased on proporuon of ipid-free haemoglobin to ipid-contaminated hacmoglobin

Diets containing different volume equivalents of
erythrocyte ghost cells (shown in Table 2) were
prepared by resuspending pellets of ghost cells
obtained when the respective volume of ghost-cell
suspension was centrifuged (10.000 g, 30 min). The
ghost-cell pellets from different volumes were re-
suspended in a lipd-free synthetic diet (12% bovine
lipid-free haemoglobin, 6.5% bovine serum albumin
in distilled water).

Dicets in which the lipid-free synthetic mixture was
supplemented with vanious amounts of different
phospholipids  and cholesterol were prepared as
follows: For cach diet. the amounts of phosphohpid
or cholesterol shown (Table 3) were dissolved in
chloroform-methanol (2:1. v v) and rotor evapo-
rated to drynes: in a round bottom flask. 40 ml 6.5%
bovine serurn albunun 1n distlled water was then
added to the flask and the hpids were then suspended
by sonication (probe type sonicator. 100W for
5-7min). Haemoglobin (12% w v) was then added
and the diet volume adjusted 1o 60 ml. The resulung
suspensions were used as the test diets.

Feeding tesis

After preparation. the diets were stored frozen in
appropriate volume ahliquots sufticient for 1day's
feeding on cach dict regimen. Dicts were thawed on
the day they were to be used. The flies were fed daily
on small cotton rolls saturated with the respective
diet immediately before feeding. The survival of the
females. the number of eggs deposited by cach female.
and percentage of eggs hatched (between day 6 and
day 12 of female hfe) were recorded for cach diet
tested.

RESULTS

A synthetic diet comprising bovine lipid-free
haemoglobin and bovine serum albumin (negative
control diet) does not meet the nutritional require-
ments for normal reproduction in S. calcitrans.
Survival is not affected. Substituting a lipid-
contaminated haemoglobin (e.g. bovine haemo-
globin) for bovine lipid-free haecmoglobin constitutes
a diet which supports normal egg production and
hatching (Table 1). Diets comprising a mixture of
bovine haemoglobin and bovine lipid-free haemo-
globin in vinous ratios support egg production and
hatching in & manner commensurate with the pro-
portion of the bovine haemoglobin component
in such diets. Supplementation of the negative
control diet with preparations of ghost cells (Table 2)
restores its nutritional values in a dose-dependent
fashion. A selection of specific lipids known to
be present 1n ghost-cell membranes were tested
singly or in combination for their capacity to
improve the nutritional quahty of the necgative
control diet to which they were added (Table 3).
Sphingomyelin alone supported egg production but
not egg hatch. Phosphatidyl ethanolamine alone sup-
ported egg production but to a lesser degree. Choline
as supplied by either choline chloride or sphingo-
myelin supported cgg production. Only a combi-
natton of cholesterol. a choline source and phos-
phatdyl ethanolamine supported cgg production and
cgg hatch. Addition of another phospholid. phos-
phatidyl serine. to the aforementioned combination
significantly improved cgg production but not cgg
hatch.

Table 2. Effect of added erythrocyte ghost-cell components on the nutritional value of a hpid-reduced
synthetc diet 1o Stomoxys calenrans®

Volume of ghost- Calculated
cell suspension concentration (%o w v) Survival Number Egg hatch
(mh liprd-contaminated Hb (°o) eggs female day (%)
0 0 86 Ta 0904 Oa
| 098 77 da $2+11b 0a
4 180 9K 6b Wh+ Ik 122+ 82
10 9.50 98 2h Mx+ 23 M6k
15 14.25 95 4h S46-44d Khd + 62d
20 19 00 9% Sh 451+ 3 5d 9.2+ 60d

Data are & + SE (n = 211 Data in same column followed by 4 common letter are not sigmificantly

different (P < 0.05)

*Pellet resulng from centnfugation of indicated volume of ghost-cell suspension was resuspended
n hipid-free synthetic diet (12% bovine bipid-lree haemoglobin, 6 5% bovine serum albumin, w v

in distilled water).
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Table . Effect of lipid additives on the nuintional salue of a hpid-free syntheuie diet to Stomovis caleirans ®

Lipid additives (mg 100 mh)
liptd-free synthene dient

Fecding
test SM PL PS CH chlonide
| 0 } 1} 0 (}
2 40 0 0 0 0
A) 0 7 0 0 1}
4 40 7 0 28 0
s ] 0 [} 28 40
6 30 7 40 23 [{]

Chohine

- Insect Egps
survival Number hatched
(o) eges female day (®o)
81 +920 0d+02a 0a
892+ 17 253+ 33b 16=1.6a
76.3 + 424 100 = | 6 0a
911 + 6.0b 283+ 18h 828+ 25b
721+ Y8 268 +42b 09«09
921 +41b 61+ S8d 730 + 3.0b

*Data aie | = SE of 6 feeding tests Data 1n same column followed by a common letter are not significantly different

(P <005)

tAbbreviations: SM- sphingomyehn from boviae bram, PE phosphatidy] ethanolamine, PS phosphatidylserine;

CH: cholesterol

DISCUSSION

In the present study. we investigated the nutritional
importance of ghost-cell membrane components as
the source of lipid contaminants of the haemoglobin
constituent in synthetic diets. While methods have
been developed for the delipidation of albumin with-
out denaturing 1t (¢.g. Kabayo. 1982) no delipidation
method prior to the preparation of lipid-free haemo-
globin (DeLouch er af.. 1986: Sheflicld er af.. 1987)
could facilitate evaluation of the nutritional import-
ance of lipid contanunants in haemoglobin through
diet-deletion technigques. Addition of hipid-contami-
nated hacmoglobin to bovine ipid-free haemoglobin
while keeping the total protein concentration con-
stant (Table 1) s apparently equivelent to the ad-
diton of ghost cell components 1o bovine lipid-free
haemoglobin. This 1s confirmed by the results shown
in Table 2 where addinon of preparations of ghost-
cell membrines caused 1improvements 1n the nu-
trinonal salue of bovine hpid-free haemoglobin
similar 1o those caused by addinon of bovine
haemoglobin (Table 1), 11 one red blood cell contains
about 14.6 » 10 g haemoglobin and the ghost-cell
suspensions used an the present study were typicalls
6.5 > 10%¢cells ml. 1t can be estimated that | ml
of such ghost cell suspension (TaMe 2) would
normally  have  been  associated  with 095g
(146 = 10 ™~ 6.5« 10 *) hacmoglobin. Thus. the
results in Tables 1 and 2 can be compared

The amounts of the specific hpid additives used 1in
the tests (Table 3) were ssmiluar to the levels reported
for these components when DeLoach er al. (1986)
analyzed  hpid-contumunated  haemoglobin - prep-
arations such as bovine haemoglobin. Sphingo-
myehn. which shghtly improved survival in the
present study. 1s a nunor class of choline-contaning
phospholipids which has not yet been found in any
dipteran (Fast. 1970). Most recently. Spates ef af
(1988) has shown that stable flies utihze 98%, of the
ingested sphingomyelin found 1n o blood meal.
Cholinc has been shown 1o be an essential dietary
component for many insects and is known to serve
micrometabolic and catalvtic functions: 1t 1s also a
lipogenic factor which playvs an important structural
and functional role as a constituent of the phospho-
lipids (choline phosphatides) of cell membrancs.
transport  lipoproteins and the neurotrunsmitter
acetylcholine (Bridges. 1972). Thus. choline supplied

as cither choline chloride or sphingomyelin is essen-
tial to the flies. Since bovine erythrocytes contain no
phosphatidylcholine, and since a diet comprising
haemoglobin (contaminated with ghost-cell mem-
brane components) plus bovine serum albumin is
nutritionally adequate, we can also deduce that
choline or its derivatives may be obtained from some
other dictary lipid, c.g. sphingomyelin, which was
here shown to improve survival but had no effect on
fecundity. Dictary phospholipids provide saturated
and unsaturated {a.y acids. The mmprovement of
adult viability caused by addition of animal-derived
phospholipids to larval diets of the mosquito. Culex
piptens. could also be achieved by substituting arachi-
donic acid for phospholipids (Dadd and Kleinjan,
1979). Whether the observed improvement in survival
in the present study was effected in this manner 1s vet
1o be deternuned. However. sphingomyelin used here
contains approx 80"c estenfied hgoceric acid and
20% estenfied stearic acid. It is possible that the
improved hateh found with test No. 4 versus test No.
S is due to the presence of fatty aads.

It 15 well established that nsects are unable to
svnthesize the sterol nucleous and require dietary
sterol which they utilize as structural components
of cells and for the synthesis of ecdysoid growth
regulators (Thompson ¢r al.. 1972). In our studies,
cholesterol with choline alone increased fecundity
considerably but did not uffect egg hatch. However,
in combination with sphingomyehin, phosphatidyl-
cthanolamine and phosphatidyvlserine both improved
fecundity and egg hatch. Tsiropoulos (1980) showed
that although female olive fruit flies that were de-
prived of cholesterol laid 4 normal number of cggs.
hatch wis considerably reduced. and discovered that
cholesterol improved hatch only when fed in combi-
nition with vitamins, amino acids. and minerals.
Based on recent studies (Spates er al.. 1988) 1n our
laboratory which showed 28%5 ol ingested cholesterol
to be utihzed in eggs, we believe cholesterol to be an
essential dietary constituent.

The results of this study are significant in as far as
the work represents a step in current efforts 1o dissect
the synthetic diet and to discern the dictary require-
ments of S, calcitrans and  other  blood-feeding
arthropods. The ulimate goal 1s to use the infor-
mation and conclusions drawn from such work as
a basis for the construction of chemically defined
diets.
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SHEFFIELD, C. L., SPATES, G. E.. DROLESKEY, R. E., GREEN, R., AND DELOACH, J. R, Prepa-
ration of Lipid-Freec Human Hemoglobin by Dialysis and Ultrafiltration. Biotechnol. Appl. Bio-
chem. 9,230-238(1987).

Dialysis of human red blood cells using a hypotonic solution and a commercial kidney dialysis
unit followed by ultrafiltration through 0.1 um pore hollow fibers provides an casily managed
method for isolation of lipid-frec hemoglobin. High pressure liquid chromatography analysis
of lipid-free hemoglobin (LFHB) indicates 99-100% protein purity. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis demonstrated that LFHB migrates as a single band.
The process requires hypoosmotic dialysis of human RBC to a final 119-139 (av 132) mosmol/
kg osmotic pressure. Additional reduction in osmotic pressure resuits in irreversible cell lysis
which results in lipid contamination of the hemoglobin. Processing one-half liter of packed red
blood cells requires 10 b, resulting in an average of 90% hemoglobin FECOVErY. ¢ 1987 Academic

Press. Inc

Hemoglobin is the major protein constituent of red blood cells and accounts for
over 95% of the total soluble protein of the cell. Isolation of hemoglobin from red
blood cells involves a simple procedure of hemolyzing the red blood cells followed
by centrifugation to remove membrane stroma. Hemolysis results in a hemoglobin
solution that is more than 90% pure (1). In some cases. organic solvents such as tolu-
ene have been used as hemolytic agents (2). However. such treatment can denature
the hemoglobin (1).

Although stroma-free hemoglobin (SFHb)" has been evaluated as a blood substi-
tute (3, 4). there exists no methodology to prepare large quantities of SFHb. Crystalli-
zation from a high concentration of phosphate solution requires several days and
gives an average of 3% methemoglobin (5). Cheung et al. recently reported the prepa-
ration of SFHb by a DEAE-cellulose absorption technique (6). Rabiner ef .. (7) used
a 0.22 yum membrane to filter hemoglobin preparations and reported that prepara-
tions were stroma-free as evidenced solely on the lack of coagulant activity. However.
lipid analysis was not conducted to determine the presence or absence of stroma.

' Mcntion of a trade name, proprictary product, or specific equipment does not constitute a guarantee
or warranty by the U.S. Departrent of Agriculture and does not imply its approval to the exclusion of
other products that may be suitable.

? Abbreviations used: SFHb. stroma-free hemoglobin; DIC, disseminated intravascular coagulation:;
Hct, hematocrit: LFHb. lipid-free hemoglobin: PL. phospholipid: SDS-PAGE. sodium dodecy! sulfate-
polyacrylamide gel electrophoresis; SEM, scanning electron microscops.
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Lack of coagulation activity was the only criterion used to determine the absence of
lipids. This criterion is not conclusive because it has been shown that disseminated
intravascular coagulation (DIC) attributed to stroma contaminants in hemoglobin
preparations is not necessarily due to lipid contamination.

Rosenberry er al. (8) have approached the isolation of the other products from red
blood cells, i.e., erythrocyte ghosts, by a high volume molecular filtration technique.
Their process is dependent upon passage through a series of submicron filters
(100,000 Da). The process requires 2 h and is limited to very dilute suspensions of red
blood celis [hematocrit (Fict) < 5%]. As pointed out by those authors, when protein
concentration increases, flow rate decreases and leads to clogging of the filters. Al-
though the methodology described by those authors is a reasonable approach for iso-
lation of hemoglobin, it is calculated that from 30 ml of washed packed cells only
about 10 g of hemoglobin can be processed in several hours.

The term lipid-free hemoglobin (LFHb) is preferred to SFHb to clearly distinguish
that hemoglobin prepared in the manner described in this paper is essentially free of
membrane lipid. Moreover, the term SFHb has been used to describe some hemoglo-
bin preparations which indeed contain membrane lipids. The principle of the process
described here has drawn heavily on the techniques employed in work with dialysis
encapsulation for preparation of carrier erythrocytes (9-15) and with hollow-fiber
dialysis of erythrocytes (16). The most important feature of the process is the con-
trolled dialysis of red blood cells to prevent severe osmotic shock to the cells which
results in the complete rupture of the red blood cell membrane and subsequent con-
tamination. Hemoglobin prepared by controlled dialysis and ultrafiltration is almost
devoid of lipid and is 99% pure by electrophoretic and HPLC analyses.

METHODS AND MATERIALS

Human blood was obtained from patients with polvcythemia vera or hemochro-
matosis who require periodic bleeding as part of their treatment. It was collected using
63 ml of anticoagulan (citrate phosphate, dextrose, adenine solution) for every 450
ml of blood. Red blood cells were isolated from whole blood by centrifugation at
1000g and then washed 3 times in 3 vol of Buffer F (120 mM NaCl, 10 mM glucose,
2 mM MgCl,, 52 mM KH-PO,. 18 mM K;HPO,). Washed packed cells were adjusted
to a 60% (Hct) with Buffer F.

The apparatus used in this procedure consists of a 1-m* commeicial kidney dialysis
hollow-fiber cartridge (Travenol, Oak Park, IL), three 0.1 um pore hollow-fiber units
(1 X 10® molecular weight cutoff, Amicon Corp.. Danvers, MD), in the same config-
uration previously described by DeLoach er al. (17). Red blood cells were then dia-
lvzed against 10 liters of 50 mosmol/kg, pH 7.4. dialysis buffer (5.7 mm K,HPO,.
2.3 mM KH,PO,, 2 mM MgCl,) with a I-m? kidney dialysis hollow-fiber cartridge
(Travenol) until an average osmotic pressure of 132 osmol/kg was reached. Flow rates
of the cells and dialysis buffer were 200 and 450 ml/min, respectively. The dialyzed
red blood cells were then processed through three 0.1 um pore hollow-fiber units (1
X 10® molecular weight cutoff, Amicon Corp.). The combined surface area of the
three ultrafiltration cartridges was 0.09 m*. During ultrafiltration, dialyzed red blood
cells were maintained at a constant volume by replenishing lost volume with a phos-
phate buffer of the same osmotic pressure as the red blood cells (3 mM KH;PO,,
16 mM K;HPO,, 34 mM NaCl, i0 mM glucose, 2 mMm MgCl;). Osmolarity of the
replenishing buffer was adjusted by modifying the amount of NaCl used in the buffer
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solution. During ultrafiltration, the flow rate was 200 ml/min and the column pres-
sure was 10-12 psi. All tubing and connectcrs used were hemo-compatible. The ultra-
filtrate was dialyzed against distilled water, lyephilized, and stored at room tempera-
ture away frora moisture,

For comparison, human hemoglobin was also prepared by a hypotonic dilution
technique. Washed packed cells were hemolyzed by diluting to 132 mosmol/kg with
ice-cold distilied water. One portion of the hemolysate was centrifuged at 10,000g for
30 min, a second portion was filtered through a 0.2 um pore nylon filter, and the
third portion was left untreated. Then all hemolysate preparations were lyophilized
and stored at room temperature away from moisture. These preparations were made
only for comparison with the LFHb in the following lipid analyses.

Three hundred milligrams of each lyophilized hemoglobin was resuspended in 8
ml of distilled water. The resuspended hemoglobin was slowly added to 13.3 ml of
methanol, in a 100 ml beaker, while stirring with a magnetic stiz bar. This hemoglo-
bin-methanol mixture was stirred for 30 min. After stirring for 30 min, 27.7 ml of
chloroform was slowly added to the methanol-blood mixture and stirred for 2 h.
This mixture was then filtered through a coarse porasity sintered glass funnel. The
hemoglobin pellet was then homogenized for | min in a DuVall tissue homogenizer
equipped with a motor driven Teflon pestle. The homogenate was filtered through a
coarse porosity sintered glass funnel. The combined filtrates were collected in a 250-
m] boiling flask and taken to near dryness on a Buchii rotoevaporator at (30°C). The
residue was remcved from the flask with five consecutive rinses of CHCl;:MEOH
(19:5, v/v) and then filtered through a fine porosity sintered glass funnel. The filtrate
was reduced to very near dryness and the residue was dissolved in freshly made
CHCI3:MEOH (2:1, v/v), thien washed with 0.2 vol of 0.1 M KCl according to the
method of Folch (18). The clear chloroform layer was reduced to near dryness for
TLC analysis. Lipids were then dissolved in 200 ul of CHCI;:MEOH (19:1, v/v) and
streaked on TLC plates.

All solvents used, except diethylether and acetic acid were glass distilled and were
purged with argon before use. TLC plates used were coated with silica gel 60 (E
Merck, Rahway, NJ). Lipids were separated into classes by developing the TLC plate
in a glass tank containing 200 ml of hexane:diethylether:acetic acid (60:40:2, v/v/v).
Bands were visualized first with 2-7-dichlorofluorescein and then with iodine vapor.
Phospholipids (PL) which remained at the origin were extracted from the silica gel
with a mixture of methanol:chloroform (2:1, v/v) followed by extraction with chloro-
form:methanol (2:1, v/v). The phospholipid extract was streaked onto a TLC plate
and developed in a tank containing 200 ml of a chloroform:methanol:ethanol:acetic
acid:water (65:25:25:5:4, v/v/v/v/v) mixture. Migration of lipid standards of known
composition was used to identify lipid unknowns. Also ninhydrin spray was used to
check for phosphatidylserine and phosphatidylethanolamine.

After the PL bands were outlined and the iodine had evaporated from the plates,
each band was scraped directly into a 15-ml glass test tube. Adjacent areas of silica
corresponding in size and position to the area containing PL were also scraped into
test tubes. The silica gel was extracted three times with 2 ml of a mixture of methanok:
chloroform (2:1, v/v). The combined extracts were cvaporated to dryness and the
residues were dissolved in 7 ml of a mixture of chloroform:methanol (19:1, v/v).
Aliquots were then analyzed for phosphorus according to the procedures of Duck-
Chong (20).
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Cholesterol samples were analyzed with a Tracor MT 220 GLC equipped with dual
FID and 3% (w/w) OV-17 on a chrom Q (100/120 mesh) column (Supelco, Inc.).
Operating conditions were: column temperature, isother:hal at 250°C; inlet and de-
tector temperatures at 275 and 300°C, respectively; H, and air flow to the detector,
40 and 120 ml/min, respectively; and nitrogen carrier gas at 40 ml/min, for both.
Cholesterol in samples was quantitated by comparison of the peak areas with those
of known amounts of cholesterol, as computed by a Hewlett-Packard Model 3390A
integrator, interphased with the GLC.

LFHb preparations were subjected to SDS-PAGE (21). A 4% stacking gel with a
12.5% running gel was used. Ten microliters of LFHDb in sample buffer was loaded in
each well on a mini-vertical slab gel apparatus (Bio-Rad, Richmond, CA) at 15 mA
constant current for approximately 1 h. After electrophoresis, the gel was stained with
Coomassie blue stain.

HPLC analysis was conducted on the LFHb with an instrumeit equipped with a
variable wavelength spectrophotometric detector (LCD/Miltou Roy HPLC, Riveria
Beach, FL) at 280 nm. A Waters Protein-Pak DEAE 5PW column (7.5 X 75 mm)
was used. Protein (10 ul injection) was eluted with a linear NaCl gradient (20 mM
Tris, pH 9.2; 0-500 mM NacCl). Spectrophotometric analysis of LFHb samples was
conducted from 400 to 600 nm,

The morphology, size, rumber, and hemoglobin concentration in the red blood
cells were monitored throughout the preparative proczdure. Cell size, number, and
hemoglobin concentration were determined with a Couller counter equipped with a
channel analyzer and a Hemoglobinometer (Coulter Electronics, Hialeah, FL).

For scanning electron microscopy (SEM), cells (0.1 m1) were added to 10 ml of
0.5-1.0% glutaraldehyde prepared in a similar osmotic pressure phosphate buffer.
Cells were allowed to fix for 1 h with constar  _itation at room temperature. After
fixation, cells were washed once ia buffer and twice in distilled water and then were
dehydrated in 50% ethanol. Cells were then resuspended in 75% ethanol. A drop of
this was then transferred to a mounted coverslip. Cells were allowed to air dry and
then were coated with gold.

RESULTS

Dialysis of the human red blood cells to an average predetermined osmotic pressure
cf 132 mosmol/kg (9, 13)allowed the red blood cell membranes to become permeable
to hemoglobin without rupture of the membrane. Collection, packing, and washing
required 4 h for 3 lite's of whole blood. Dialysis requires only 5-20 min with a 1-m?
hollow-fiber dialysis unit and ultrafiltration requires 10-14 h for 500 ml of packed
cells. Dialysis cartridges are used once and discarded. A 10-liter dialysis buffer reser-
voir can be used to process -3 liters of packed cells. Ultrafiltration requires a longer
processing time because the protein must pass through the 0.1 pm pore in the hollow
fibers. Processing time can be reduced if a larger-surface area ultrafiltration cartridge
is used. As dialyzed cells are recycled through the hollow fibers, volume is replenished
by the use of a closed vessel filled with a pH 7.4 phosphate buffer (5 mm KH,PO,.
16 mM K,HPO,, 10 mM glucose, 2 mM MgCl); NaCl concentration was varied to
adjust the molarity of buffer to match that of the dialyzed cells.

The data in Table I are the summation of LFHb isolation from three different
preparations. In general, 500-600 ml of washed, packed cells can be processed in 9-
12 h. Yield of LFHb from the ultrafiltration process averages 90%. Actual recovery



234 SHEFFIELD ET AL.

TABLE|

Lipid-Free Hemoglobin Isolation

Volume of packed

red bloud cells Starting Hbh? Ultrafiltration LFHB recovered
(mi) 2 time (h) (2 % vield®
420 182 11 169.0 920
650 183 9 163.0 90.0
420 152 11 135.0 89.0

* Hemoglobin.

" % yield is calculated as {[amount LFHb recovered + (LFHb + Hb remaining in processed cells)] X 100.
% yield does not take into account loss of cells due to handling or dead volume in apparatus.

of LFHb may be slightly lower due to loss of cells in handling and because of dead
volume in the dialysis and ultrafiltration apparatus. The hematological parameters
of red blood cells are recorded in Table I1.

SEM photomicrographs of normal, dialyzed and processed cells reveal several in-
teresting features (Fig. 1). Human red blood cells appear as normal biconcave disco-
cytes (Fig. 1A), whereas dialyzed cells appear as uniformly swollen cells (Fig, 1B).
Dialyzed cells, unlike red blood cell ghosts, contain normal amounts of hemoglobin
and although they are porous, the holes in the miembrane are not visible. Randora
protrusions are observable on some of the dialyzed cells. Once hemoglobin is re-
moved by ultrafiltration, the cells appear mainly as empty ghosts (Fig. 1C). If red
blood cells are hemolyzed by direct dilution, cells appear mainly as amorphous
stroma (Fig. D). It is this form of stroma that can contaminate the hemoglobin
preparation.

For comparison and emphasis on the importance of dialysis on the nature of the
isolated hemoglobin, red blood cells were hemolyzed by dilution in distilled water
and analyzed for the presence of lipids. Phospholipid and neutral lipids were recov-
ered from all hemoglobins prepared by methods other than dialysis-ultrafiltration.
The control (lysed red blood cells) contained varying amounts of the individual phos-
pholipids and 656.1 ug of cholesterol. The hemoglobin isolated using the dialysis—
ultrafiltration method showed that all samples were essentially free of phospholipis
and r~utral lipids (Tables {1l and IV); thus it can be called LFHb.

Such LFHb migrates as a single band on SDS-PAGE (data not shown). HPLC
analysis of LFHb yields one major peak with a retention time of 16.34 min. A minor
protein peak (probably carbonic anhydrase) followed the elution of LFHb. Integra-

TABLE Il

Hematological Parameters®

Isolation siage g Hb/100 m! Vol (FI)
Washed red blood cells 243 70.0
Dialyzed cells 24.0 68.7
Processed cells 3.7 28.3

* Average of 3 runs. Hb = Hemoglobin.



HUMAN LIPID-FREE HEMOGLOBIN 235

FIG. 1. Scanning electron micrographs of red blood cells, (A) Normal washed human RBC: (B) dialyzed
RBC; (C) RBC ghosts; (D) stroma from RBC. A and B, x2400; C and D, x3770.

tion of peak areas yields a 99.7% pure hemoglobin sample (Fig. 2). Spectrophotomet-
ric analysis between 400 and 600 nm was characteristic of oxyhemoglobin (data
not shown),

DISCUSSION

The dialysis-ultrafiltration process outlined here results in the preparation of large
volumes of ultrapure lipid-free hemoglobin. The process is extremely dependent on
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TABLE 1IN

Phospholipid Content of Human Hemoglobin Preparations

Method of sample preparation

Direct lysis and Direct lysis and Dialysis and
Phospholipid Control 0.2 um filtration centrifugation ultrafiltration
SM* 13.59 14.10 3.26 0.0¢
PC 39.70 <0.125 1.45 0.0
PS 14.65 0.000 0.00 0.0
Pl 1.57 0.000 0.00 0.0
PE 22,01 0.000 0.00 0.0
PG 5.43 0.000 0.00 0.0
PA 3.29 0.000 0.00 0.0
CL 2.90 0.000 0.00 0.0

* SM = sphingomyelin, PS = phosphatidylserine, PC = phosphatidylcholine, PE = phosphatidylethano-
lamine, PI = phosphaditylinositol, PG = phosphatidylglycerol, PA = phosphatidic acid, CL = cardiolipin.

® Data are expressed as ug P, (inorganic phosphorus)/300 mg of sample.

€ Sensitivity of phosphorus assay > 0.125 ug P;.

the way in which the osmotic pressure of the cells is reduced. Reduction of the os-
motic pressure of the red blood cells is achieved by controlled hollow-fiber dialysis
(16). Red blood cells swell and become permeable to hemoglobin without appreciable
cellular lysis. Thus, in the ultrafiltration step, only hemoglobin diffuses through the
0.1 um pores. If osmotic pressure is reduced by direct dilution in water followed by
ultrafiltration, significant lipid contamination is observed. Consequently, advantage
is taken of the fact that under controlled dialysis conditions human red blood cells
do not appreciably lyse.

The process described here yields a hemoglobin preparation of greater than 99.7%
protein purity as evidenced by HPLC analysis. Additionally, the LFHb migrates as a

TABLEIV

Neutral Lipid Content of Human Hemoglobin Preparations

Method of sample preparation

Direct lysis and Direct Iysis and Dialysis and

Lipid 0.2 um filtration centrifugation ultrafiltration
Monoglycerides 0.00 0.00 0.00
Cholesterol 2.80* 24.10 1.80
Diglycenides 0.00 0.00 0.00
Free fatty acids Trace® 0.00 0.00
Fatty acid methyl esters 0.00 0.00 0.00
Triglycendes 0.00 0.00 0.00
Cholesteryi esters 0.00 0.00 0.00

* Data are expressed in micrograms/300 mg of sample, and were confirmed by GLC analysis; sensitivity
is <100 ng of individual fatty acid and <125 ng cholesterol.

® This material could be visualized on the TLC plate using 2,7-dichlorofluorescein and iodine vapor but
was below the sensitivity level of the GLC analysis, when separated into individual components.
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F1G. 2. Human hemoglobin HPLC analysis.

single band on SDS-PAGE. The minor protein contaminant which appears on the
DEAE column may be carbonic anhydrase. Although the term SFHb had been ap-
plied to different hemoglobin preparations (3, 7), the only evidence for this claim is
the lack of an effect on blood coagulation in animals which previously received the
hemoglobin preparations. Hemoglobin prepared by dialysis and ultrafiltration con-
tained less than 0.125 ug of P,, whereas hemoglobin prepared by either direct lysis
method contained measurable quantities of P, migrating with known lipids such as
SM und PC. Thus the dialysis and ultrafiltration method is far superior to existing
methodologies, based on phospholipid analysis. In addition, neutral lipid analysis
revealed appreciable amounts of cholesterol in the direct lysis and centnfugation
method. However, only minute quantities of cholesterol were detectable in the hemo-
globin prepared by the direct lysis and filtering method or the dialysis and ultrafiltra-
tion method. The hemoglobin prepared by direct lysis and filtration contained trace
quantities of free fatty acids. Thus, the lipid-free hemoglobin described in this paper
contained no detectable quantities of phospholipids, fatty acids, or neutral lipids ex-
cept for a minute quantity cf cholesterol. De Venuto ef al. (5) presented a crystalliza-
tion method for SFHb in which no coagulant activity was found, but no lipid analysis
was conducted. Others claim that toluene precipitation may lead to irreversible bind-
ing of toluene to the hemoglobin (1).

Rosenberry e al. (8) reported the use of a filtration technique, but their process
required very dilute red blood cell solutions (5% Hct) in order to prevent clogging of
the filters. No clogging of hollow fibers was observed with our technique. A consider-
able improvement in the time required for ultrafiltration is possible if the surface area
of the ultrafiltration hollow fibers is increased by using larger cartridges. This process
would likely be appropriate for hemoglobin from any mammalian species in which
dialysis can be used to open the membrane without cell lysis. For example, dialysis
has been used to prepare red blood cells to entrap or encapsulate a variety of exoge-
nous agents without complete rupture of the membrane. Research from this labora-
tory indicates that human, canine, bovine, ovine, caprine, equine, and murine red
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blood cells are sufficiently stable to undergo dialysis (12, 22, 23). However, it is un-
likely that the osmotic pressure appropriate for human cells (119~139 mosmol/kg)
will be suitable for the red blood cells of other species. It will probably be necessary
to use an osmotic pressure close to that which is suitable for the entrapment of exoge-
nous agents (12).

There are scveral potential applications for LFHb. First. LFHb used for entrap-
ment in liposomes would be more desirable if no contaminating lipids were available
for insertion into the lipid vesicles (24). LFHb has potential usefulness in the develop-
ment of artificial blood diets for blood-feeding arthropods (25-27). This material
would be useful for studying the effects of allosteric effectors as well as various toxins
and pharmacological agents on the oxygen vinding affinity of hemoglobin.
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ABSTRACT

Dialysis of human, bovine,and ovine red blood cells using a
hypotonic solution and a commercial kidney dialysis unit,
followed by ultrafiltration through 0.lum pore hollow-fibers
provides an easily managed method for isolation of lipid-free
hemoglobin (LFHB). High performance liquid chromatography (HPLC)
analysis of hemoglobin indicated 99% protein purity. SDS poly-
acrylamide gel electrophoresis analysis demonstrated that LFHB
migrates as a single band. Processing one-half liter of packed
red blood cells requires approximately 10 hours and resulting in

an average of 93% hemoglobin recovery.

INTRODUCTION
Hemoglobin accounts for more than 95% of the soluble protein
in red blood cells and is one of the most important proteins

found in mammals. Its main biological function is the transport
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of respiratory gases within the tissues of the body. A
substantial amount of research has been done on hemoglobin
(1-7). One area of hemoglobin research that has received
substantial attention is the evaluation of hemoglobin as a
possible blood substitute [3-8). A major obstacle in this
research is the lack of a simple, inexpensive and fast method of
preparing large quantities of ultrapure hemoglobin suitable for
use as a blood substitute,

Currently hemoglobin isolation is performed using one of the
following techniques. Riggs {6] suggests lysing the red blood
cells with water and removing membrane stroma by centrifugation.
De Venuto et al. {7] proposes hemolysis with water and toluene,
low speed centrifugation, and crystallization using a 2.8M sodium
phosphate buffer. However, such treatment with organic solvents
sometimes denatures the hemoglobin {9]. Cheung et al. {8]
prepares stroma-free hemoglobin by selective DEAE-cellulose
absorption. This method still involves hemolysis of the red
blood cell membrane which can result in lipid contamination of
the hemoglobin.

This paper describes a technique for the rapld large scale
1solation of ultrapure essentially lipid-free hemoglobin (LFHb)
from several mammalian species. The most important feature of
the process is the controlled dialysis of red blood cells. This
process is similar to the techniques employed in work with
dialysis encapsulation for the preparation of carrier
erythrocytes [10-13). Controlled dialysis prevents severe
osmotic shock which results in the rupture of the red blood cell
membrane and subsequent contamination [14,15]).

This technique results in the isolation of a hemoglobin
product that (1) migrates as a single band on SDS-PAGE, (2) is
99% pure by HPLC analysis, and (3) shows essentially no lipid
contamination upon analysis. An average hemoglobin recovery of
93% can be obtained with an ultrafilcration processing time of

approximately 10 hours.
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MATERIALS AND METHODS
eparation o d-fre emoglob

Human blood was obtained from Dr. Ralph Green of the
Cleveland Clinic Foundation, Cleveland Ohio. Bovine and ovine
blood were collected in 2-liter evacuated containers, using
heparine (Sigma, St. Louis, Mo) as the anticoagulant (0.lmg/ml).
Red blood cells were isolated from whole blood by centrifugation
at 1000 g and then washed 3-5 times in 3 volumes of either phos-
phate buffer solution (PBS- 120 mM NaCl, 10 mM glucose, 2mM
MgCl,, 70 mM potassium phosphate, pH 7.2) or 0.9% NaCl solu-
tion. Washed packed cells were adjusted to a 60% (Hct) with PBS
or 0.9% NaCl. The apparatus used in this procedure was described
in our previous publications {14,15]. Red blood cells were
dialyzed at 4°C against 10-18 liters of dialysis buffer (50
mOsm/Kg, pH 7.4 or 100 mOsm/Kg, pH 7.4) with a 1 m? kidney
dialysis hollow-fiber cartridge (Travenol, Oak Park, IL).
Dialysis continued until an average osmotic pressure of 132
Osm/Kg (human), 170 Osm/Kg (bovine), or 204 Osm/Kg (ovine) was
reached. Flow rates of the cells and dialysis buffer were 200
and 450 ml/min, respectively. The dialyzed red blood cells were
then processed at 4°C through three 0.1 um pore hollow-fiber
units (1 X 10° molecular weight cut off, Amicon, Danvers, MA.)
The combined surface area of the three ultrafiltration cartridges
was 0.09 m?. During ultrafiltration, dialyzed red blood cells
were maintained at a constant volume by replenishing lost volume
with a phosphate buffer (21 mM potassium phosphate, pH 7.2, 10 mM
glucose, 2mM MgCl,) of the same osmotic pressure as the red
blood cells. Osmotic pressure of the replenishing buffer was
adjusted by varying the amount of NaCl used in the buffer
solution. During ultrafiltration, the flow rate of the cells was
200 ml/min and 10-12 psi column pressure. All tubing and connec-
tors used were hemo-compatible. The ultrafiltrate was lyophilized

and stored at room temperature away from moisture.
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For comparison, hemoglobin was also prepared by a hypotonic
dilution technique. Washed packed cells were hemolyzed by dilu-
ting 1:4 with ice cold distilled water. One portion of the hemo-
lysate was centrifuged at 10,000 g for 30 min, a second portion
was centrifuged at 10,000 g for 30 min and then filtered through
a 0.2 micron pore nylon filter, and the third portion was left un-
treated. Then all hemolysate preparations were lyophilized and
stored at room temperature away from moisture. These prepara-
tions were made only for comparison with the LFHb in the fol-

lowing lipid analyses.

Lipid Analysis

A sample of each lyophilized hemoglobin was resuspended in 2
ml of distilled water at 10-12 g%. Round bottom flasks (100 ml)
containing hemoglobin were placed in an ice bath and 20 ml of ice
cold methanol were slowly added while stirring with a magnetic
stir bar. The contents of the flask were filcered through
silanized glass wool. The filtrate was collected in a 100 ml
flask and immediately roto-evaporated to dryness. A small amount
of benzene and ethanol was added to the flask to prevent bumping
and to remove final traces of water. The dried lipid was then
dissolved in 5 wl of chloroform:methanol (19:1, v/v). Extraction
of the lipid from the flask was repeated three times. Each rinse
solution was then filtered through medium porosity (10-15 um)
sintered glass filter. The filtrate was reduced to dryness under
argon gas. Samples were then subjected to a Folch wash [16], and
concentrated for TLC and other analysis Spates [17].

For subsequent analysis of lipids, all solvents except
diethylether and acetic acid were glass distilled and all
solvents were purged with argon before use. Finally, all
procedures were carried out under an argon atmosphere. TLC

plates used were coated with Silica gel 60, (E Merck, Rahway,

NJ). To separate lipids into classes, a hexane:diethylether
‘acetic acid (60:40:2, v/v/v) solvent system was used. Lipids
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were visualized by fodine vapor. Phospholipids (PL) which
remained at the origin were further chromatographed by developing
the plate in the same direction with a cholorform:methanol
tethanol:acetic acid:water (65:25: 25:5:4, v/v/v/v/v) solvent
system. Migration of lipid standards of known composition was
used to identify lipid unknowns.

After the PL bands were outlined and the iodine had evapor -
ated from the plates, each band was scraped directly into a 15-ml
glass test tube. Adjacent areas of silica corresponding in size
and position to the area containing PL were also scraped into
test tubes. The silica gel was extracted three times with 2 ml
of a mixture of methanol-chloroform (2:1, v/v). The combined
extracts were evaporated to dryness and the residues were dis-
solved in 7 ml of a mixture of chloroform-methanol (19:1, v/v).
Aliquots were then analyzed for phosphorus according to proce-
dures of Duck-Chong [18].

Cholesterol samples were analyzed with a Tracor MT 220 GLC
equipped with dual FID and 3% (w/w) OV-17 on chrom Q (100/120
mesh) column (Supelco, Inc., Bellefonte, PA). Operating
conditions were: column temperature, isothermal at 250°C; inlet
and detector temperatures at 275°C and 30o°c, respectively; H,
and air flow to the detector, 40 and 120 ml/min, respectively;
and nitrogen carrier gas at 40 ml/min, for both. Cholesterol was
quantitated by comparison of the peak areas with those of known
amounts of cholesterol, as computed by a Hewlett Packard model
3390A integrator, interfaced with the GLC.

As a further check for the presence of lipid, 100 ug of
hemoglobin from each sample was subjected to methanol-NaOH
hydrolysis according to the method of Kates [19]. Saponifiable
and non-saponifiable lipids were analyzed on a Shimadzu capillary

gas chromatograph model GC-9A (Kyoto,Japan).
ophoreti d C_ana s

LFHb preparations were subjected to SDS-PAGE Leammli {20). A
4% stacking gel with a 12.5% running gel was used. Each well was
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loaded with 10 ul of LFHb in sample buffer and run on a mini-
vertical slab gel apparatus (Bio-Rad, Richmond, CA) at 15 mA cons-
tant current for approximately 1 h. After electrophoresis, the
gel was stained with Coomassie Brilliant Blue.

HPLC analysis was conducted on the LFHb with an instrument
equipped with a variable wavelength spectrophotometvic detector
(LCD/Milton Roy, Riviera Beach, FL) at 280 nm. 2 Waters Protein.
Pak DEAE 5PW column (7.5 X 75 mm) was used, Protein (10 pl/in-
jection) was eluted with a linear NaCl gradient (20 mM Tris, pH
9.2; 0-500 mM NaCl). Absorbance spectrum of LFHb samples was
conducted between 400 - 600 nm.

Hematological Analvsis

The morphology, size, number, and hemoglobin concentration in
the red blood cells were monitored throughout the preparative
procedure. Cell size and number were determined using a Coulter
Counter equipped with a channel analyzer. Hemoglobin concentra-
tion was determined using a Coulter Hemoglobinometer (Coulter

Electronics, Hialeah, FL).

Scanning Electron Microscopy

For scanning electron microscopy (SEM) cells (0.1 ml) were
added to 10 ml of 0.5-1.0% glutaraldehyde prepared in a similar
osmotic pressure phosphate buffer. Cells were allowed to fix for
1 h with constant agitation at room temperature. After fixation,
cells were washed once in buffer, twice i{n distilled water, then
dehydrated in 50% ethanol. Cells were then resuspended in 75%
ethanol. A drop of this was then transferred to a mounted cover-

slip. Cells were allowed to air dry, then coated with gold.

RESULTS

Collection, packing, &nd washing required 4 h for 3 liters of
whole blood. Dialysis of the mammalian red blood cells to an
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TABLE 1
Lipid-free Hemoglobin Isolation

Vol. of packed Total Ultrafiltration LFHb

red blood cells Hbe Time recovered Yieldb

(ml) (g) (h) (g) (%)
Bovine

551 112 5 107 95
Human

497 172 10 156 90
Ovine

643 136 15 131 94

*Total Hb = (LFHb + Hb remaining in processed culls)

by yileld is corrected for the loss of cells due to
handling or dead volume in apparatus.

Data are the mean of three isolations for each species.

average predetermined osmotic pressure of 132-204 mOsm/Kg allowed
the red blood cells membrane to become permeable to hemoglobin
without rupture of the membrane [13-15]. Dialysis required only
5-20 minutes with a 1 m? hollow fiber dialysis unit and
ultrafiltration required 6-14 h for 500 ml of packed cells.
Kidney dialysis cartridges were used once and discarded. An 1l
liter dialysis buffer reservoir can be used to process 1-3 liiters
of packed cells. Ultrafiltration vequired a longer processing
time because the protein must pass through the 0.1 u pore in the
hollow fibers. Ultrafiltration time can be reduced if a larger
surface area ultrafiltratic: cartridge is used. As dialyzed
cells wei'e recycled through the hollow fibers, volume was
replenished by the use of a closed vessel filled with
replenishing buffer of the same osmolarity as the cells.

Average LFHb isolation values from each of the species are
summarized in Table I. In general, three liters of whole blood
can be completely processed in 15-20 h. Yield of LFHb from the
uvltrafiltration process averaged 93%. Actual recovery may be
slightly lower due to loss of cells in handling and because of
dead volume in the dialysis and ultrafiltration apparatus. The
hematological values for the red blood cells are recorded in
Table II.
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TABLE II
Hematological Parameters

Specles & Isolation Stages
Parameter Washed RBC Dialyzed Cells Processed Cells
Bovine

Hb (ng/cell) 1.5* 1.5 0.1

Volume (f1) 47.1 58.0 27.5
Human

Hb (ng/cell) 2.4° 2.4 0.4

Volume (f1) 70.0 68.7 28.3
Ovine

Hb (ng/cell) 1.2b 1.0 0.2

Volume (f1) 32.8 39.8 17.0

‘Data are the mean of four experiments,
PData are the mean of three experiments,
fl = Femtoliter, ng =- Nanograms

Scanning Electron photomicrographs of normal, dialyzed and
processed cells, from each species revealed several interesting
featuces (Fig. 1-3). Washed red blood cells appeared as normal
biconcave diskocytes (Fig. 1), whereas dialyzed cells appeared as
uniformly swollen cells (Fig. 2). Dialyzed cells, unlike red
blood cell ghosts, contain normal amounts of hemoglobin and
although they are porous, the holes in the membrane are not
visible. Random protrusions were observable on some of the
dialyzed cells. Once hemoglobin is removed by ultrafiltration,
the cells appeared mainly as empty ghosts (Fig. 3a-c). If red
blood cells are hemolyzed by direct dilution, cells appeared
mainly as amorphous stroma (Fig. 3d). 1t is this form of stroma
that can contaminate the hemoglobin preparation.

For comparison and emphasis on the importance of dialysis on
the nature of the isolated hemoglobin, red blood cells were
hemolyzed by dilution in distilled water and analyzed for the
presence of lipids. The hemoglobin isolated using the
dialysis-ultrafiltration method showed that all samples were
essentially free of phospholipids and ciolesterol, thus it can be
called LFHb (Table I1I1).
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T SRR

Fig. 1.

Scanning electron micrographs of normal washed red blood
cells a) bovine, b) ovine, ¢) human
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i

R dorrrted

Fig. 2. Scanning electron micrographs of dialyzed red blood

cells a) bovine, b) ovine, c¢) human
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Fig. 3. Scanning electron micrographs of RBC-ghosts a) bovine,

b) ovine, c) human, d) amorphous stroma



898 SHEFFIELD, SPATES, AND DE LOACH

TABLE 111
Lipid Contents of Hemoglobin Preparations

Specles & Method of sample Preparation
Lipid Classes A B c
Bovine

Cholesterol 2190.000* 66C.000 0.000b

SMe 0.0474 0.011 0.000

PS 0.006 0.003 0.000

PE 0.011 0.006 0.000

PC 0.000 0.000 0.000
Human

Cholesterol 2.800 24.100 1.800

SM 14,100 3.260 0.000

PS 0.000 0.000 0.000

PE 0.000 0.000 0.000

PC <0.125 1.450 0.000
Ovine

Cholesterol 57.200 472.000 0.950

SM 2.530 14.470 0.420

PS 0.030 0.850 0.000

PE 1.310 3.930 0.420

PC 0,000 0,000 0,000

*Dati: are the mean und are expressed in micrograms/300 mg

of sample.

bThere were no detectable lipid: from the TLC plate,
€s¥ = sphiugomyelin, PS = phosphatidyl serine,
PE = phosphatidyl ethanolamine, PC = phosphatidyl choline.
dData are expressed in micrograms P,(inorganic
phosphorus)/300 mg of sample.

Analysis of LFHb by HPLC yields one rajor peak followed by a
minor protein peak, probably carbonic anhydrase. Integration of
peak areas yields a 99.7¢ pure hemoglobin sample (Fig. 4). Such
LFHb migrates as a single band on SDS-PAGE (data nct shown). The
visible spectra analysis batween 400-600 nm was characteristic of
oxyhemoglobin (Fig. 5)

DISCUSSION

The RBC of cattle, sheep and humans all have a similar appear-

ance, however they are quite different with respect to size, vol-

ume and most importantly chemical composition of their membrane.
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Fig. 5. Visible spectral scan of hemoglobin
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For example, human RBC have an average diameter of 8.5 gM and
an average volume of 87 fl, in cattle these values are 5.8 uM and
52 fl respectively, while in sheep the average diameter of a RBC
i1s only 4.5 pM with a volume of 35 fl [21].

The RBC of these three species have quite different osmotic
fragilities and membrane phospholipid compositions. In humans
initial hemolysis occurs at a NaCl concentration of 0.44% (22},
in cattle and sheep initial hemolysis occurs at 0.59% and 0.67%
respectively [21].

Another area of major difference is the phospholipid
composition of the RBC membrane found in the three species.
Cattle and sheep RBC membranes do not contain phosphatidyl cho-
line (PC), however in human RBC PC accounts for almost 29% of the
total phospholipids in the membrane. These three species of RBC
also differ in the overall proportions of phospholipids their mem-
branes contain. For example, in humans the three main phos-
pholipids in the RBC membrane are PC 291, phosphatidyl ethanol-
amine (PE) 27% and sphingomyelin (SM) 27%. The remainder of the
phospholipids include phosphatidyl serine (PS) 13w, phosphatidyl
inositol 2% and phosphatidic acid (PA) 2%. However, in cattle
and sheep SM is the most predominate phospholipid in the RBC memb-
rane accounting for 46% (cattle) and 51% (sheep) of the total
phospholipid content of the membrane. Phosphatidyl choline is
the second most abundant RBC membrane phospholipid in both cattle
and sheep, accounting for 29% and 26% respectively. The third
main RBC membrane phospholipid is PS with concentrations of 19%
in cattle and 14% in sheep. The last two identifiable phospho-
lipids in cattle and sheep RBC membranes are PI 4% in cattle and
3% in sheep and PA which is less than 0.3% in both species [23].

In spite of the physical and chemical differences between
human, cattle and sheep RBC, the technique described here is
applicable to all three. We believe that this technique will
work for any species of RBC which is suitable for encapsulation.

The dialysis, ultrafiltration process outlined here results

in the preparation of large volumes of ultrapure essentially
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lipid-free hemoglobin. The process is extremely dependent on the
method used to reduce the osmotic pressure of the cells.
Reduction of the osmotic pressure of the red blood cells is
achieved by controlled hollow-fiber dialysis [13]. Red blood
cells swell and become permeable to hemoglobin without
appreciable cellular lysis. Thus, in the ultrafiltration step,
only hemoglobin diffuses through the 0.1 um pores. If osmotic
pressure is reduced by direct dilution in water followed by
ultrafiltration, significant lipid contamination is observed.

The process described here yields a hemoglobin preparation of
greater than 99.7% protein purity as evidenced by HPLC analysis.
The minor protein contaminant which appears on the DEAE column
may be carbonic anhydrase. Additionally, the LFHb migrates as a
single band on SD5-PAGE. Although the term SFHb had been applied
to different hemoglobin preparations [3,5,8] the only evidence
for this claim is the lack of enhanced clotting times for animals
which previously received the hemoglobin preparations. De Venuto
et al. [7] presented a crystallization method for SFHb in which
no coagulant activity was found but no lipid analysis was
conducted. Others claim that toluene precipitation may lead to
irreversible binding of toluene to the hemoglobin [6].

Rosenberry et al. [24] reported the use of a filtration
technique, but their process required very dilute red blood cell
solutions (5% Hct) in order to prevent clogging of the filters.
No clogging of hollow-fibers was observed with our technique. A
considerable improvement in the time required for ultrafiltration
is possible {f the surface area of the ultrafiltration
hollow-fibers is increased by using larger cartridges. This
process would likely be appropriate for hemoglobin from any
mammalian specics in which dialysis can be used to open the
membrane without cell lysis. Research from this laboratory
indicates that human, canine, porcine, bovine, ovine, caprine,
equine, and murine red blood cells are sufficiently stable to
undergo dialysis [12,13,25). It will probably be necessary to
use an osmotic pressure close to that which is suitable for the

entrapment of exogenous agents [12,13,25],
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There are several potential applications for LFHb. 1t could
be entrapped in liposomes, which would then be used for
transfusions. LFHb would be more desirable for entrapment since
it contains fewer contaminating lipids which could be inserted
into the lipid vesicles [26). This material would also be
valuable in studying the effects of various toxins and
pharmacological agents on the oxygen binding affinity of
hemoglobin. LFHb i{s also potentially useful in the development
of artificial diets for blood-feeding arthropods [2,17].
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A Continuous-Flow High-Yield Process for Preparation
of Lipid-Free Hemoglobin'

JOHN R. DELOACH, CYNTHIA L. SHEFFIELD, AND GEORGE F. SPATES

Veterinary Toxicology Research Unit, Veterinary Toxicology and Entomology Research Laboratory, Agricultural
Research Service, United States Department of Agriculture, College Station, Texas 77841
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Hypotonic hollow-fiber dialysis of bovine red blood cells followed by ultrafiltration through
0.1-um pore hollow fibers provides a sin:ple method for isolation of lipid-frec hemoglobin. He-
moglobin (Hb) isolated by comparative techniques were all contaminated with membrane stroma.
HPLC analysis of Hb revealed a protein peak of 99.6% punty and sodium dodecylsulfate-poly-
acrylaride gel electrophoresis analysis revealed a single band. The process requires hypoosmotic
dialysis of bovine RBC to a final 160-180 mosmol/kg osmotic pressure. Additional reduction in
osmotic pressure causes irreversible cell lysis which leads 1o lipid contamination of the Hb. Proc-
essing of } liter of packed red blood cells requires 4-5 h, resulting in an average of 90% hemoglobin

recovery. © 1986 Academic Press, Inc.

Hemoglobin is the major protein constitu-
ent of red blood cells (RBC)* and comprises
over 95% of the total soluble protein of the
cell. Isolation of hemoglobin (Hb) from RBC
involves a simple procedure of hemolyzing the
RBC followed by centrifugation to presumably
remove membrane stroma. Hemolvsis results
in a Hb solution that is more than 90% pure
(1). In some cases organic solvents such as tol-
uene have been used as hemolytic agents (2).
However, such treatment often denatures
the Hb.

Although stroma-free Hb (SFHb) has been
evaluated as a blood substitute (3.4), there ex-
ists no methodology to prepare large quantities
of SFHb. Crystallization from a high concen-

! Mention of a trade name, propnictary product, or spe-
cific equipment does not constitute a guarantee or warranty
by the U.S. Department of Agriculture and does not imply
its approval to the exclusion of other products that may
be suitable.

? Abbreviations used: RBC, red blood cells: Hb. he-
moglobin; SFHb, stroma-free Hb: DIC, disseminated in-
travascular coagulation; Het, hematocrit; LFHb, lipid-free
Hb: PL, phospholipid; SDS-PAGE. sodium dodecylsul-
fate-polyacrylamide gel electrophoresis; SEM. scanning
electron microscopy.

l'u:Cd'n S:] ‘ﬁnﬂom

tration phosphate solution requires several
days and gives an average of 3% methemoglo-
bin (5). Cheung er al. recently reported the
preparation of SFHb by a DEAE-cellulose ab-
sorption technique (6). Only 11 h was required
for isolation of Hb from 500 ml of RBC with
an average 77% yield of Hb. However, lipid
analysis was not conducted to determine the
presence or absence of stroma. Lack of coag-
ulation activity was the only criterion used to
determine the absence of lipids. This criterion
is not conclusive because 1t has been shown
that disseminated intravascular coagulation
{DIC) attributed to stroma contaminants in
hemoglobin preparations is not necessarily due
to lipid contamination. Rabiner et al. (7) used
a 0.22-um membrane to filter hemoglobin
preparations and reported that preparations
were stroma-free based on the lack of coagu-
lant activity alone.

Rosenberry er al. (8) have approached the
isolation of the other products from RBC, i.e.,
erythrocyte ghosts, by a high-volume molec-
ular filtration technique. Their process is de-
pendent upon passage through a series of sub-
micron filters (100,000 Da). The process re-

0003-2697/86 $3.00
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quires 2h and is limited to very dilute
suspensions of RBC [hematocrit (Hct) < 5%)].
As pointed out by those authors, when protein
concentration increases, flow rate decreases
and leads to clogging of the filters. Although
the methodology described by those authors
is a reasonable approach for isolation of eryth-
rocyte ghosts, it is not appropriate for isolation
of large quantities of Hb. It is calculated that
from 30 mi of washed packed cells only about
10 g Hb can be processed in several hours.
The term lipid-free Hb (LFHDb) is preferred
to SFHb to clearly distinguish that Hb pre-
pared in the manner described below is free
of membrane lipid. Moreover, the term SFHb
has been ascribed to some Hb preparations
which indeed contain contaminating mem-
brane lipids. The principle of the process de-
scribed here has been developed from our ex-
perience with dialysis encapsulation for prep-
aration of carrier ervthrocytes (9-15) and with
hollow-fiber dialysis of ervthrocvies (16). The
most important feature of the process is based
on controlled dialysis of RBC to prevent severe
osmotic shock of the cells which !leads to com-
plete rupture of the RBC membrane and sub-
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sequent lipid contamination. Hb prepared by
controlled dialysis and ultrafiltration is devoid
of lipid and is 99% pure by electrophoretic and
HPLC analysis.

MATERIALS AND METHODS

Bovine blood was collected in a |-liter con-
tainer (0.1 mg/ml, heparin) from Brahma/
Hereford cattle. RBC were isolated from whole
blood by centrifugation at 1000g and then
washed three times in 5 vol of 0.9% NaCl.
Washed packed cells were adjusted to 60% Hct
with phosphate buffer, 15 mM K,HPO,, pH
7.2, 2 mM MgCl,, 10 mM glucose, 134 mM
NaCl. RBC were then dialvzed against 18 liters
of 100 mosmol/kg (0.05 mM K>HPOQ,, 50 mM
NaCl) dialysis buffer with a 1-m? kidney di-
alysis hollow-fiber cartridge (Travenol, Oak
Park, IIL.) until 160-180 mosmol/kg osmotic
pressure (Stage I, Fig. 1). Flow rates of the cells
and dialysis buffer were 200 and 2000 ml/min,
respectively. The dialyzed RBC were then
processed through three 0.1-um pore hollow-
fiber units (1 X 10° mol wt cut off, Amicon
Corp., Danvers, Md.). The combined surface

STAGE 2 ULTRAF[LTRAT]ON
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FiG. 1. Lipid-free hemoglobin apparatus.
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area of the three ultrafiltration cartridges was
0.09 m?, Dialyzed cells were maintained at a
constant volume by replenishing the volume
lost to ultrafiltration with a 160 mosmol/kg
phosphate buffer. Lower osmotic pressure of
the phosphate buffer was achieved by reduc-
tion of the NaCl content. During ultrafiltration
(Stage 2, Fig. 1), the flow rate was 200 ml/min
at 8-10 psi column pressure. The ultrafiltrate
was then freeze-dried and stored at ambient
temperature. All tubing and connectors were
hemo-compatible.

Bovine Hb was also prepared by a hypotonic
dilution technique. Washed packed cells were
hemolyzed by diluting to 160 mosmol/kg with
ice-cold distilled water. Afterward, the he-
molyzed RBC solution was processed through
the ultrafiltration system (Stage 2, Fig. 1) and
the Hb was collected and freeze-dried. Proc-
essing through the 0.1-um hollow fiber is sim-
ilar to the preparation described by Rabiner
el al. (7). Finally, bovine Hb was prepared
from RBC (75% Hct) which were diluted four-
fold in distilled water at 4°C. The hemolysate
was centrifuged at 10.000g for 20 min. The
supernatant was saved and freeze-dried. The
latter preparations were made only for com-
parison with the Hb in the following lipid
analysis,

An aliquot of the freeze-dried Hb was re-
suspended in 2 ml of distilled water at
10-12 g%. One-hundred-milliliter round-bot-
tom flasks containing Hb were placed in an
ice bath and 20 ml of ice-cold methanol was
slowly added while stirring with a magnetic
stir bar. The contents of the flask were filtered
through silanized glass wool. The filtrate was
collected in a 100-ml flask and immediately
roto-evaporated to dryness. A small amount
of benzene and ethanol was added to the flask
to prevent bumping and to remove final traces
of water. The dried lipid was then dissolved
in 5 ml of chloroform:methanol (19:1, v/v).
Extraction of the lipid from the flask was re-
peated three times. Each ninse solution was
then filtered through a medium porosity sin-
tered glass filter. Filtrate was reduced to dry-
ness under argon gas. Samples were then sub-
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jected to a Folsch wash (17) and concentrated
for TLC and other analysis (18).

For subsequent analysis of lipids, all solvents
except diethylether and acetic acid were glass
distilled and all solvents were purged with ar-
gon before use. Finally, all procedures were
carried out under an argon atmosphere. TLC
plates used were coated with Silica gel 60, (E
Merck, Rahway, N.J.). To separate lipids into
classes, a hexanc:diethylether:acetic acid (60:
40:2, v/v/v) solvent system was used. Lipids
were visualized by iodine vapor. Phospholipids
(PLs) which remained at the origin were fur-
ther chromatographed by developing the plate
in the same direction with a chloroform:
methanol:ethanol:acetic acid:water (65:25:25:
5:4, v/v/v/v/v) solvent system. Migration of
lipid standards of known composition was
used to identify lipid unknowns.

After the PL bands were outlined and the
iodine had evaporated from the plates. cach
band was scraped directly into a 15-ml glass
test tube. Adjacent areas of silica correspond-
ing in size and position to the area containing
PL also were scraped into test tubes. The silica
gel was extracted three times with 2 ml of a
mixture of methanol-chloroform (2:1, v/v),
the combined extracts were evaporated to
dryness and the residues were dissolved in 7
ml of a mixture of chloroform-methanol (19:
1, v/v). Aliquots were then analyzed for phos-
phorus according to the procedures of Duck-
Chong (19).

Cholesterol was analyzed automatically on
a Gilford System 3500 Computer Directed
analyzer. This system is designed primanily for
analyzing serum cholesterol and triglycerides.
However, the cholesterol end products (i.c..
standards) for calibration of the instrument
are prepared in 1sopropanol. Therefore, after
reducing 30-, 60-, and 100-4} aliquots of the
extracted lipids to dryness, the residues were
dissolved in 200 ul of isopropanol and ana-
lyzed automatically. Reference cholesterol of
known concentration in 200 gl of isopropanol
was used to establish a standard curve for
quantitation of the unknown.

LFHb preparations were subjected to so-
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dium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). A 4% stacking gel
with a 12.5% running gel was used with 10 ul
of LFHb solution on minivertical slab gel ap-
paratus (Bio-Rad, Richmond, Calif,) at 15 mA
constant current for approximately | h. A dis-
continuous Tris-glycine-SDS buffer system
was used (20). After electrophoresis, the gel
was then silver stained with a silver stain kit
(Polysciences, Inc., Warrington, Pa.).

High-pressure liquid chromatography
(HPLC) analysis was conducted on the LFHb
with an instrument (LCD/Milton Roy HPLC,
Riviera Beach, Fla.) equipped with a variable
wavelength spectrophotometric detector. A
Waters Protein-Pak DEAE SPW column (7.5
X 75 mm) was used. Protein (10 gl injection)
was eluted with a linear NaCl gradient (20 mM
Tris, pH 9.2; 0-500 mM NaCl). Samples were
scanned at 280 nm and protein peaks were
integrated for Abs,y,. Spectrophotometric
analyses of LFHb samples were conducted
from 400-600 nm.

The morphology. size, number, and Hb
concentration in the RBC were monitored
throughout the preparative procedure. Cell
size, number, and Hb concentration were de-
termined with a Coulter Counter cquipped
with a channel analyzer and a Hemoglobi-
nometer (Coulter Electronics, Hialeah, Fla.).

Cells (0.1 ml) for scanning clectron micros-
copy (SEM) were added to 10 ml of 1% glu-
taraldehyde prepared in similar osmotic pres-
sure phosphate buffer. Cells were allowed to
fix for I h with constant agitation at ambient
temperature. After fixation, cells were washed
once in buffer and twice in distilled water. and
then dehydrated in 50% ethanol. Cells were
then resuspended in 75% ethanol. a drop of
which was transferred to a mounted coverslip.
Cells were allowed to air-dry, then coated with
gold.

RESULTS

The isolation scheme is divided into five
steps: (i) Collection of wholc blood, (ii) cen-
trifugation of whole blood and washing of cells

DE LOACH, SHEFFIELD, AND SPATES

three times in buffer, (iii) passage of cells
through kidney dialysis unit, (iv) ultrafiltration
of dialyzed cells, and (v) collection and lyoph-
ilization of LFHb. Figure | describes the pro-
cedure and process. Dialysis of the bovine
RBC to a predetermined osmotic pressure 160
mosmol/kg (9,13) allowed the RBC mem-
brane to become permeable to Hb without
rupture of the membrane. Steps | and 2 re-
quire about 3 h for 2 liters of whole blood.
Step 3 requires only 10~15 min and Step 4
requires about 4-5 h for 500 mi of packed
cells. Stage 1 dialysis (Fig. 1) requires a 1-m?
surface area kidney dialysis cartridge. Car-
tridges are used once and discarded. An 18-
liter dialysis buffer reservoir can be used to
process 1-2 liters of packed cells. Stage 2 ul-
trafiltration requires a longer processing time
because the protein must pass through the 0.1-
i pores in the hollow fibers. Processing time
can be reduced if a larger surface area hollow-
fiber cartridge is used. As dialyzed cells are
recycled through the hollow fibers, volume is
replenished by use of a closed vessel filled with
a 160 mosmol/kg 10 mM KH,PO,. pH 7.2.
70 mM NaCl solution.

The data in Table | summarize LFHb iso-
lation from seven different runs. In general.
400-500 ml of cells can be processed in 4-5
h. Yield of LFHb from the ultrafiltration pro-
cess averages $1.1%. Actual recovery of LFHb
may be less due to some loss of cells in han-
dling and because of dead volume in both
Stage 1 and Stage 2 of the apparatus. Accord-
ingly, hematological parameters of RBC were
recorded. Processed cells contained only 4%
of their original Hb (Table 2). Also, processed
cells were one-half of the volume of dialyzed
cells.

SEM photomicrographs of normal, di-
alyzed, and processed cells reveal several in-
teresting features (Fig. 2a-¢). Bovine RBC ap-
pear as normal biconcave diskocytes whereas
dialyzed cells appear as uniformly swollen
cells. Dialyzed cells, unlike RBC ghosts, con-
tain normal amounts of Hb and, although they
are porous, the holes in the membrane are not
visible. Random protrusions are obs . vable on
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TABLE |

LIPID-FREE HEMOGLOBIN ISOLATION

Vol. of packed Starting Ultrafiltration LFHb % Yield
RBC (ml) Hb (g) time (h) recovered (g) of Hb

275 26.7 2 235 88.3°
275 25.3 3 20.0 90.6
1680 166.3 14 128.0 242
500 133.0 4 117.0 89.0
415 95.9 5 86.4 95.5
669 153.7 5 151.3 98.4
570 107.2 5 85.1 91.8

°% Yield of Hb is calculated as follows:

Amt LFHbrecovered + (LFHb + Hb remaining in processed RBC) X 100.

% Yield does not take into account loss of cells due to dead volume in apparatus.

most of the dialyzed cells. Once Hb is extracted
by ultrafiltration the cells appear mainly as
empty gnosts (Fig. 2c). If RBC are hemolyzed
by direct dilution, cells appear mainly as
amorphous stroma (Fig. 2d). It is tnis form of
stroma that can associate with Hb and ulti-
mately contaminate the Hb preparation.

For comparison and for emohasis on the
importance of dialysis on the nature of the
isolated Hb, RBC were hemolyzed by dilution
in distilled water and ther. processed by ultra-
filtration. Significant amounts of phospholipid
and cholesterol were recovered with the Hb
collected by ultrafiltration (Table 3). If RBC
were hemolyzed by direct lysis in distilled wa-
ter followed by centrifugation at 10,000g, lipid
was also found with the Hb contained within
the supernatant (Table 3). Both of these meth-
odologies are similar to that used by Rabiner
et al. (7). Hb isolated by the dialysis-ultrafil-
tration technique is thus called LFHb.

Such LFHb migrates as a single band on
SDS-PAGE (data not shown). HPLC analysis
of LFHb vyields one major peak at 14.4 min
elution time. A minor protein peak {probably
carbonic anhvdrase) followed the elution of
LFHb. Integration of peak areas yields a 99.6%
pure Hb sample (Fig. 3). A visible spectra be-
tween 400 and 600 nm yields two broad peaks
at 541 and 576 nm. characteristic of oxyhe-
moglobin (data not shown).

DISCUSSION

We describe a dialysis, ultrafiltration process
for preparation of LFHb. The process is highly
dependent on the manner in which the os-
motic pressure of the cells is reduced. Reduc-
tion of the osmotic pressure of the buffer con-
taining the RBC is achieved by controlled hol-
low-fiber dialysis (16). RBC swell and become
permeable to Hb without appreciable cellular
lysis. Thus, in the ultrafiltration step, only Hb
diffuses through the 0.1-um pores. If osmotic
pressure is reduced by direct dilution in water
followed by ultrafiltration, significant lipid
contamination is observed. Consequently, ad-
vantage is taken of the fact that, under con-
trolled dialysis conditions, bovine RBC do not
completely lyse.

Although the term SFHb has been applied
to different Hb preparations (3,7), the only ev-

TABLE?

HEMATOLOGIC PARAMETERS OF PROCESSED CELLS

Hb
Isolation stage (& X 107'%cell)  Volume (F1)
Washed packed RBC 14.6° 47.1
Stage | 15.2 58.0
Stage I 0.6 27.5

¢ Data are the mean of four experiments.
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F1G. 2. Scanning electron microscopy micrographs of RBC. (a) Normal washed bovine RBC, (b) dialyzed
RBC, (c) RBC ghosts, (d) stroma from RBC.
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TABLE 3

LipiD CONTENT OF BOVINE HEMOGLOBIN PREPARATIONS

HB sampl- Cholesterol P¢ SM PS PE
Cells hemolyzed in distilled water and
processed by ultrafiltration 734 0.51 14.1 1.71 3.05
Cells hemolyzed in distilled water and
centrifuged 22 0.32 3.26 0.75 1.84
Dialyzed cells plus ultrafiltration 0.0° 0.0 0.0 0.0 0.0

* Data arc the mean and are expressed as mg lipid/g Hb.
 There were no detectable lipids from the TLC plate.

idence for this claim is the lack of enhanced
clotting times for animals which previously
received the Hb preparations. We present the
first Hb purification in which lipid analysis
shows Hb to be lipid free. De Venuto et al. (5)
presented a crystallization method for SFHb
in which no coagulant activity was found but
no lipid analysis was conducted. Preliminary
experiments with bovine Hb in this laboratory
indicate that this procedure is not appliable to
bovine Hb. Others claim that toluene precip-
itation may lead to irreversible binding of tol-
uene 1o the Hb (1). The process described here
yields a Hb preparation which is greater than
99% pure by HPLC analysis. Morcover, the

¢P, = inorganic phosphorous. SM = sphingomyelin, PS = phosphatidyl serine, PE = phosphatidy! ethanolamine.

LFHb migrates as a single band on SDS-
PAGE. The minor protein contamination
which appears on the DEAE column is prob-
ably carbonic anhydrase.

A significant advantage of this process over
previous filtration methods is that hollow fi-
bers were used instead of flat membranes. Ro-
senberry ¢t al. (8) reported the use of filtration
technique but their process required very di-
lute RBC solutions (5% Hct) to prevent clog-
ging of the filters. No clogging of hollow fibers
was observed with the present configuration.
A considerable improvement in the time re-
quired for ultrafiltration is possible if the sur-
face area of the ultrafiltration hollow fibers is
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FIG. 3. Bovine hemoglobin HPLC analysis.
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increased by using larger cartridges. This pro-
cess is appropriate for Hb from any mam-
malian species in which dialysis can be used
to open the membrane without destruction of
the membrane. For example, dialysis has been
used to prepare RBC 1o entrap or encapsulate
a variety of exogenous agents without com-
plete rupture of the membrane. Research
from this laboratory indicates that human.
bovine, ovine, caprine, equine, and murine
RBC are sufficiently stable to undergo dialysis
(12,21,22). However, it is likely that the re-
duced osmotic pressure used here for bovine
(160-180 mosm) will not be appropriate for
other RBC species, but rather selection of the
osmotic pressure should be that used for hy-
potonic dialysis for entrapment of exogenous
agents (12). Preliminary experiments with iso-
lation of human LFHD verifies this hypothesis
in that 110~120 mosmol/kg is optimum for
isolation of LFHb from human RBC.

Hb prepared to be lipid free might have sev-
eral useful applications. First, Hb used for en-
trapment in liposomes would be more desir-
able if no contaminating lipids were available
for insertion into the lipid vesicle (23). LFHb
has potential usefulness in the development
of artificial blood diets for blood-feeding ar-
thropods (24-26). Thus, the need for a Hb free
of lipid has been established in the preparation
of artificial blood for transfusion and in the
preparation of artificial diets for blood-feeding
arthropods.

ACKNOWLEDGEMENTS

The authors thank C. Ayala for technical assistance with
the lipid analysis, Dr. A. Chen for use of his HPLC equip-
ment, and R. Droleskey for the SEM micrographs prep-
aration.

REFERENCES

1. Riggs, A. (1981) Methods in Enzymology (Antonini,
E.. Rossi-Bernardi, L., and Chiancone, E.. eds.).
Vol. 76, pp. 5-29, Academic Press, Orlando, Fla.

to

I3.
14.
15.
16.

DE LOACH, SHEFFIELD, AND SPATES

. Schoeder, W. A, and Huisman, T. H. J. (1980) The

Chromatograph of Hemoglobins, Dekker, New
York.

. Rabiner, S. F., Helbert, R. J., Lopas, H., and Fried-

man, L. H. (1967) J. Exp. Med. 126, 1127-1142,

. DeVenuto, F., Friedman, H. L, Neville, J. R., and

Peck, C. C.(1979) Surg. Gynecol. Obstet. 149, 417~
437.

. DeVenuto, F., Zuck, T. F., Zegna, A. I.. and Moores,

W. Y. (1977) J. Lab. Clin. Med. 89, 509-516.

. Cheung, L. C., Storm, C. B., Gabriel, B. W., and An-

derson, W. A. (1984) Anal Biochem. 137, 481~
484,

. Rabiner, S. F., O'Brien, K., Peskin, G. W., and Fried-

man, L. H. (1970) Ann. Surg. 171, 615-622.

. Rosenberry, T. L., Chen, J. F., Lee, M. M. L., Moul-

lon, T. A., and Onigman. P. (1981) J. Biochem.
Biophys. Methods 4, 3948,

. DeLoach, J. R., Harris, R. L.. and lhler, G. M. (1980)

Anal. Biochem. 102, 220-227.

. DeLoach, J. R., Culler, K., and Harris, C. L. (1980)

J. Appl. Biochem. 2, 177-182.

. DeLoach, J. R.. and Barton, C. (1981) Amer. J. Vet

Res. 2, 667-669.

. DeLoach, J. R., and Sprandel, U. (cds.) (1985) Red

blood cells as carriers for drugs. Bibl. llaematol.
51, Karger, Basel.
DeLoach, J. R. et al., (1982) U.S. Patent 4327710.
DeLoach, J. R. et al., (1983) U.S. Patent 4,389,209.
DeLoach, J. R. et al., (1985) U.S. Patent 4,517,080.
DeLoach, J. R. (1985) Amer. J. Vet. Res. 46, 1089-
1091.

. Folch.J., Lees. M., and Stanley. G. H. (1957) J. Biol.

Chem. 226, 497-504,

- Spates, G. E., and DeLoach, J. R. (1986) Comp.

Biochem. Physiol 83A, 667-671.

. Duck-Chong, C. G. (1978) Lipids 14, 497-499.
. Leammli, U. K. (1970) Nature (London) 680, 227-

228.

. DeLoach, J. R., and Droleskey. R. (1986) Comp.

Biochem. Physical 83A, 772-777.

. DeLoach, J. R., and Droleskey. R. (1986) Amer. J.

Vet. Res.. in press.

. Hunt, C. A, Burnette, R. R., MacGregor. R. D., ¢t

al. (1985) Science 1165, 1980-1982.

. DeLoach, J. R.. and Taher, M. (1982) Bull Ent. Res

663, 72-74.

. DeLoach, ). R.. and Spates. G. (1984) Southwest. En-

tomol. 9, 28-32.

. Kabayo, J., Taher, M., and Vanderfloedt, A. (1985)

Bull. Ent. Res. 75, 635-640.



Comp. Biochem Phyvviol Vol T9A, No 3 pp IRY 36, 1954
Printed 1n Great Bnitnn

(300-9629 84 S3X) + 0 00
Pergamon Press Lid

2. H- o

AN IMPROVED FREEZE-DRIED BLOOD DIET FOR
MEMBRANE FEEDING OF
GLOSSINA PALPALIS PALPALIS*

J. R. DELoacHt and M. Tauer?

tUS. Livestock Insects Laboratory, Agricultural Research Service, U.S. Department of Agriculture,
Kerrville, TX 78028, USA and !International Atomic Energy Agency. Vienna. Austria

(Received 14 February 1984)

Abstract—1. The effect of fetal calf scrum as an additive for reconstituted freeze-dried bovine and porcine
blood for feeding Glossina palpalis palpalis was determined.

2. Reproductive performance of tsetse flies fed reconstituted frecze-dried bovine and porcine blood
supplemented with fetal calf serum was higher than that of flies fed only freeze-dried blood.

3. Sonicated frecze-dried porcine blood supplemented with fetal calf serum resulted in a reproductive
performance equivalent to that of flies fed on non-sonicated freeze-dried porcine blood and fetal calf

serum.

4. A 50:50 mixture of freeze-dried porcine and frecze-dried bovine blood reconstituted and sonicated
resulted in a reproductive performance equivalent to the highest ever attained for in ritro-reared G. p.

palpalis.

INTRODUCTION

Efforts have been made to find a suitable diet for
membrane feeding of Glossing spp. for use in a mass
rearing facility. Research by Wetzel (1980) led to the
adoption of freeze-dried bovine blood as a replace-
ment for fresh blood. In a mass rearing facility. the
logistics of obtaining sterile. high-quality fresh ab-
attotr blood is difficult. The problem of blood storage
and blood quality for feeding tsetse flies has been
somewhat ameliorated by the use of freeze-dried
bovine blood. However, there are still some problems
associated with freeze-dried blood because freeze-
dried bovine blood alone i1s not equivalent to fresh
bovine blood as a diet for tsetse flies (DeLoach and
Taher, 1983). More research is needed to improve the
physical and nutritional character of the recon-
stituted blood. The ultimate goal of in ritro rearing
is to provide sufficient quantities of sterile male flies
for a sterile insect release program.

Research in our laboratories has been directed to
improving the quality of the in ritro diet so that it
equals that of fresh animal blood. For example, the
reproductive performance of Glossina palpalis pul-
palis fed in vitro on fresh guinea pig blood through
a membrane is equal to that of flies fed directly on
guinea pigs (Deloach and Taher, 1982). The max-
imum obtainable PPF (pupae per mature female) was
0.098 with both feeding regimens. With freeze-dried
porcine or bovine blood. a typical PPF s in the
0.075-0.080 range. which is somewhat less than the

theoretical 0.105 PPF. The reproductive capacity of

tsetse flies fed on freeze-dried bloods can to some
extent be improved if the reconstituted blood is
sonicated before use (DeLoach. 1983).

Many kinds of additives have been tested with
freeze-dried blood to restore its nutritional quality 1o

*Mention of a commercial product docs not constitute an
endorsemen! by USDA.
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that of the original blood. For exiunple, bovine serum
albumin (BSA) added to freeze-dried bovine blood
will in certain instances improve the nutritional value
of the blood. As prepared, each lot of freeze-dried
blood has its own intrinsic nutritional quality, with
some lots better than others. When BSA is used as a
supplement to a particular lot of freeze-dried blood
whose nutritional value is poor. the reproductive
performance of the flies will improve (DeLoach and
Taher. 1983). Wetzel (1980) reported a similar effect
in eurlier tests.

The present test were conducted to determine
whether a combination of additives and sonication
with frecze-dried blood could result in a product
equal to fresh bovine blood. Tsetse flies were fed on
the different diets for 35 days, and survival, fecundity.,
and weight of offspring were observed.

MATERIALS AND METHODS

G. p. palpalis was obtained from a membrane-fed colony
mamtained at TAEA Laboratory (Seibersdorl. Austna).
The fhes were reared at 245+ 0.5C and 85", relative
humidity tvan der Vieedt. 1975, 19821 Fifteen newly
emerged females were placed 1n a cage. and after 3 days. §-7
males were introduced for breeding. Each day (except
Sunday) the cages were examined for dead flies and the
number of puparia produced. Pupuria were individually
welghed.

Control flies (4 groups of 15 flies) were fed on fresh bovine
blood 6 days a week. Experimental flies (4 groups of 15 flies)
were fed with the prepared diet on a 6-day regimen.
Quantities of freeze-dried bovine (FDBB) and porcine blood
(FDPB) were obtained from random lots stored at the
TAEA. Fresh bovine blood was collected in heparin from
locally obtained cattle. and fresh bovine plasma was ob-
tained from the fresh whole blood. The expeniments were
conducted at the same ime 1n order to mnmnuze vanations
duc to reanng and handhng procedures and due 10 quality
of flies obtained from the m tirro colony

FDBB was fed alone or supplemented with 107, fetal calf
serum (FCS). FDPB was fed alone. with 100, FCS. with
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Table I Reproductive performunce of Glossing paipalis pulpalts fed on supplemented freeze-dried bovine blood

Mean pupal weights

(mg) = SD
Total Pupa Female day

pupae Pupa mature relative Ist 2nd
., survival by nttial female 0 reproductive  reproductive

Diet day 1§-35¢ day 35 female day theoretical max cycle cycle
Fresh bovine blood 9dat 86 1.43 0.085q 0080 0.5 =444 31.3+39q
+FCS 95a 85 1.42 0.083a 0079 306+ 37 NEx3la
FDBB 86h 80 1.1} .087a 0.074 26.8 = 1.6h 29.7 + Y.6a
FDBB + FCS 9la 89 148 0.0915 0.0K2 28.9 + 3.0¢ 29.7 + 3.6a

*Survival percentage 1s calculated as follows:

Actual mature female days

theoretical maiu:

e % 100
emale days or 15 x 18 days h

tData n columns followed by a common letter are not significantly different (P = 0.05); Duncan's multiple range test.

10°, FCS and sonication, with 50°, FDBB, and with 50,
FDBB plus sonication. FCS was purchased from Serva
Heidelberg, F.R.G. Sonication was as previously described
(Deloach. 1983). All blood diets were stored at — 20°C until
use. ATP (10~ ' M) was added immediately before feeding.
All feeding was conducted through an artificial membrane
(Weizel, 1979a and b).

RESULTS

The reproductive performance of tsetse flies fed
fresh bovine blood was higher than expected. The
data are included here only for comparison since the
reproductive performance of tsetse flies fed bovine
blood is well documented (Wetzel, 1979b, 1980). Flies
fed fresh bovine blood supplemented with FCS had
a reproductive performance equivalent to that of flies
fed on only fresh blood. FCS did not improve the
nutritional quality of fresh bovine blood. However,
the reproductive capacity (PPF) of flies fed on FDBB
was nearly equal to that of flies fed on fresh blood.
The highest reproductive capacity of flies was ex-
hibited when flies were fed FDBB plus FCS (Table 1).
Offspring weights of the first reproductive cyele were
significantly lower for flies fed FDBB as compared
with those for flies fed any of the other test diets.
There was no difference in the mean pupal weights
from the second reproductive cycle (Table 1}, Sur-
vival of mature females (day 18-35) was slightly less
for flies fed on FDBB.

Fresh pig blood from the abattoir was freeze-dried.
and a direct comparison between fresh and freeze-
dried blood was made. There was no difference in the

reproductive performance of flies fed on the two diets
(Table 2). The overall reproductive performance of
flies fed on FDPB was markedly enhanced by the
addition of FCS combined with sonication. This level
of reproduction is equivalent to that obtained for flies
fed in vivo on guinca-pigs (DeLoach and Taher.
1983). A somewhat surprising result was obtained
when FDPB and FDBB were fed in combination.
Reproductive capacity of flies was equivalent to that
of flies fed on FDPB. More significantly. however,
sonication of the FDPB:FDBB diet resulted in a
product whose nutritional value was excellent for
G. p. pulpalis. A 0.100 PPF approaches the theoretical
maximum, 0.105 PPF, and is equivalent to the highest
reproductive capacity attained by in vitro-reared G. p.
palpalis (DeLoach and Taher, 1982).

DISCUSSION

A problem inberent to mass rearing of tsetse flies
1s their relatively low fecundity as compared with that
of other Diptera. G. p. palpalis produce only one
offspring every 9-9.5 days after reaching sexual matu-
rity. The theoretical 0.105 PPF is based on a 9.5-day
reproductive cycle (van der Vloedt, 1975, 1982).
Another dipteran. Stomoxys calcitrans (L.), produces
40 eggs per day after reaching sexual maturity
(Spates. 1979). Thus, it is ol great significance to
maximize the reproductive capacity of membrane-fed
G. p. palpalis. Tt has been demonstrated that flies
fed through a silicone membrane on a nutritionally

Table 2 Reproducuve performance of Glossina palpals paipalis fed on supplemented freeze-dried porcine blood

Mean pupal weights

(mg) = SD
Total Pupa Pupa mature - -
pupae Pupa mature female das Ist 2nd
, survival by imitial female relative to reproductive reproductive
Diet day 18-35¢ day 35 female day theoretscal max cycle cvcle
Fresh porcine blood 98a 89 | 48 0 084a 0.082 30.7 = 3.5q 01 =3%
FDPB 9Sa 87 1.45 0 085u 0.081 298+ 554 N.0=50u
FDPB + FCS 88k 93 1.58 0.098k 0.086 12+36h M2 =4.0u
FDPB « FCS sonicated 960 99 174 00990 0096 MN7-d0uh 3.0+ 46a
FDPH « bovine serum 94 KX [N 0 086 0082 296+ 32ah 0.2+ 38a
FDPB:FDBB 50.:50 9ab LN 1 44 [IRTLE W 007% 2=23% 201 =440
FDPB:FDBR 50:50 sonicated 984 107 [ 0 100k 0099 R2s10b NO=d8a
*Survival percentage 1s calculated as follows:
Actual mature female davs 1o

theoretical mature days or 15 < 1a days

tData in columns followed by a common letter are not significantly ditlerent (P = 005y, Duncan’s multiple-range test
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adequate diet will achieve a reproductne per-
formance equivalent to that of flies fed i vire on
guinea pigs (Deloach and Taher. 1982). Con-
sequently, the reproductive performance of G. p.
palpalis is not limited by membrane feeding. A 0.075
PPF for a colony of 10,000 producing females results
in only 750 offspring per day. Thus. if an increase to
0.1 PPF could be achieved, the production of 1000
pupae per day would be a significant increase in
colony performance.

Our recent research has sought 1o tind additives for
freeze-dried bloods which will restore their nutri-
tional value to that of fresh blood. Freeze-drying is
known to increase the blood alkalinity to about pH
8.0-8.2. Morcover. freeze-dryving alters levels of free
amino acid in blood (Del.oach and Holman, 1983).
The physical character of the freeze-dried blood is
significantly altered from intact cells plus plasma to
an amorphous particulate product with some large
aggregate particles. Sonication of reconstituted
freeze-dried blood reduces particle size to a uniform
5-10-fi particle. The reproductive performance of flies
fed on <conicated reconstituted blood is significantly
higher (DeLoach. 1983). Thus. the freeze-drying pro-
cess is known to alter physical and chemical proper-
ties of the blood.

Several kinds of additives such as lipids. BSA,
hemoglobin, and amino acids have been added to
both fresh and freeze-dried bovine blood to increase
its nutritional vatue tMoloo and Pimley, 1978; Lang-
ley et al.. 1978: Deloach and Taher, 1983). Despite
these attempts, very little success has been noted. Our
philosophy toward selection of additives for freeze-
dried blood is based on restoring the ‘fresh” quality
of the bluod product 1o that of fresh whole blood. A
more quantitative view 1s simply to find additives
which replace as yet unknown factors in blood that
are altered by freeze-drving. One useful approach in
the present experiments has been the addition of FCS
to FDBB and FDPB. Rescarchers have long sought
to define the superior value of FCS in tissue culture
media with little success (Eagle. 1955; Eagle, 1960). In
both instances. 10", FCS was used on the basis of
results of preliminary feeding tests with FDBB and
FDPB. Fresh bovine blood supplemented with FCS
expectedly was not different from fresh blood alone.
FCS as a supplement to FDBB resulted in an excel-
lent dietary blood product. G. p. palpalis fed on such
a diet had high fecundity and normal pupal weights
equivalent to those of pupae from flies fed on fresh
blood.

The reproductive performance of flies fed on fresh
porcine blood and FDPD was determined as a point
of reference, then 10", FCS was added to FDPB. The
fecundity of flies fed on this diet was superior.
yielding a 0.098 PPF and 31-32mg offspring. Soni-
cation of the FDPB plus FCS did not improve its
quality as indicated by the reproductive performance
of the flies (Table 2). Although sonication or FCS
supplement alone improve the quality of FDPB, they
are not addiuve. Since sonication alters the physical
character and improves the solubility of reconstituted
freeze-dried blood (Deloach, 1983). perhaps FCS
has a similar effect. However, when fresh bovine
serum was added to FDPB, no improvement in
fecundity of flies was noted. Thus, it appears that

1FCS as @ supplement enhances the nutritional value
of FDPB biochenneally rather than physically.

In the search to mavinuze the nutritional value of
freese-dried blood. @ combined FDPB:FDBB prod-
uet was tested. The tecundity was quite good at 0.084
PPF with 29 Mimy pupac. More importantly, this
produc[ was |m|\|||\('d h'\’ tts sontcation. The per-
formance of flies teached a maximum of 0.099 PPF
relative to 0.105 PP theoretical maximum with
32 mg pupae. The perlormance of ﬂigs in these tests
fed the 50:50 nuuure v somewhat higher than that
for the colony flies at IAEA (van der Vioedt, personal
communication) .

There are now at least three procedures which
improve the reproductive capacity of tsetse flies fed
on reconstituted lreese-dried blood. Sonication, FCS
supplement, and somicated 50:50 blqod mixture of
FDPB and FDRI all yield a diet which approaches
a .099 PPF praduction relative to lheor_cu'cul max-
imum with 30 1)mg pupac. Incorporation of any
one of these prm'cdurt."\ m dlc! preparation ShOulq
improve the reproductive capacity of a G. p. palpalis
tsetse colony.

Acknowledgement Vs research was conducted in cooper-
ation with the Internanional Atomic Energy Agency (Re-
search Agreement MO8 CI) Vienna, Austria.
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Abstract—1. Adult stable flies were fed blood meal diets of freeze-dried bovine or porcine blood, or fresh
bovine or porcine blood. for ten consccutive generations; the reproductive performance of adults fed
freeze-dried or fresh porcine blood was significantly higher (£ < 0.05) than that of adults fed freeze-dried
or fresh bovine blood.

2. Quantitative analyses of cholesterol, triglycerides, phospholipid phosphorus. phospholipid classes,
and fatty acid composition of the diet were made.

3. There was no direct correlation between the percentage distribution of lipid classes and the fecundity
of flies. However, the locations of phosphatidyl choline and sphingomyelin within the blood components

may be a factor in the dict.

INTRODUCTION

Adult stable flics (Stomoxys calcitrans) arc obligatory
blood feeders for functional reproductive capacity
(Hoffman, 1968: Spates, 1979). Since adult stable flics
are similar to ..ctse flies in their nutritional require-
ments (DcLoach and Spates. 1984). we have been
using stable flies to test for development of an
artificial blood diet. Tsetse flies (Glossina palpalis
palpalis) have been fed in vitro a number of dificrent
blood products and blood derivatives (Bauer and
Aigner, 1978: Langley er al. 1978: Moloo and
Pimley. 1978; Wetzel. 1978 Wetzel. 1980: DeLoach
and Taher. 1983). Their basic requirements are that
the blood be sterile and nutritionally fresh. In con-
trast to tsetse flics. stable flies can feed on nonsterile
blood. But the source of the blood can be equally
important for both species. For example tsetse flies
exhibit a higher reproductive capacity when fed por-
cine blood than when fed bovine blood. whether the
blood 1s fresh (Langley er al.. 1978: Deloach and
Taher. 1983) or freeze-dried (DeLoach and Taher,
1983). More recent feeding tests with stable flies fed
frecze-dricd bovine and porcine blood indicate that
porcine blood is also nutritionally superior for this
species {Spates and DeLoach, 1985).

Much rescarch has been devoted to understanding
the nutritional superiority of porcine blood over
bovine blood (Langley ef al. 1978; Moloo and
Pimley. 1978. DeLoach and Taher. 1983). An amino
acid analysis of freeze-dried bovine and porcine
blood used for in vitro rearing of G. p. palpalis
revealed significant differences in the two types. Bov-
inc blood had higher levels of lysinc. methionine.

sMention of a commercial or proprictory product in this
paper does not constitute an endorsement of ths
product by the U.S. Department of Agriculture.
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threonine and phenylalanine (DeLoach and Holman.
1983). Porcine blood was higher only in isolcucine.
Addition of isoleucine to bovine blood did not im-
prove reproductive capacity of tsctsc flies fed on that
diet (Moloo and Pimley. 1978). Experiments in which
nutrients are added to bovine blood have met with
litle success. Addition of lecithin to bovine blood
had no effect on iy fecundity. When an amino acid
mixture. a vitamin mixtuse, lecithin or hemoglobin
were added to defibrinated bovine blood. the fecun-
dity of tsetse flies (Glossing morsitans) did not in-
crease (Moloo and Pimiey. 1978). Addinons of lysine
adversely aflected fecundity. as did the addition of
linolenic acid (C1%:3). The addition of bovine serum
albumin to bovine blood elicited some improvement
in the fecundity of G. morsitans (Moloo and Pimley,
1978) and of Glossina palpalis palpalis (DeLoach and
Taher. 1983). However. the addition of lipids such as
cholesterol to bovine blood caused a marked reduc-
tion in fecundity of G. p. palpalis (DeLoach and
Taher. 1983). Thus. the cause of the nutritional
superiority of porcine blood is still undetermined.

To further examine these nutritional differences
hetween porcine and bovine blood. we have fed stable
flics on frecze-dried bovine and porcine blood for ten
generations, and have examined the lipids found in
cach blood. This analysis of lipids includes choles-
terol. triglveeride, phospholipid phosphorus. phos-
pholipid classes and fatty acid content.

VMATERIALS AND METHODS

Stuble flies

Stable hes used in this study were froma colony that has
been maintiined at our luborutory since 1969. Conditions
for colony minntenance and egg collechon have been de-
seribed (Ivie and Wright, 19780 Brdges and Spates. 1979).
The performance of stuble fies fed freeze-dried or fresh
hlood was determined in three groups of adults (6. x 123)
for each of ten generations. Detailed conditions for feeding.

- 67



668

handling and egg collection were as previously described
(Spates and DeLouach. 1985).

Blood diets

Flies were fed fresh bovine blood (FBB), fresh porcine
blood (FPB). and freeze-dried bovine (FDBB) and porcine
(FDPB) blood prepared in Vienna, Austria and College
Station, TX, denoted as V and CS. respectively. Freeze-
dried bovine (FDBB-V} and porcine (FDPB-V) bloods were
prepared at the International Atomic Energy Laboratory,
Seibersdorf, Austna, with a commercial apparatus (Wetzel,
1980). Freeze-dried bovine (FDBB-CS) and porcine (FDPB-
CS) bloods were prepared on a laboratory freeze drier in
College Station, Texas. Freeze-dried bloods were prepared
in 1980 and reconslituted over a 10-month period in 1983,
Enough blood was reconstituted (4.1 m] detonized water g
blood) to feed each generation of adults and for lipid
analysis. Reconstituted blood was stored at —20°C until
used. Porcine (FPB) and bovine (FBB) blood was collected
weekly in heparinized vacutainers and held at 4°C for
feeding adults or stored at ~20 C for lipid analysis. Prior
to feeding, blood was warmed to 30 C. Flies were allowed
to feed to repletion from dental rolls saturated with blood.

Chenticals

All solvents except acetic acid and dicthyl ether were
redistilled before use. Solvents also were saturated with
argon before they were used. TLC plates (20 x 20cm)
precoated with silica gel H (250 um thick) werg obtained
from Analtech, Newark., DW. Triglycerides, cholesicrol,
cholesterolesters and borontrifluoride in mecthanol were
obtained from Sigma Chemical Co., St Louis, MO. All cther
TLC and GLC standards were obtained from Supelco, 11c.,
Bellefonte, PA. Reagent kits for measuring cholesterol iind
triglycerides were obtained from Worthingion Diagnostics
Co., San Francisco. CA, and Dow Diagnostics, Indi-
anapolis, IN, respectively.

Lipid extraction

Lipid extractions were carried out on reconstituted
FDBB-V. FDBB-CS. FDPB-V, FDPB-CS. FBB and FPB.
Blood samples from various dates were thawed and pooled
for lipid extractions. Three 5-ml aliquots were taken from
each of the pooled samples, slowly added to 50ml of
ice-cold methanol and slowly stirred for Smin with a
magnetic stirring bar. Afterwards. 100 ml of ice-cold chloro-
form were added and the mixtures were allowed to stit for
an additional 20 min. The mixtures were allowed to stand
for 0.5-1.0 hr to allow the denatured hemoglobin to settle,
and then the solvents were filtered through two lavers of
prewashed Whatman No. | filter paper into 300-ml round-
bottom distilling flasks. The beakers used during extraction
were ninsed three times with 25 mi of chloroform-methanol
(2:1, vv). The combined filtrates were reduced to near
dryness on a Buchi™ rotovaporator at 30 C. An argon trap
was placed between the vacuum bleed of the rotovaporator
and the cylinder of argon to ensure that the lipid extracts
were exposed 10 a mimmum of oxygen. Thereafter, the
flasks were rinsed three times with 20 m} of freshly prepared
chloroform-metbanol (19:1, v-v); rinses were filtered
through a sintered glass funnel (medium porosity) having a
1.0 cm layer of prewashed sodium sulfate. Combined rinses
were reduced to dryness on the rotovaporator. Freshly made
chloroform-methanol (2:1. v'v) was used to transfer the
lipid extracts to conical, graduated centrifuge tubes, and the
nonlipid materials were removed according to the method
of Folch et al. (1957).

Chromatographic procedures

Prior to use, TLC plates were cleaned ir a chromato-
graphic tank containing 200 m! of a mixture ¢ f chloroform-
methanol-ethanol-acetic acid-water (65:25:25:5:4, viv),
The solvent was allowed to ascend to the top of the plates.

G. E. Seamis and J. R. DrLoad

Plates were air-dnied and then activated in an oven at 10 ¢
for 30 min. An aliguot (500 51y of the washed lipid extracts
wis reduced 10 50 ul with a stream of argon, then streaked
onto the TLC plates with small-bore capillary tubing.
Samples and standards were placed on a line 2.5 em from
the bottoms of the plates, and cluting solvents were allowed
to ascend to 2.5¢m from the tops of the plates. Lipid
extracts were separated into major classes of lipds by TLC
using a solvent mixture of hexane -diethyl ether acetic acid
(30:20:1, v.v).

The TLC zone containing phospholipids was visualized
with todine vapor. scraped from the plate. and placed into
a 15ml glass culture tube. Silica gel was extracted seven
times with S ml of a mixture of methanol- chloroform (1:1,
v:v); each extraction involved vigorously vortexing the tube
containing silica gel and solvent, followed by low speed
centrifugation. Phospholipid extracts were reduced with
nitrogen to a volume of 50 ul or less, and then subjected
to TLC again for separation of individual phospholipids.

Classes of lipids and individual p%ospholipids were
identified by spotting reference lipids onto TLC plates and
by ex} ising the plates to iodine vapor. Phosphatidyl
ethanol.minc and phosphatidyl serine also were detected
with ninhydrin spraying,

Analysis of phospholipid phosphorus

After the PL bands were outlined and the iodine had
evaporated from the plates, each band was scraped directly
into a 15-ml glass test tube. Adjacent areas of silica
corresponding in size and position to the area containing
PL also were scraped into test tubes. The silica gel was
extracted three times with 2ml of a mixture of
methanol—chloroform (2:1, v.v), and then the combined
extracts were cvaporated to dryuness and the residuces
dissolved in 7ml of a mixture of chloroform methanol
(19:1, v/v). Aliquots were then analyzed for phosphorus
according to the procedures of Duck-Chong (1978).

The extracted silica gel from sample and reference PL. as
well as corresponding rilica gel blanks, were also analyzed
for phosphorus using a modification of the Duck-Chong
(1978) method. A 100-ul aliquot of magnesium nitrate in
methanol (10%. w v) was pipetted onto the sihea gel and
the methanol evaporated to dryvness in a heated water bath
(85-100 C). Then the tubes were heated for 33see by
holding them just above the blue flame of a Bunsen burner
After cooling. 2 or 3 ml of I M HCI was added to each tube
and the tubes were vortexed wvigorously, capped with a
cleaned marble. then heated in a water bath (90 95 C) for
25 min. When tubes cooled they were vortexed and centn-
fuged. A 1-ml portion of the acidic extract was then
transferred to another tube and the routine phosphorus
assay was carried out. When less than | ml of acidic extract
was used, the volume was adjusted to | ml with additional
I M HCL

Transesterificatton of saponthable lipids

The lipid samples (100 u1) were placed tn glass mini-aktor
tubes (Applied Science. Deerfield. IL) and reduced 1w
dryness with a stream of argon. Borontrifluonde in meth-
anol (I ml) was added to cach tube, and then the tubes were
capped and placed in a 100 C water bath for 30 min. After
bricf cooling, 2 ml of distilled water was added 1o each tube.
The fatty acid methylesters (FAME) were extracted from
the methanol and water with petroleum cther (three tmes
with 5 ml). Combined petroleum ether extracts were washed
with 3ml of distilled water; then a small amount of
anhydrous sodium sulfate was used to remove final traces
of walter from the petroleum ether. The petroleum ether
extract was reduced to dryness and the residue was
dissolved in 30 ul of petroleum ether for GLC analysis of
the FAME.

FAME samples were analyzed on a Tracor MT 220 GLC
equipped with a FID detector and a 1.83m ~ 3.0 cmad.



Insect diet and fecundity

U-shaped glass column packed with 10% (w v} SP-2330
on 100/120 mesh Supelcoport (Supeleo, Inc.). Operating
conditions were: column temperature program, 125-
200 C-2 C/min; inlet and detector temperature, 250 C; H,
and air flow rates to the detector, 40 and 120«m’/min,
respectively; and N, flow rate, 30 cm’'min.

Identification and quantitation of FAME in samples
were accomplished through the use of reference samples of
FAME and a Hewlett-Packard model 3390A reporting
integrator.

Cholesterol and triglyceride analvsis

Cholesterol and triglycerides were analyzed automatically
on a Gilford System 3500 Computer Directed Analyzer.
This system is designed primarily for analyzing serum
cholesterol and triglycerides. However, the cholesterol and
triglyceride end products (i.e. standards) for calibration of
the instrument are in isopropanol. Therefore, after reducing
30-, 60- and 100-ul aliquots of the extracted lipids to
dryness, the residues were dissolved in 200 ul of iso-
propanol and analyzed automatically. Reference cholesterol
and triglycerides of known concentration in 200 ul of
isopropanol were used to establish a standard curve for
quantitation of the unknown.

RESULTS

The mean fecundity and percent egg hatch for the
parental and ten subsequent gencrations of stable
flies are summarized in Table 1. Flies fed FDBB-CS
and FDBB-V exhibited significantly higher fecundity
(P =0.05) than did flies fed fresh bovine blood.
Among the flies fed the three porcine blood diets,
there was no significant difference (P =0.05) in re-
productive performance. The mean fecundity of flies
fed on the FPB. FDPB-V and FDPB-CS was
significantly greater than the fecundity of flics fed on
any of the bovine blood diets. There was no difference
in the percent hatch of eggs from flies fed on any of
the diets except FBB, which was significantly lower at
74.2%.

The cholesterol content of the FPB and FBB was
significantly greater than that of the FDPB-V and
FDPB-CS (Table 2). With a cholesterol content of
91.2-129.8 mg/dl, all the diets were within normal
values for bovine and porcine blood. No correlation
between cholesterol content of the diet and fecundity
of the flies can be made.

Analyses of the triglyceride content of the various
blood diets (Table 3) revealed scveral significant
differences (P = 0.050). The concentration of trigly-
cerides in FDPB-CS was at least two-fold higher than
in any of the other diets. Even though FDPB-V

Table I. Reproductive performance of par-
ental and ten generations of stable flies fed
on fresh or freeze-dried bovine and porcine

blood
Fecundity  Egg hatch
ch; egg/:'day (%)
FBB 27.1a* 74.2a
FDBB-V 36.8b 87.1b
FDBB-CS 35.4b 91.2b
FPB 49.4¢ 87.8b
FDPB-V 48.3¢ 91.0b
FDPB-CS 50.0c 93.6b

*Data are means of eleven generations of
flies. Data in same column followed by
a4 common letter are not significantly
different (P = 0.05).
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Table 2. Cholesterol content of blood diets

Y +SEM(V=9)

Diet {mg/di)
FDPB-CS 91.2 + 3.8a°
FDPB-V 104.6 + 3.dab
FDBB-V 108.2 + 5.2a.bc
FDBB-CS 1174 + 3.8bcd
FBB 125.7 +4.6cd
FPB 1298 +5.3d

*Data followed by a common letter are not
significantly different (P = 0.05).

(36 mg/dl), FPB (74.2mg/dl) and FDPB-CS
(174.5 mg/dl) exhibited to two- to four-fold difference
in concentration, the fecundity of flies was not
different (Table 1). It should be noted that the
freeze-dricd bloods prepared in College Station were
not derived from the fresh bloods used in these
experiments; however, they were prepared from
blood obtained from similar breeds of animals.

Although phospholipid phosphorus analyses re-
vealed differences among the blood dicts (Table 4),
there was no correlation between phospholipid phos-
phorus content of the diet and the fecundity of the
flies (Table 1).

The phospholipids from the various diets were
separated into the following classes: sphingomyelin
(SM), phosphatidyl choline (PC), phosphatidyl in-
ositol (PI), phosphatidyl cthanolamine (PE) and
phosphoglyceride (PG). The percentages of total
phospholipids in each class are shown in Table 5. The
concentrations of SM in the three bovine blood diets
were not significantly different (P = 0.050), but they
were significantly different in the three porcine diets.
All but FDPB-V contained less SM than was found
in the three bovine bloods. Although there were
marked differences in the PC content of the blood
diets. no correlation with fly fecundity could be made.
An interesting finding was the extremely high PE
content of the FPB; possibly there was a loss of PE
from FDPB-V and FDPB-CS duc to decomposition,
since PE is quite labile. Also, since lyso PE migrated
the same as SM, it was included in the percent SM.

Table 3. Triglvcenide content of blood diets

£ +SEM (N =9)

Diet (mg db
FDBB.V 160+ 13a°
FDPB-V 367+ 10ab
FDBB-CS W2+i2ab
FBB 407+ 29b
FPB 742+ 25¢
FDPB.CS 174.5 + 2.0d

*Data followed by a common letter are not
significantly different (P = 0.05)

Table 4. Phospholipid phosphorus content

of blood diets
¥ +SEM (N =9)
"D‘icl (mg/dl) -
FDBB-V 6.74 + 0.29a°
FDPB-V 6.89 +0.32a.b
FDPB-CS 7.29+0.21b
FDBB-CS 8.52 +0.15¢
FBB 8.92 + 0.20¢
FPB 9.29 + 0.10¢

*Data followed by a common letter are not
significantly different (P = 0.05)

\’9\
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Table 5. Phosphohpid classes in blood diets
%o of total phosphohpid$
Diet SMe pPC Pl Pt PG

FBB EERAN 40 24 0).6a lla K.da
FDBB-CS 4164 19 9, | 8b 1.3a 704
FDBB-V 40 04 0 1b 4.6b 6.5b 1 9b
FPB 24.4b LR 4h 169 1 6b
FDPB-CS RIS 53 ¢ d. 24 1 4b
FDPB-V 24 RN 4% 67h 2

*Lyso PE migrates the sume as SM and i included in th- °, $M
tPS migrates the sume av PE and i~ included in the °w PE
sSphingomyelin = SM. phosphoudyl choline = PC. phosphotidy )
inositol = PI; phosphotids! ethanolamine = PE, phosphonds|
serine = PS' phosphoglycende = PG
§Data are means of three analyses and data followed by 4 common
letter 1n same column are not sremiticantly different (£ = 005)

PS was included in the PE total because of a similar

migration.

A complete fatty acid analysis of the blood dicts is
summarized in Table 6. The data represent an exten-
sive effort to ascertain differences between the fatty
acid content of the diets which could be correlated to
fly fecundity However, no correlation could be
made, except for linolenic acid (18:3); the facundity
of adults (FPB, FDPB-V and FDPB-CS in Table 1)
which fed on blood diets containing lesser quantities
of 1B:3 was significantly greater than that of adults
which fed on blood diets containing higher levels
of 18:3. There is a strong negative correlation (r =
—0.8396, r* =0.705) between the level of 18:3 and

fecundity.

DISCUSSION

Adult stable flies reared on freeze-dried blood can
have a {ecundity equal to that of flies reared on fresh
blood. Tsetse flies have been reared on frecze-dried

blood. but the fecundity was reported to be less than
that of Rics reared on fresh blood (DeLouach and
Taher, 1983). However. in another report the fecun-
dity of tsetse flies fed freeze-dried blood was reported
to be equal to that of fies fed on fresh blood (Wetzel,
1980). Freeze-drying is known to alter certain phys-
ical and chemical characteristics of blood (DeLoach
and Holman. 1983; DeLoach, 1983). Considerable
effort has been devoted to improving the quality of
frecze-dried blood for use in rearing tsetse flies (De-
Loach and Taher. 1983: DeLoach. 1983). Additives
and or processes have been found which increase the
digestibility and nutritional character of the freeze-
dried blood. Apparently. stable flies are not as dis-
criminating as tsetse flies with respect to fresh or
[reeze-dried blood. because in tests reported here
stable flies were equal in fecundity when fed cither
fresh or freeze-dried blood. With respect to FBB. the
reproductive performance of stable flies in the 7-9
generation was unexpectedly low (Spates and De-
Loach, 1985). This caused the average performance
of the parental and subsequent ten gencrations to be
lower than that found for either FDBB-V or FDBB-
CS.

The nutritional superiority of pig blood over that
of bovine blood has been known for tsetse flics
(Langley et al., 1978; DeLoach and Taher. 1983) and
now is well documented for stable flies (Spates and
DeLoach, 1985). A scparation of blood components
and recombination of porcine ervthrocytes with bo-
vine serum. and bovine erythiocytes with porcine
serum, revealed that the nutritiona! differences were
attributable to both ervthrocytes and serum com-
ponents (Langley er al.. 1978: Moloo and Pimley.
1978: DeLoach and Taher. 1983). Combinations of
porcine erythrocytes with bovine serum albumin

Tuble 6. Futty acid content (mg dI) of blood dicts

Diets

Fatty acids FBB FDBB-CS FDBB-V FPB FDPB-CS FDPB-V
10-0 I8~ 00R — — - — -
12:0 025 =008 228024 —_ 0.55 0.0} 1.00 =0 4] —
13:0 1.52 019 —_ — 0.54 - 004 0.39 - .01 —
14:0 21102 1.05+0.18 — 042 +0.02 — —
X-1 1,98 = 085 117 - 0.24 1.61 +0.64 —_ — —
15:0 0.54 = 0.06 0.55+0.10 — — — _
16:0 17.67 + 2,50 1629 =222 732067 24115 2502 =395 2636+ 37t
16:1 444 + 0.60 129 =036 =025 118+022 1.95 < 006 2ML0M
17:0 504 +088 1.73 = 006 - 0X6 =019 079 - 014 05K+ 012
X-2 091013 084007 248 =030 028 =002 032+ 0un -
150 R4 26 8K = 3.02 1363 - 236 1829+ 076 091 - 28 208K - 2Ky
18:1 1974 2 528 28 56 = 338 1574+ 139 736+ 24 $225 - 4K 4592 - 6 a°
18:2 40.64 = S.69 4204 - S 46 hAREMERIE N 1929 . 213" 23499+ 28\ 2274 Vs
20:0 074018 - 129 +02% .25 - 00 0587 - 003 -
8.3 2824 +0610 619 - KK 13 =06} T4l =013 1 6as - oy 6302
20:) — — 306 + 0.50 — - -
210 — - 28K+ 0.08 — — -

22:0420:4 1.90 = 0.54 169 =031 294 +0.70 1.69 = 0.08 0.39 « 0.0y -
20:2 6.26 + 1.45 632+ 117 — 8.77+0 $99 +0.71 -
X-3 137 +065 1.14+029 - —_ - -
20 484+ 1.04 1V 1R 227+036 — 186 +022 K.S6 2 1.02
20:5 1.42 +0.09 — - 1.76 = 0.3 264+ 0.02 -
X-4 202075 097 +0.14 1.68 = 0.24 —_ 0.63+010 167+0.38
22:5 282+098 4244097 — — — -
M1 - — L1l = 00K 119+015 - 121202
2:6 1.71 =042 — 1.56 =111 — 1.69 + 008 167019
X-5 — — 2097 +422 — - 1 82+ 038
X-6 — — 2k =02} — — -
Total 20147 + 3282 150.84 + 17 K7 117.95 + 14.53 13489 + 6 9K 14247 = 1742 134,45 - 12,05

The fatty acid contents of blood diets are presented as the mean + SD of three replications. Fatty acids ase presented in the same order
n which their methylester dernatives cluted from the gas chromatograph
Quantitation of the unknowns was based on the gas chromatographic response of the preceding methylester
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(BSA) and bovine ervthrocytes with BSA revealed the
major difference in porcine and bovine blood was in
the erythrocyte component (DeLoach and Taher,
1983).

Nelson (1967a.b) evaluated phospholipid distribu-
tion in virious mammalian ervthroevtes and found
that porcine ervthrocytes contained  26.5% SM,
23.3% PC. 29.7°0 PE. 17.8°6 PS. and 2.7% other.
For bovine ervthrocevtes. the distribution was re-
ported to bhe 46.2° SM. 0% PC. 29.1% PE.
19.3% PS. and 5.4%. other. Later. Buckley and Haw-
thorne (1972) reported that pig ervthroevies contain
9% PL. The phospholipid compositions of whole
blood and frecze-dried blood reported here were
expected to be different from that of the erythrocytes.
due to the different lipids in serum. Since bovine
erythrocytes are reported to have little or no FC. it
is significant that iis whole bovine blood phospholipid
content is 30—:0% PC. Thus. on significant differ-
ence in bovire and poicine blond is the location of
the PC. This raises an important question about the
nuttitional superiority of porcine ervthrocytes over
bovine crythrocytes. In previous tests with G. p.
palpalis (DeLoach and Taher, 1983), porcine erythro-
cytes mixed with 4.5% BSA was a better diet with
respect to fly fecundity than bovine erythrocytes
mixed with the same level of BSA. Since the two
major differences in bovine and porcine erythrocytes
are the proportions of SM and PC. we suggest that
the locations of SM and PC in the blood components
may contribute to the nutritional superiority of por-
cine blood.

The five major fatty acids of bovine and porcine
erythrocytes are C16:0, 18:0, 18:1. 18:2 and 20:4
(Van Decenen and De Gier. 1974). Moreover, the
major fatty acid fractions in the membrane of eryth-
rocytes can be altered by changes in the diet. We
found that the five major fatty acids of bovine and
poreine whole blood are similar to those reported for
erythrocytes. All the diets except FBB exhibited
similar proportions of fatty acids. It is well known
that fatty acids in the blood are a reflection of the
fatty acid compositon of the animal diet. A high
concentration of C18:3 fatty acid in blood dicts
causes increased mortality and is detrimental to the
reproductive capacity of tsetse flies (Moloo and
Pimley. 1978). In only one diet reported here did we
observe a high concentration of CI18:3 (linolenic
acid). FBB contained 4- to 8-fold more C18:3 than
did cither of the freeze-dried bovine blood diets. Also.
FBB contained 15 to 38-fold more linolenic acid than
did any of the pig blood diets. Perhaps the low
fecundity observed in stable flies fed FBB is due to
the high concentration of linolenic acid.

Our data suggest that differences in fly fecundity
for porcine and bovine blood dicts may be due to two
factors: (1) the location of phospholipid classes—that
is. in the erythrocytes or the serum: and (2) the
unusually high concentration of C18:3 fatty acid in
FBB. Further studies of these factors are needed to
determine their relative importance.
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Reproductive Performance of Adult Stable Flies
(Diptera: Muscidae) When Fed Fresh or Reconstituted,
Freeze-dried Bovine or Porcine Blood!

R SN

G. E. SPATES anp J. R. DELOACH /

Veterinary Toxicology and Entomology Research Laboratory,
U.S. Department of Agriculture, Agricultural Research Service,
College Station, Texas 7784}

1 Econ. Entomol. 75: 856-859 (1985)

ABSTRACT The reproductive performances were compared of adult stable flies, Stomoxys
calcitrans (L.), fed fresh porcine or bovine blood or reconstituted, freeze-dried porcine or
bovine blood. Adult stable flies fed fresh or reconstituted, freeze-dried porcine blood ovi-
posited significantly more eggs than adults fed fresh or freeze-dried bovine blood. No decline
in fecundity was observed for adults maintained for 10 successive generations on fresh
porcine blood or on reconstituted, freeze-dried porcine or bovine blood. However, fecundity
of adults maintained on fresh, heparinized bovine blood declined in later generations. The
data provide evidence that stable fly adults can be maintained successfully on reconstituted,
freeze-dried blood, and that porcine blood is nutritionally superior to the blood of cattle.

MALE aND FEMALE stable flies, Stomoxys calci-
trans (L.), are obligate blood-feeders, and feed on
a wide variety of hosts (Newstead 1906, Bishopp
1918, Hafez and Gamal-Eddin 1959, Anderson and
Tempelis 1970, Monty 1972, DuToit 1975, La-
Brecque et al. 1975, Howell et al. 1978). Presently,
most laboratory colonies are maintained on fresh,
nonsterile, citrated bovine blood (Dotyv 1937, Bai-
ley et al. 1975}, which can be obtained from a local
abattoir, or they can be maintained by feeding the
adults an small animals or livestock. No genuine
attempts have been made to determine alternate
sources of nutrients for adults because of this ease
of maintenance

Recently it has been reported that adult tsetse
flies can be mainta‘ned on freeze-dried bovine or
porcine blood. Wetzel (1979, 1950) reported that
Glossina palpalis palpalis (Robineau-Desvoidy) fed
freeze-dried blood performed as well as flies fed
in vivo on the guinea pig with respect to fecundity
and offspring weights; however, there was a de-
cline in pupal weights through successive repro-
ductive cycles. This decline in pupal weights may
have been due to elevated rearing room temper-
atures, according to observations of DeLoach and
Taher (1983). Therefore, they reassessed the re-
productive performance (fecundity and pupal
weights) of adult tsetse flies fed frecze-dried blood
alone or fed bovine serum albumin (BSA) or cho-
lesterol. DeLoach and Taher (1983) observed that
the reproductive performance of adults fed freeze-
dried blood was lower in comparison to that of
adults fed on guinea pigs. The addition of BSA to
freeze-dried blood improved the reproductive per-

' This article reports the results of rescarch only Mention of a
proprietary product does not constitute endorseinent or recom-
mendation f(r‘ils se h’v USDA.
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formance, whereas the addition of cholesterol had
a negalive effect.

No studies have been conducted to determine
whether or not stable flies can be maintained on
freeze-dried blood or on fresh porcine blood. If
adult stable flies can be successfully maintained on
freeze-dried or porcine blood, the dependency on
fresh, citrated bovine blood would be eliminated,
especially for mass-rearing methods. The use of
freeze-dried blood would also enable investigators
to maintain colonies of stable flies in areas where
fresh bovine blood is not readilv obtainable, and
alleviate the need for maintaining laboratory an-
imals or livestock for feeding the parasites.

This study was undertaken to determine if adult
stable flies could be maintained on freeze-dried
blood and to evaluate their reproductive perfor-
mance by monitoring fecundity and egg hatch.
The results are reported herein.

Materials and Methods

Stable Qies used in these studies were taken from
a colony maintained at our laboratory since 1969.
Detailed conditions for colony maintenance and

egg collection have been described (Ivie and
Wright 1978). The larval rearing method was
modified in 1979, as described by Bridges and

Spates (1983).

Blood diets used in these studies were as follows.
Freeze-dried bovine blood (FDBB [CS)) and freeze-
dried porcine blood (FDPB [CS]) were prepared at
College Station, Tex. Freeze-dried bovine blood
(FDBB [Vien.)) and frecze-dried porcine blood
(FDPB [Vien.]) were prepared in Vienna, Austria.
Fresh, heparinized bovine (FHB) and porcine blood
(FHP) was from College Station. Blood used for
frecze-drying was obtained from slaughterhouses

Co 505’,’“/(.:'
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Table 1. Fecundity of female stable flics fed on fresh
whole blood and reconstituted, frecze-dried whole hlood
and subsequent egg hatch

SPATES AND DELOACH: STABLE FLY DIET

Blood meal Eggs day:¢ Hatch (%) T(::L:gfs
FHP 56.7 = 09a 886 = 23 34,106
FDPB [Vien ) 513 = 3da 947 = 1) 28,900
FDPB [CS) 309 = 07a 928 = 1.7 28,400
FDBB [CS] 42.3 = 0.5b 943 » 1§ 24,100
FHB 392 = 10b 933 = 11 22,100
FDBB [Vien ] 375 = 08b 959 = 1.1 21,100
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Means within a column followed by the same letter are not
significantly different (P < 0.05: for fecundity data, n = 4, w =
7.9: Tukey's multiple comparison procedure). No significant dif-
ference in percent egg hatch.

in Vienna, Austria, and from College Station, Tex.
Blood was freeze-dried on the dates collected ac-
cording to the procedures of Wetzel (1979). Freeze-
dried blood was reconstituted in distilled water at
a water-to-blood ratio of 4.1:1. Enough blood was
reconstituted to feed each generation of adults,
and kept frozen in small culture tubes (1.5-ml ali-
quots) at —20°C. Before feeding, blood was thawed
and warmed to 30°C. Flies were allowed to feed
to satiation from dental rolls saturated with blood
(Ivie and Wright 1978).

To cstablish base-line fecundity data for the
perfcrmance of stable flies on freeze-dried blood,
two groups of newly emerged adults (5 males, 10
females) for cach diet were randomly sclected and
placed in small plastic cups (9 cm diam by 7 cm
high) with screened tops and bottoms. They were
fed 24 h later and daily thiereafter for 12 days. On
day &, the males were removed and discarded. The
females were placed in clean cages and oviposition
was initiated the same day. Thereafter. females
were allowed to oviposit daily for the next 7 days
and mortality of females recorded. This procedure
was replicated four times. To determine the per-
formance of stable flies on freeze-dried blood, three
groups of adults {6 males, 12 females) for each diet
were chosen from the stock colony and fed the
respective diets for 10 consecutive generations.
Feeding and handling of adults was as previousl:-
stated, with one exception: 100 eggs were taken
from the second or third oviposition and placed
on rearing media for the succeeding generation.
When adults of this generation emerged. they were
placed on the same diet as were succeeding gen-
erations. During generations 7 to 10, some adults
from each generation were fed citrated bovine
blood (the food source for the original colony) and
their fecundity was ascertained. In these studies,
fecundity was measured by counting all eggs ovi-
posited; hatchability of all eggs was determined 48
h after each oviposition.

Data were subjected to an analvsis of variance
using a repeated measure design (Winer 1971),
The conservative degrees of freedom lest (as dem-
onstrated in Winer [1971]) was used to judge sig-
nifica.ice because of possible variance-covariance
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Fig. 1. Fecundity of adult stable flies maintained cn
reconstituted, freeze-dried, and fresh blood for 10 con-
secutive generations.

FOPB(vian)

matrix assumption resolutions associated with re-
peated measured designs.

Results and Discussion

The base-line reproductive performance and
percentage egg hatch from stable flies fed recon-
stituted or fresh, heparinized blood are summa-
rized in Table 1. Fecundity of adults that fed on
FHP was significantly higher than the fecundity
of adults that fed on FHB (P < 0.05). Females
that fed on porcine blood oviposited an average of
33 eggs per day and the average for females that
fed on bovine blood was about 39.7 per day. The
fecundity of females fed bovine blood in this study
compares favorably with previous reports for this
colony of stable flies. Spates (1979) reported that
this colony oviposited an average of 603 eggs dur-
ing a 16-day (extrapolated data) period (7 to 22
days postemergence). Females used in this study
oviposited an average of 303 eggs per female in
an 8-day period (5 to 13 days postemergence).
There were no significant differences in the per-
centage egg hatch between adults fed on any of
the various types of blood. It may be noted that
femules fed fresh porcine blood had the highest
fecundity but had the lowest egg hatch.

Ten successive generations of adults were main-
tained on reconstituted, freeze-dried. and fresh
blood with varving degrees of success. The fecur-
dity for 10 generations of females i. shown in Fig
1, and a summary of fecundity and egg hatch is
given in Table 2. Surprisingly, females maintainad
on FHB exhibited the poorest reproductive per-
formance, particularly for generations 6 to 10. The
mean number of eggs oviposited per day per fe-
male with FHB was 50% lcss than on reconstituted
porcine or fresh porcine blood. In fact, stable flies
maintained on porcine blood had significantly
higher fecundities than did flies maintained on bo-
vine blood (Table 2).

Table 3 summarizes data on the reproductive
performance of females taken from generations 7
to 10, when fed citrated bovine blood. All females,
except those that had been maintained on fresh
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Table 2. Summary of siatistical analysis of the fecun-
dity and egg haich datn on female stable flies that were
maintained for 10 consecutive generations on reconsti-
tuted, freeze-dried blood or fresh heparinized blood

JOURNAL OF ECONOMIC ENTOMOLOGY

Mean
Blood meal
Eggs/day /¢ Egg hatch (%)
FDPB [CS) 50.Ua 93.6a
FHP 49.4a 87.8a
FDPB [Vien.} 48.3a 91.0a
FDBB [Vien.} 36.8h 87.1a
FDBB [CS] 35.4b 91.2a
FHB 27 1¢ 74.2b

Means within a column followed by the same letter are not
significantly different (P < 0.05: for fecundity data, n = 33, w =
6.35; for percent hatch, n = 33, w = 6.07; Tukey's multiple com-
parison procedure).

bovine blood, averaged more than 30 eggs per day.
The highest reproductive performance involved
fernales that had been maintained on reconstitut-
ed, freeze-dried porcine blood from Vienna, and
the lowest reproductive performance was shown
by the group that had been maintained on fresh
bovine blood. Egg hatch exceeded 82% for all
groups, except the one that had been maintained
on fresh bovine blood.

Our data indicate that stable flies can be main-
tained on freeze-dried blood without any apparent
loss in fecundity or egg hatch. Freeze-dried blood
used in our study was taken from random lots that
DelLoach and Taher (1983) prepared and used for
their tsetse fly studies. However, our study was
conducted at a later date. Although DeLoach and
Taher (1983) observed that tsetse flies fed freeze-
dried blood had reduced fecundity and smaller
offspring in comparison to tsetse flies that fed in
vivo on guinea pigs. our study revealed that the
fecundity and egg hatch of stable flies fed freeze-
dried blood was equal to or higher than the fe-
cundity and egg hatch of adults fed fresh bovine
blood (Tables 1 and 2). J. R. DeLoach and S. E.
Kunz (personal communication) were unable to
maintain horn flies on freeze-dried Llood because
of high adult mortality. From previous studies with
horn flies, stable flies, and tsetse flies, it is evident
that blood meal diets that are adequate for one
blood-feeding dipteran mnay be insufficient or to-
tally inadequate for a 1elated species.

Also, our data indicate that porcine blood is nu-
tritionally superior to bovine blood because 1) fe-
male stable flies that were fed the porcine blood
initially oviposited an average of 25% more eggs;
2) after 10 successive generations on the respective
blood diets, females fed porcine blood oviposited
an average of 32% more eggs; and 3) of the fe-
males from generations 7 to 10 re-evaluated on
citrated bovine blood, those from the groups fed
porcine blood oviposited an average of 21% more
eggs than did those from the groups fed bovine
blood. 1t is well known that porcine bloed is nu-
tritionally superior to bovine blood as tsetse flv diet

Vol. 78, no. 4

Table 3. Reproductive performance of adult stable flies
fed on six different diets when subsequently fed citrated
bavine blood

Blood meal diets Mean?
of parent

generations? Eggs/day/e Egg hatch (%)
FDPB [Vien.] 399 = 428a H4.89 = 11.22a
FHP 38.28 + 6.72ab 8230 =+ 9.02a
FDPB [CS} 3362 * 4.15b 91.00 + 5.98a
FDBB [CS] 33.96 + 6.70b 8372 = 9.99a
FDBB [Vien.] 3022 x 9.46bc 8905 = 7.52a
FHB 23.84 + 508d 73.60 + 13.89b

Means within a column followed by the same letter are not
significantly different (P < 0.05: for fecundity data, n = 12, w =
4.74; for percent hatch, n = 12, w = 8.20; Tukey's multiple com-
parison procedure).

o Adults were maintained for 10 successive generations on the
respective blood meal diets; some of the adult progeny of the 7th
to 10th generations werc re-evaluated by feeding them citrated
blood collected from the local slaughterhouse.

bMeans of two groups of 12 females from the 7th to 10th
generations

and several suggestions have be:n made to explain
this phenomenon. Langlev et al. (1978) suggested
that the nutritional superiority of porcine blood is
due to a property of the blood itself and not to the
quantities of blood ingested by the tsetse fly. Moloo
and Pimley (1978) suggested that the inferiority
of bovine blood for in vitro feeding of the tsetse
fly is due to a small deficit of proteins, since ad-
ditives such as linoleic acid, amino acids, or vita-
mins were ineffective in overcoming this deficit.
DeLoach and Taher (1983) believed that the dif-
ference in response of Glossina spp. to porcine and
bovine blood may be due to lipid compositicn.

The 12oproductive performance of adult stable
flies that were fed reconstituted, freeze-dried por-
cine and bovine blood exceeded our expectations;
their fecundities were equal to or greater than those
previously reported for this strain of stable flies
(Spates 1979). However, the decline in fecundity
of the later generations of flies fed fresh, heparin-
ized bovine blood was not expected (Fig. 1). Egg
hatchability of these generations alse declined (un-
published data). The maximum reproductive ca-
pacity of the stable fly has not been determined,
but conceivably, maximum fecundity may have
been attained with the fresh porcine blood.
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Abstract—1. Batches of freeze-dried pig and cow blood, whaose
to near optimum, were analysed for amino acid, triglyceride and cholesterol content.

from low

nutritional value to G. p. paipulis ranged

2. The results of the chemical analyses were compared with the natritional quality parameters observed
when each batch of blood was fed o G. p. palpalis in an attempt (o establish a chemical basis for the

nutritional quality of diets for Glossina.

3. In general, those pig or cow blood diets that had a higher nutritional quality also had a significantly
higher amino acid content than the suboptimal diets.

4, There were significant differences between the triglyceride and cholesterol content of pig and cow
blood, with pig blood having more triglyceride. but less cholesterol than bovine blood.

5. There was no apparent correlation between the triglyceride and cholesterol content and the

nutritional quality of blood.

INTRODUCTION

In the past attempts have been made to improve the
efficiency and flexibility of artificial methods of feed-
ing Glossina. The flies can now be fed in ritro on a
variety of blood products or derivatives, including
fresh defibrinated blood (Mews er al.. 1977). recon-
stituted freeze-dried blood (Bauer and Wetzel, 1976)
and, more recently. synthetic diets (Kabayvo ¢r al.
1985). The variability and differences in the nutri-
tional quality of blood from different sources have
generated: (i) concern amongst those wishing to
standardize or optimize productivity in tsetse fly
mass-rearing operations, and (ii) a great deal of
interest among scientists in search of a quantitative
and qualitative correlation between the chemical
composition of diets and their nutritional value to
tsetse flies.

The nutritional superiority of pig blood 10 cow
blood observed for most species of tsetse (e.g. Mews
et al., 1977) and the known nutritional quality vari-
ability between different batches of blood have neces-
sitated that quality control tests be conducted on
small groups of flies by which the suitability of each
batch of blood is ascertained before the blood can
be used to feed main colony flies (Van der Vloedt,
in preparation). Attempts have been made to deter-
mine the nutritional value of specific blood com-
ponents (Kabayo and Langley. 1985), but apart from
the indirect evidence for the nutritional requirement
of lipids deduced from decletion studies (Kabavo,
1982; Kabayo and Langley. 1985) and the compara-
tive amino azid analysis of fresh (Moloo and Pimley.

*ATP. adenosine triphosphate disodium salt, Merck. wins
added to the diets as a phagosumulant at a final
concentration of 10 "'moll ' before the flies were fed.
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1978) or freeze-dried (DeLoach and Holman, 1983)
bovine and porcine bloods, there is no ‘nformation
available on the relationship between nutritional
adequacy and specific chemical components of tsetse
diets. Such information would be useful for establish-
ing a biochemical basis of nutritional quality. for
formulating synthetic diets and for improving sub-
optimal diets.

Protein is the main nutritional component in verte-
brate blood, the exclusive source of food for tsetse
flies, amounting to about 90°, of its dry wt (Altman
and Dittmer, 1961). It is probable that the amino acid
composition of tsetse diets has a direct influence on
the nutritional properties of blood products of which
they form the major components. In addition. since
the nutritional importance of lipids for the re-
productive physiology of tsetse has been suggested
(Kabayo. 1982; Kabayo and Langley. 1985). it is
possible that lipids too could be indices of nutritional
quality. In the present investigation attempts were
made to relate the amino acid. triglyceride and
cholesterol composition of batches of freeze-dried
blood to the differences in nutritional quality ob-
served when the different batches of blood were fed
to Glossina palpalis palpalis.

MATERIAL AND METHODS

Diets and feeding experimenis

Different batches of freeze-dried pig and cow blood
(collected from a commercial abattoir, defibrinated and
freeze-dried on separate occasions) were cach reconstituted
in distilled water at a concentration of 24.39° . irradiated
(100 krad). supplemented with ATP* and fed to groups of
G. p. palpalis females. For each batch of blood tested. two
groups. cach of |5 freshly emerged female G. p. palpalis were
set up and fed five umes a week for 25 days. All handling,
maintenance conditions and rearing procedures were as

Cc oS 717
<)) €
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previously described (Van der Vieedt, 1982). The number,
mean weight of puparia deposited and the survival of flies
fed cach batch of blood were recorded.

Amino acid analysis

Total amino acids in cach of the freeze-dried blood
samples were analysed according to standard procedures for
a Beckman Model 121 amino acid analyser. Tryptophan
wis not determined.

Lipid extraction and analvsis

With the exception of acetic acid and diethylether all
solvents were redistilled before use. Silica gel (20 x 20 cm,
250 um thick) Type H thin-luyer chromatography plates
(Analtech, Newark., DW) were used. Prior to use, the TLC
plates were activated by heating in an oven at 110 C for
40 min. TLC and gas chromatography standards were pur-
chased from Supelco. Inc.. Bellenfonte, Pennsylvania, ex-
cept triglycerides. cholesterol and cholesterol esters. which
were obtained from Sigma Chemical Co.. St. Louis, Mis-
souri. Reagent kits for the determination of triglycerides
and cholesterol were obtained from Dow Diagnostics, Indi-
anapolis, Indiana and Worthington Diagnostics, Freehold.
New Jersey, respectively.

Lipid extractions were carried out on two 15 m! aliquots
of each of the reconstituted (20",. w'v. in distilled water)
frecze-dried pig and cow blood samples using ice-cold
methanol and chloroform according to the method of
Spates and DecLoach (1984). The ex*acted lipids were
subsequently used in quantitative estimations  of tri-
glycerides and cholesterol and in analyses using thin-layer
and gas chromatography techniques.

Triglycerides and cholesterol were estimated by enzymatic
procedures (using Dow Diagnostic and Worthington Diag-
nostic reagent Kits, respectively) on a Gilford System 3500
Analyser. Duplicate samples each of 100 and 200 ul aliquots
of the chloroform: methanol (2: 1. v-v) extracts were evapo-
rated to dryness under nitrogen and each sample residue was
taken up in 200 ul 1sopropanol and subsequently analysed
scparately for triglyceride and cholesterol. Standards con-
taining known amounts of triglyceride of cholesterol, dis-
solved in isopropanol were similarly analysed and used to
calibrate the values obtained for the extracted lipid samples.

Thirty microliters of cach of the ipid extracts and stan-
dards were separately streaked onto activated Silica gel
thin-layer plates under a stream of nitrogen. The plates
were eluted with  n-hexane:diethylether:acetic  acid
(60:40:2, v v). The separated hpid classes were stained with
iodine vapour and then photographed.

Six hundred microliters of each of the lipid extracts was
mixed with in 1.3ml 10", potassium hydroxide and hydro-
lysed by heating on a waterbath for 30 min. The hydrolvsate
was neutralized with a 4.5m IN HCI following which the
entire mixture was extracted twice with 4ml petroleum
cther. The petroleum cether extriacts were evaporated to
dryness under mtrogen. then the residue was taken up in
1 ml petroleum cther. mixed with 0.5 ml diazo-methane and
left to stand for 20 min. The methylated fatty acid esters
were dissotved in petroleum ether and analysed by gas
chromatography on a Tracor MT 220 GC instrument
equipped with a 1.83 x 6.3cm glass column packed with
10", SP-2330 (100 120 mesh) supelcoport (Suprleo. Inc.).

Haemoglobin and physical parameters

Each diet was analysed for hacmoglobin by the cy-
anomchaemoglobin method with a Coulter Electronics Hae-
moglobinometer (Hialeah, Flonde). The osmotic pressure of
each reconstiturzd diet was determined with a vapour
pressure osmometer (Wescor Inc.. Logan., Utah). Total
particle counts and particle sizes were determined with a
Coulter counter equipped with a computerized channel
analyser (Coulter Electronics, Hialeah, Florida).

Table 1. Performance of G. p. palpalis fed different batches of freeze-dried pig and cow blood
Pig blood samples

Cow blood samples

Lot}

~

Parameter

Mutritional

1.06
86.7

1.0l
3

1.0!
79.3

1.0
96.7

0.72
66.77

0.4}
62.1

1.0

1.01

90

108
79.3

0.73
833

0.70
76.7

quality factor
°, survival

100

No. pupae per

0.70
28.31

0.63
2697
(3.21)

0.67
27.89
(2.59)

0.
27.34

0.10

07

0.
26.5

047
30.06
3.02)

0.63
092
(1.86)

076
3014

0.41

29.3%8

0.23
27.06

023
27.26
(1.67)

initial female
Mean puparial

7.02
(2.30)

-

99)

()
-

(2.45)

(A.11)

(1.9%)

(2.03)

weight mg (+SD)

Data for 25 days
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Table 2 Trigheeride and chalesterol content of different batches of freese-dned pie and con blood

Pig blood samples Cow bload samples
Parameter 1 2 3 4 N 6 | 2 3 4 N 6
Triglyceride (mg g) 362 389 A1 450 32K 4K 2KY 292 209 240 3§ 26S
Cholesterol tmyg g) 4.55 466 561 S69 476 397 639 5K 624 768 750 643
RESULTS blood. There were variations in the fecundity (pupac

deposited per initial female) and in the mean puparial

The performance of groups of G. p. palpalis fe-  weights for flies fed different batches of either pig or
males fed different batches of freeze-dried pig and  cow blood.

cow blood is shown in Table 1. Flies fed on pig blood The triglycleride and cholesterol content of the

in general had heavier pupae than those fed cow  different batches of pig and cow blood is shown in

Pig blood diets {(1~-6)
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Fig. 1. Amino acid composition of pig blood diets 1-6. In general the nutritional quality of these diets
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Table 2. There are significant differences (7-test
P <0.05) between the triglyceride and cholesterol
content of pig and cow bloods, with pig blood
containing more triglyceride but less cholesterol than
cow blood. There is no apparent correlation between
lipid content (trighiceride or cholesterol) and the
nutritional quality of the different blood batches.

The total amino acid content of the different
freeze-dried blood samples is shown in Tables 3a and
3b and in Figs | and 2. There were only slight
differences between the amino acid content of pig and
cow blood batches, with pig blood having only
marginally more aspartic acid, isoleucine. half-
cystine, leucine and proline. In either pig or cow
blood batches of blood there was a general tendency
for those blood batches with high nutritional quality
parameters to have a higher amino acid content.

The results of the gas chromatographic analysis of
the total lipids extracted from the different blood
batches are shown in Table 4, and Figs 3 and 4. There
is a significantly higher proportion of the longer chain
fatty acid components in cow blood than in pig
blood. There is no correlation between the nutritional
quality properties of the batches of blood and their
fatty acid composition.

The results of thin-layer chromatography of the
total lipids extracted are shown in Fig. 5. Pig blood
samples appear to have a higher content of tri-, di-
and monoglycerides than cow blood samples.

Haemoglebin concentrations in all the pig and cow
blood batches were quite constant (Table 5). The
osmotic pressure was not different between cow and
pig blood. Particle counts were slightly higher for cow
blood than for pig bleod. Particle size was the same
for both bloods.

DISCUSSION

In order 1o understand the nutritional require-
ments of insects. consideration must be given to the
relationship between the chemical composition and
nutriional quality of their diets. more especially
when the insects in question are specialized. restricted
feeders such as species of Glossina. which feed exclu-
sively on wertebrate blood. Although the general
composttion of mammahan blood is known (Altman
and Dittmer, 1961, 101y also known 1o vary a grea
deal depending on the age. sex, physiological states.
ete. of donor animals. Further vanation m the com-
postion of blood used as w ruro diets of Glossing
may onginate duning collection. storage or handimg.
from chemical or nucrobiological contaminants and
from modification by physizal factors, 1t is likely that
such variations in the composttion of blood may be
the cause of the variability observed 1n the nutritional
quality of blood from different sources.

The present results attempt to correlate differences
between chemical composition differences and nutri-
tional quality differences observed for different blood
batches and are suggestive of the possibility that the
nutritional quality of Glossina diets could be chem-
wally defined. Deloach and Spates (1984) used
amino uctd analysis data in attempt to explan the
nutritional value differences between haemoglobin.
serum albumin and whole blood as diets for Sto-
moxys calcitrans and G. p. palpalis. In the present
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Table 4. ®o Areas of GC peaks for pig and cow blood hpids at ditferent retention imes

Retention times Chemical Pig blood samples Cow blood samples
+0.4min structure 2 Kl 4 N 2 3 4 S
14.25 Cl4 0.311 0987 (1997 0.260 0.520 0247 1 898 1 458
15.19 - 01479 0.587 0291 0137 0429 1 008 0.531
16.44 0.102 0.139 0 166 . - -
16.93 - 0.52§ 0.394 0.659
17.69 0.121 0 186 0189 0184 0219 0426 0.600 0678
18.96 - 0189 0.309 0146 0.205
20.22 Cle 18323 18779 16135 ISKIS 12299 7653 T 841 7 168
2184 Clo: 1.460 1.732 I 488 0997 20 MRE] 2448 1.925
2.7 Cl8:0 082 ) 668 054 0520 0924 0938 0927
24.25 0.601 0.308 0.301 0199 0237 0 381 0442 0508
%, peak area 25.36 15.076 14.02¢ 12,613 1§ 462 14670 14 373 14 869 14.04%
26.79 Ci9:0
Cl8:1 JLASE 30004 27591 28918 23964 21231 21308 17.430
28.91 Cl8:2 19.992 21270 1389 20.16f 22417 25461 24398 27.41)
30.34 C20:0 0.221 0.174 0.208 0.147 0.182 0191 0173 0.122
31.30 C18:3
C20:1 0.569 0.750 0.866 0.587 1.503 2502 2.098 1.899
3395 0.053 0.189 0.364 0.342 0.383 0.349 0.280 0435
35.18 C22:0
C20:4 0.691 0.966 0972 0.959 0876 1.303 1.726 1.189
36.56 C22:1
C20:5 7.657 5914 6.623 6.512 6.357 4.624 4.207 3900
37.57 — — —_ — 0.461 0.634 0.707 0.787
39.31 0.449 0.479 1.592 1.264 0.893 1.166 1.057 1.055
42.25 C22:4
C22:5 0.601 0.586 0.757 0.662 2715 5.349 3903 10179
46.57 0.851 0.986 1.163 0922 1.304 0.462 0.324 0.294
48.47 0577 0.584 0410 0.768 - — — —
50.33 - — 0.541 0.293 1.513 2.539 1.231 1.055
55.08 C2:6 ND 0.437 2419 1.369 4.962 6.072 7.194 5223

°e areas calculated for peaks corresponding to retention times of 14-SSmin. Other peaks not considered.
Values for pig and cow blood samples | and 6 not included.

studies, diets (pig or cow blood) which were shown to
have high nutritional quality in general also had high
amino acid content. There is extensive literature on
the nutritional evaluation of proteins or protein-
containing feeds for mammals (e.g. Munroe and
Allison, 1964; Campton and Harris, 1970). but there

1s little information on evaluation of proteins in foods
of insects. Bursell and Taylor (1980) measured the
energy values of vertebrate blood as a means of
assessing equivalence between metabolic inputs and
outputs, hut they did not compare the energy values
of blood sumples with different nutritional qualities.

% Areas of GC —pesks for pig and cow blood lipwds

Peak areas (%)

i i

40 1 1 i i n i i L Il 1 |
143 164 177 202 227 254 289 313 352 376 423 485 551
Retention time {mn)
Ssmples
27N - 3 Y 4

Fig. 3. °, Areas of gas chromatography peaks for pig and cow blood lipids at various retention times.



Table & Hacmuopl

J.POKasayo e al.

obin and physical parameters of freeze-dnied pieand cow bloods

Osmotie

Freese-dried  Haemoglobin pressure Particle coumt Particle size

blood samples e, mOsm hg (HY )y ml 16-"]
Pig blood 1 132 282 1.96 419
Pig blood 2 140 R[] 1.82 45.6
Pig blood 3 144 RIE] 207 N6
Pig blood 4 6.1 03 2.62 523
Pig blood § 14.1 29} 197 44
Pig blood 6 143 RT3 167 41.0
Cow blood | 130 e 244 06
Cow blood 2 139 283 jo3 391
Cow blood 3 118 293 253 B0
Cow blood 4 14.5 283 284 538
Cow blood § 133 2 2.98 M7
Cow blood 6 (R 307 REL 36,4
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tional value of proteins resides not only in their
amino acid composition. but also in the quantities of
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