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ABSTRACT

A physiological requirement for Ascorbic Acid (AsA) was demon
strated for the California brown shrimp (Penaeus californiensis).

Wound healing responses of AsA supplemented and deficient IP. 
californiensis and _P» stylirostris were evaluated histologically. Rates 
of inflammatory cell infiltration (including three distinct hemocyte 
types) and fibroblast cells, formation of an analine blue staining 
material (presumptive of collagen), and melanin formation were compared 

graphically and statistically between AsA supplemented and AsA deficient 
groups.

Increased survival and improved wound healing occurred in 
wounded AsA supplemented over AsA deficient calif orniensis and P_° 

stylirostris (the blue shrimp). Fibrocytes and macrophage-like cells 

in the wound granulomatous tissue persisted in AsA deficient shrimp of both 
species after these cells were no longer common in AsA supplemented 
shrimp. The final stages of wound repair in these animals, epithelia 
formation and cuticle synthesis, were delayed or completely inhibited by 
AsA deficiency in both species. In addition, the vitamin was shown to 
be required for hydroxylation of prolyl residues in procollagen of I?. 
californiensis during collagen synthesis.

Histological observations of Black Death (BD) lesions confirmed 
the presence of melanin, associated with these abnormal collagenous tissues.

Ultra-structural observations of melanized BD disease lesions demonstrated a

x
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unique clustered spicule morphology of electon-opaque material, assumed 

to be a peculiar form of melanin, was associated with the lesions.



CHAPTER 1

INTRODUCTION

L-Ascorbic Acid —  Functions
L-ascorbic acid (AsA) acts as a hydrogen and electron carrier

for redox systems within the cell (Mapson9 1954). Until recently9 the
loss of 2H+ from AsA to form dehydro-AsA was thought to be the basis of
its biological activity as a hydrogen carrier. However9 since Yamazaki
and Piette (1961) discovered the existence of a short-lived free
radical, of the ascorbic moiety, a growing body of experimental data
indicates the radical is biologically the most important form of the
vitamin (Lewin, 1976). Figure 1 is a schematic diagram showing the

various stages of oxidation of the ascorbic system, including the forms
of the ascorbic free radical. '

* ■Some ascorbate-utilizing systems, such as peroxidase, and

ascorbic acid oxidase, are able to produce steady states in which the
ascorbic free radical is present in much larger concentrations than '

those attained either under thermodynamic equilibrium conditions (on
mixing of AsA and dehydro-AsA) or under steady state conditions
produced by non-enzymatic processes (Lewin,1976). . Kern and Rocker
(1954) showed that NADH-oxidase activity was stimulated by the
addition of ascorbic acid and further stimulated by the addition of
ascorbic acid oxidase. Schneider and Standinger (1965) concluded that
the ascorbic radical and not dehydro-AsA acts as an electron acceptor

■ • %  " ■  . . .
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for NADH^, since AsA in the presence of AsA oxidase and NADH^ remained 
in the fully reduced state. Their representation of the role of the 

ascorbic free radical (after Lewin, 1976), follows.

R

h2o I R->/OH
Ascorbic acid 

dependent hydroxylation

Ascorbic acid

I
Ascorbic 

Free Radical 
A

Dehydro-Ascorbic acid

NAD

NADH,
Cu Ca

The ascorbic free radical also apparently catalyzes the 
reduction of cytochrome c in the electron transport chain (Yamazaki 

and Piette, 1961). This reaction is schematically expressed below.

Fe

Cytochrome

Ascorbic Acid 
A

Ascorbic 
Free Radical

Cu
Ascorbic
Acid
Oxidase
Cu+

Fe
Dehydro-Ascorbic Acid 

The ratio of the various forms of AsA is a factor which 
regulates both the intracellular and intercellular redox potentials, 
thus potentially directly affecting all metabolic occurrences. When



AsA is added to a number of enzymatic processes associated with hydrox- 
ylations such as NADH^/NAD redox interactions, a significant catalysis 
occurs. In the past, there has been a tendency to view such activities 

only in terms of oxidation/reduction reactions, although recent 
observations indicate that ascorbate may be even more important in 

enzymatic aggregation/disaggregation and biosynthesis of enzyme 

components such as heme (Lewin, 1976).
AsA requirements have been demonstrated for the optimal 

functioning of the following enzymatic hydroxylations:
a. Conversion of prolyl and lysyl residues on the procollagen chain 
to hydroxyproline and hydroxylysine residues in the formation of 
triple-helical collagen (Orten and Neuhaus, 1975), for example: !

?? 0 H
f f

H -C

C—C-]N—CH2—C— 
H
Glycine

Prolyl
Hydroxylase

i-C-G

:H Glycine

OH
Proline Hydroxyproline



b. Conversion of tryptophan to 5-hydroxytryptophan in the formation of 
seratonin (Lewin, 1976)I

NHo
CH2-CH-COOH
Tryptophan

Tryptophan
5-Hydroxylase

CH2-CH— COOH 

5-Hydroxytryptophan

5-Hydroxytryptophan- 
ecarboxylase

IH

ch2-c h2-n h2

Seratonin

c. Conversion of p-hydroxyphenylpyruvate to homogeniesate in the 
tyrosine metabolic pathway (Knox and Le May-Knox, 1951)!

ĉ h2-ch-cooh
NH2 Tyrosine

Transaminase
ch2-c-cooh

0

OH

p-Hydroxyphenolpyrvate

sPHP-oxidase*
Ascorbic acid 

01

*p-Hydroxyphenolpyruvate Oxidase

ch2cooh

Homogentisate
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d. Conversion of folic acid to a physiologically active form, 
tetrahydrofolic acid (Nichol and Welch, 1950)*

HOOC-CH-N-C'

fH2
H00C-CHo Folic Acid

C 2NADPH
Ascorbic Acid

2NADP+
INH,

HOOC-CH-N-CH,

Tetrahydrofolic AcidHOOC-CH,

In addition to participating in enzymatic hydroxylation 
reactions and the electron transport chain, AsA has been shown to 

have substantial detoxifying capacity. The formation of nitrosamines 
from nitrites and various amines at the pH range of the mammalian 
stomach has been found to be prevented by AsA (Kamm et al., 1973). 

The antihistamine effect of AsA is well known (Busieno, 1949; 

Subramanian et al., 1973; Dawson and West, 1965). Since AsA has 
been shown to enhance an increase in cyclic AMP (and cyclic GMP) 
levels (Lewin, 1976) and since histamine is known to influence cyclic 

AMP levels (Rail and Kakiuchi, 1966), the action of AsA in histamine 
detoxification may be via an increase in cyclic AMP concentrations.



By increasing cyclic AMP and GMP levelss AsA may indirectly affect many 
biological activities, including cellular multiplication and differ- 

, entiation. Coupled with its potential to modify cellular redox 
potentials, this effect gives AsA two broad-based modes of action*

It has been demonstrated repeatedly that animals without AsA 

synthesis capability display depleted AsA levels when subject to 
biochemical stress or bodily malfunctions (Goth and Littman, 1948;
Waldo and Zepf, 1955; Hume et al», 1972)e Subsequent intake of 
high levels of AsA result in a rapid massive uptake by the stress 
tissues (Kubler and Gehler, 1970) and result in increased stress 
resistance (Yew, 1973; Coulehan et al., 1974). Additionally, animals 

capable of synthesizing AsA have been shown to increase their 
synthesis multifold when exposed to biochemical stress such as drug 
intake (Longenecker et al., 1940; Conney et al., 1961).

These data indicate that the vitamin is required by stressed 
tissues. One biochemical mechanism for this anti-stress function is 

the previously discussed indirect detoxification of histamine by AsA. 

Another is the reduced rate of oxidation of stress-produced neural 
adrenaline and noradrenochrome without sufficient AsA (Lewin, 1976). 
Reduced leucocyte function, measured by such criteria as resistance 

to fragility, pseudopod formation, motility, and bacteria 
phagocytized per cell per unit of time, has been shown in indi
viduals with low ascorbate levels (Merchant, 1950; Cottingham and 
Mills,.1943; Mills 1949). • ■
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The increased function of leucocytes with high AsA concen

trations is an aid to cellular defense mechanisms» Lewin (1976) has 
suggested that another function of leucocytes may be to transport 
ascorbate to damaged tissues to assist in protein biosynthesis, 
pointing out their extremely high AsA concentrations as evidence of 

this hypothesiso

L-Ascorbic Acid —  Occurrence
The requirement for AsA is a common property of all living 

organisms (Chatterjee et al., 1975). Most organisms are capable of 

synthesizing the vitamin from glucose: in animals by the uronic acid
pathway (Figure 2) and in plants by either the glucose-glucuronic- 

gulonic pathway or the galactose-galacturonate-galaconolactone 

pathway (Figure 3).
There appears to have been an evolutionary shift of the site 

of AsA production from the kidneys of fish, amphibians, reptiles and 
older bird orders (chickens, pigeons, and owls) to the liver of 
mammals and to the liver and kidneys of some more recent bird orders 
(mynas and songbirds). Due to the larger volume of the liver, this 

shift has probably increased AsA synthesis among the more recent 
groups (Chatterjee et al., 1975).

Those animals which are unable to synthesize sufficient AsA 
to supply their metabolic needs must have a dietary intake of the 

vitamin. This intake is supplied by AsA from tissues of ingested . 
plants and animals. Pauling (1970) has suggested that for animals 

which have a ready dietary supply of AsA, it may be advantageous to
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Figure 2. L-ascorbic acid synthesis in animals.

After Chatterjee et al. (1975).
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lose the biosynthetic capability for the vitamin. The reason for this 
assumption is cellular energy expenditure. An animal which ingests the 
vitamin in the active form need not expend the metabolic energy required 
to synthesize it.

Thus 9N environment may have played a key role in determining the 

importance of the biosynthetic capability of the vitamin among animals 
as well as whether a genetic mutation resulting in the loss of such a 
capability would be advantageous or disadvantageous. Such a mutation 
has apparently occurred in the guinea pig, the flying mammals, monkeys, 
and man, by the loss of the gene which codes for the production of 
1-gulonouctone oxidase, the terminal enzyme in the AsA synthesis path
way in animals (Chatterjee et al., 1975) (See Figure 2),

In addition to the above mammals, AsA has been shown to be a 

nutritional requirement of the rainbow trout (Halver and Smith, 1975); 
the channel catfish (Wilson and Poe, 1973); insects (Briggs, 1960; 

Chatterjee, 1973; Chatterjee et al., 1961, 1975; Chippendale, 1975;
Dadd, 1960; Gupta et al., 1975 and Vanderzant et al., 1962) and 
crustaceans (Deshimaru and Kuroki, 1976; Guray et al. , 1976; Lightner, 
1977; Lightner et al., 1977; Magarelli et al., in press).

Ascorbic Acid Deficiency Disease 
The most easily observed disease signs of AsA deficiency in 

mammals are those affecting connective tissue. These signs appear to 
result predominately from non-hydroxylation or reduced hydroxylation of 

proline and lysine residues to HYP and hydroxylysine residues on the 
procollagen chain in the development of mature collagen (Chvapil,
1967).
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The relationship between dietary AsA and collagen formation 

was probably first noted by Aschoff and Koch (1919), who assumed AsA 
deficiency interfered with collagen synthesis outside the fibroblast 
cell. Hojer (1924)$ was the first to suggest that scurvy resulted 

from a weakening of the function of fibroblasts. This hypothesis was 
proved in 1961 by Robertson and Hewitt. In 19665 Cmuchalova and 

Chvapil were able to show that the extent of proline hydroxylation 

by prolyl hydroxylase in collagenous proteins depends on AsA in tissues 
with a high collagen turnover. Thereafter, AsA was shown to be a co- 

factor required by lysyl oxidase in the hydroxylation of collagenous 
lysine (Grant and Prockop, 1972; Miller, 1971; and Miller, 1972). A 
decrease in the production of prolyl and lysyl residues on the pro
collagen chain results in decreased cross linking and reduced physical 
and chemical stability of the molecule (Stryer, 1975). This stability 
is measured by shrinkage temperature, extent of relaxation, swelling, 
and bursting strength of the molecule (Chvapil, 1967).

In scurvy, the physical stability of collagen in organs is 
reduced to the extent that the connective tissue stroma is no longer 
able to provide the necessary support. In man and guinea pigs the 
results are brittle bones which fracture easily and rupture and 

hemorrhage of arteries and capillaries, especially in mucous membranes 
of the mouth and gastrointestinal tract, skin, muscles, and sub

periosteal tissuesi • Teeth are broken and lost. Anemia is common.
X-ray examination of bones in scurvy reveal a white outlining of
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the shaft which is not seen in normal bone. The gingiva is 
particularly affecteds and may show tenderness, swelling, redness, 
ulceration, and even gangrene (Orten and Newhaus, 1975).

After two weeks on>a scorbutic diet, growth in guinea pigs 
ceases and disease signs begin to appear. The joints become swollen 
and tender, and the animals may show signs of pain. A characteristic 

"scurvy position” may be assumed, in which the animals lie flat with 
their hind legs sprawled. At first they may be excitable, but as the 

disease progresses, scorbutic guinea pigs become increasingly lethargic 
(Orten and Newhaus, 1975).

Trout (Halver and Smith, 1975) and catfish (Wilson and Poe,

1973) suffer lordosis and scoliosis of the spine when fed AsA 

deficient diets. Halver and Smith reported that trout on extended 
- feeding trials at low levels of dietary AsA develop shortened or 

crumpled opercles, an unusually thin cranial wall, and petechial 
hemmorrhages of the eye, the lips, the roof of the mouth, and the 

tongue. In addition, distortion of support cartilage and hyperplasia 
of gill tissue occurred among these animals. The thymus of scorbutic 
, fish becomes hemorrhagic and the cranial cartilage becomes thin and 
transparent. Wilson and Poe reported that AsA deficient catfish had 
65% lower serum alkaline phosphatase activity, 42% less dry weight 
vertebral collagen, and reduced collagenous HYP when compared to AsA 
supplemented fish.

Wound healing capability is reduced among AsA deficient rainbow 
trout (Salmo gairdneri) and coho salmon (Oncorhynchus kisutch) (Halver
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and Smith9 1975)• Wounded AsA deficient trout and salmon suffered high 
mortalities in comparison to wounded controls. Histological observations 
of wound tissue revealed no evidence of granulation tissue or collagen 
formation. Ross and Benditt (1962) demonstrated a reduced wound healing 
capability among scorbutic guinea pigs. Wound tissue from scorbutic 
guinea pigs showed reduced (although not absence of) collagen fibers and 
a large amount of a somewhat amorphous, dense material within the inter
cellular space. Fibroblasts with irregular, non-membrane bound lipid 
deposits and rounded and underdeveloped endoplasmic reticulum were also 
characteristic of scorbutic tissues.

Support Structures in Invertebrates

Collagen is a triple-helical protein molecule which assembles

extracellularly to form rod-like collagen fibers (see Appendix A for

a synopsis of the synthesis of collagen). It is the most abundant
support structure in animal tissues, comprising about one third of the
total protein content of most animals' (Stryer, 1975). The structural
and chemical characteristics of collagen distinguish it clearly from
other protein groups. It is best identified by its molecular .
architecture and its amino acid composition, both of which appear to
be unique (Gross and Piez, 1960). Structurally, it is characterized
by specific wide-angle x-ray diffraction patterns and by fibril peri-

oodicity of 600-700A as demonstrated by high-resolution electron 
microscopy.

Chemically, collagen is characterized by an unusually high 
proportion of glycine (about every third residue on the chain) and
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by the imino acids proline and hydroxyproline (HYP) and the amino acid 
hydroxylysine (Gross and Piez, 1960). Histologically9 collagen appears 
as highly elongate*, unbranched, intercellular filaments which stain 
with analine blue. In vertebrate connective tissue, collagen may be 
found in conjunction with two other fibrous proteins: elastin and

reticulin, both of which serve connective tissue functions.
Collagen has been found in all chordates tested and in 

invertebrate phyla including porifera (Eyre and Glimcher, 1971), 

coelenterata (Pikkaranen et al., 1968), nematoda (Chvapil and Ehrlich, 
1975), mollusca (Budall, 1955; Pikkaranen et al., 1968), annelida 

(Rudall, 1955; Watson and Silvester, 1958), ohychophora (Rudall, 1955), 
arthropoda (Rudall, 1955; Smith and Wigglesworth, 1959; Harper et al., 

1967; Thompson and Thompson, 1968) and echinodermata (Watson and 
Silvester, 1958; Eyre and Glimcher, 1971).

In spite of some variation in molecular structure, collagens 
from various phyla appear reasonably homologous. Their varied 

r composition and properties suggest the general outlines of a plan 
of molecular evolution (Mathews, 1975).

The other important structural material of invertebrates is 

the polysaccharide chitin. It has been found in coelenterates, 
nematodes, molluscs, annelids, and onychophores (Rudall, 1955). But 

not until the advent of arthropods did chitin take on the major role 
of covering the entire body surface as well as supporting portions of 
the internal anatomy. Studies on the chitinous exoskeleton of
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arthropods have revealed the presence of chitin and a non-collagenous 
protein (Rudall9 1955)•

It is of interest to note that among arthropods? collagen 
appears to be more abundant (i.e., more easily detected) in crustaceans 
than insects (Rudall, 1955). Both.Richards (1951) and Rudall (1955) 

have had difficulties isolating insect collagens, though more recently, 

improved techniques have led to confirmed reports of insect collagen 
(Smith and Wigglesworth, 1959; Harper et al., 1967). The reported 

higher densities of collagen in crustaceans over insects may be 
explained in terms of the greater masses of most crustaceans over 
insects. Since the other support structure, chitin, is mostly localized 
about the outer surface of the arthropods body, the generally greater 
volume of the crustacean requires increased collagenous support for 
the increased amount of parenchyma not in direct contact with the 
chitin. In addition, since body collagen content increases loga

rithmically with respect to total body weight, larger crustaceans 
have much higher collagen densities than the predominantly smaller 

insects.

Black Death Disease of Penaeid Shrimp 

An AsA deficiency disease of two penaeid shrimp, Penaeus 
califomiensis (Holmes) and stylirostris (Stimpson) has been 

reported (Lightner, 1977; Lightner et al., 1977; Magarelli et 

al,, in press) , A similar disease has been reported for P_. 
aztecus (Lightner, 1977; Lightner et al., 1977). This disease 
has occurred at the University of Arizona Environmental
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Research Laboratory-University of Sonora C.I.C.T.U.S. controlled 
environment shrimp culture facility on the northern Gulf of California 

at Puerto Pehasco, Sonora, Mexico» This facility is developing con
trolled environment aquaculture for penaeid shrimp using continuous- 

flow polyvinyl chloride-lined concrete raceways covered with climate 
stabilizing air-inflated polyethylene bubbles.

The disease was first observed in 1974 (D, V. Lightner, personal 
communication, 1978). In 1975 eight separate epizootics of the disease 
were observed in tanks or raceways housed in non-algal systems (Colvin 
and Lightner, 1977).

Handling stress has had the effect of precipitating disease 
epizootics among superficially healthy shrimp. A bacterial septicemia, 
most often caused by Vibrio spp. and Pseudomonas spp., was occasionally 

observed in diseased animals. However disease mortalities were not 
affected by the administration of oral antibiotics, given as medicated 

feed (Colvin and Lightner, 1977).
The disease, which has been named black death (Lightner, 1977; 

Lightner et al., 1977), was first observed in raceways devoid of 
periphyton algae. It was later discovered that much of the AsA being 
incorporated into the wheat-based, alginate-bound diet of these 
animals was being destroyed at various stages of the diet's processing 
(Magarelli and Colvin, 1978). The disease did not manifest itself in 
periphyton rich systems, apparently because the shrimp were grazing on 
the AsA rich algae. Magarelli? (1978) has measured concentrations 
of from 0.2 to 20 mg AsA/g dry weight in some algaes indigenous to the 
Puerto Penasco intertidal zone.
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Black death disease has a similar pattern of development in both 
juvenile 3?e californiensis and juvenile ]?• stylirostris. Three to six 

weeks after AsA deficient feeding regimes are begun 9 some members of the 
deficient population begin to show signs of stress„ They stop feeding 

and remain in the water column, rather than resting on the substrate as 
is characteristic of healthy shrimp (Lightner, personal communication, 
1976)« Within 24 hours, the first grossly visible lesions appear as small 

(< 0.25mm diameter) blackened areas which expand - and eventually coalesce 
with one another to form the larger, grossly visible lesions» The most 
common, best developed, and typical earliest lesions to develop occurred 
in the hindgut, the gills, and under the pleural plates, especially at 
the points of their articulations. Here the lesions frequently formed 
multiple, blackened bands outlining the pleural articulations dorsally 
and laterally. Lesions-also occurred in the serosa of the stomach, 
the forgut and in the soft tissues of the eye (Lightner, 1977; Lightner 

et al., 1977). Lesions were observed in the telson o f stylirostris, 
but not P. californiensis. This was the only readily apparent differ

ence in the disease's development among the two species.

Histological examination revealed that the lesions occur in 
the loose connective tissues, for example: the subepithelial tissues
of the cuticular hypodermis, the serosal layer of the stomach wall, 
and the serosal, glandular, and epithelial layers of the hindgut. The 
lesions were composed of masses of hemocyes and necrotic tissue, often 
accompanied by a dark brown pigment which has been identified 
histochemically as melanin (Lightner and Redman, 1977).
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This thesis presents evidence to support the hypothesis that 
black death, the AsA deficiency disease of T e califomiensis and P_o 
stylirostris occurs, at least partially, as a result of these animalfs 
inability to form structurally stable collagen without a dietary supply 
of AsA.



CHAPTER 2

HISTOLOGICAL WOUND REPAIR STUDY 

Introduction
A body of presumptive evidence suggested that black death

disease of penaeid shrimp was related in part to an inability of these
animals to form structurally stable collagen when deprived of dietary
AsAo The melanized lesions which are characteristic of the disease
are found exclusively in connective tissue. In addition9 expression
of these lesions is greatest in connective tissues which are most

subject to mechanical trauma (such as the gills, the hindgut, and the

subepithelial connective tissues subtending the articulations of the
abdominal pleura). The disease appears to have a nutritional rather than
infectious etiology. Pathogens are associated only occasionally with the

disease and then only after its initial development.
Black death disease does not affect all AsA deficient shrimp.

Only actively growing juveniles (those involved in the highest rates
of collagen synthesis) are affected. Disease signs are rarely observed
in shrimp larger than 5g,

Wound repair offers a model system in which accelerated growth of

collagen occurs. The wound is an ideal site for the study of the co-
++factors required in collagen synthesis (i,e,, Fe , cx-ketogluterate 

and ascorbic acid) since the accelerated metabolism of collagen in 
this area reduces the levels of the required cofactors at a much

20
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faster rate than in other tissues. In addition9 if AsA is required for 
collagen synthesis9 other AsA dependant activities will be more affected 
in the wound vicinity of deficient animals than in many other tissues9 

due to the more rapid depletion of AsA in wound tissues#
The effect of scurvy upon scar tissue was known even before 

its etiology was. Anson (1748) and Lind (1772) both noted that old 
healed scars had a tendency to break down among scorbutic individuals. 

With the discovery by Holst and Frolick (1907) that the guinea pig is 
subject to scurvy9 the relation of scurvy to scar tissue formation 
could be actively studied. Wolbach and Howe (1926) were the first to 
observe that newly formed wound repair granulation tissue in scorbutic 
guinea pigs is deficient in collagen fibers. Two reports of Abt and 

coworkers (1959a) and (1959b) confirmed the requirement of AsA for 
wound collagen formation and maintenance in guinea pigs9 and demon
strated a direct relation between dietary or tissue AsA and the 
strength of healing wounds. Ross and Benditt (1962) made further 
observations on the differences in wound repair by scorbutic and 
normal guinea pigs. They reported reduced collagen and capillary 

formation as well as delayed movement of fibrocytes and macrophages 
from wounds of scorbutic and normal guinea pigs.

This study examines wound healing in normal and AsA deficient 
penaeid shrimp of two species: T\ califomiensis and IP. stylirostris9
presenting evidence .that AsA is required by these animals for optimal 
wound healing. In addition, this study is a continuation of penaeid 
wound repair studies conducted by Fontaine and Lightner (1973, 1975) and 
more generally, a contribution to crustacean defense response literature.
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Materials and Methods

Experimental Animals

Po californiensis and stylirostris were reared pre

experiment ally in controlled environment 9 flow-through raceways or 
aquaria by a method previously described by Salser et al» (1977)•
At the start of the experiment, the _P, californiensis were 84 days old 
and weighed an average of 0,7 g. The _Pe stylirostris were 50 days old 
and weighed an average of 0.07 g.

Experimental Design
Ninety-six 3?« californiensis wete randomly distributed equally 

among six 351 fiberglass continuous-flow aquaria. One hundred and fifty 

]?. stylirostris were randomly distributed equally into another six 35£ 
fiberglass aquaria. Half of each population (i.e., three tanks) received 

a diet without added AsA and the, other half of each population received 
a diet with 2 g added AsA/kg feed (see Table 1 for components of the 

basal diet).
Records of daily mortalities were kept. Gross signs were first 

observed 17 days after experimental feeding began among the P_. 
califomiensis and 25 days after experimental feeding began among the 
P_o stylirostris. All experimental shrimp of a species were wounded 

after gross signs of black death had been observed among some members of 
the deficient group..

Four _P. califomiensis from each treatment (AsA supplemented 
and AsA deficient) were sacrificed for histology at 6 hr, 3 days.
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Table 1. Composition of the, basal diet .

Ingredients % of Basal Diet

Wheat, whole ground 35.6
Soybean oil meal (48%) 10.2
Sun dried shrimp meal 15.2
Menhaden fish meal 15.2
Isolated soy protein 16.2
Spray dried menhaden solubles 2.0
Cod liver oil 2.0
Tricalcium phosphate .5
d ,1-Lysine .3
d, 1-Methionine .3
Ascorbic acid free vitamin premix .5
Sodium alginate 1.0
Sodium hexametaphosphate 1.0

"*"The calculated proximate analysis of the basal diet was % protein 39.6, 
% fat 4.4, % fiber 3.0, GE (Kcal/Kg) 4130, % calcium 2.2, % phosphorus 
1.0, Ca/P 2.2

2The vitamin premix provided the following vitamins per kg final feed 
product: A, 201,000 I.U.; Bi, 30 mg; Bg, 2,700 g; Bfc, 30 mg; Bi2»
0.495 g; Dg, 2,000 I.U.; E, 19.4 I.U.; K (menadione S.B.C.), 50 mg; 
Niacin, 18 mg; d-Pantothenic acid, 90 mg; Folic acid, 50 mg; Biotin,
50 g; Inositol, 1,100 mg.
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7 days, 11 days, and 15 days post-wounding» Four P_° stylirostris from
each treatment were sacrificed for histology at 6 hr, 12 hr, 1 day, 2 
days, 4 days, 6 days, 10 days and 14 days post-wounding.

Wounding Methodology

A preliminary study was conducted to determine suitability of 
wounding materials and methods» Polyethylene thread was selected since 
it elicited a strong wound healing response, remained stable for at 
least two weeks following insertion, and could be left in the wounded 
tissue for sectioning.

All experimental shrimp were wounded laterally through the 
central portion of the musculature between the first (nearest thorax) 
and second abdominal segments. Polyethylene thread on a conventional 
sewing needle was passed through the cuticle and musculature and the 
two ends of the thread protruding from either side of the animal were 
tied together dorsally over the animal.

To minimize wounding trauma and to insure uniformity of 

wounding, the shrimp were placed in a v-shaped cradle and immobilized 
with a mesh cover during wounding. The entire process took less than 

30 seconds per animal.

Histological Methods
The entire wound (with the wounding thread intact) was excised 

from each shrimp and-fixed in 4% cacodylate buffered gluteraldehyde. 
These tissues were dehydrated in a graded series ethanol and embedded



in a high melting point C60o-62°C) paraffin. Tissue cross-sections 
were cut9 mounted, and stained with either hemotoxalin and eosin or 
Massonfs trichrome stain.

Subsequently, the wound cross-sections were evaluated micro

scopically for extent of hemocyte infiltration, melanization, collagen 

synthesis (by Massonfs staining), epithelial formation, and cuticle 
synthesis.

Results

Mortalities
The first confirmed black death mortality occurred among the 

AsA deficient population of _P „ califomiensis 17 days after exper
imental feedings were begun. The following day all animals were 
-wounded. ' The AsA deficient population of californiensis suffered 
the highest mortalities of the study on the day following wounding.
Of 11 mortalities, nine were confirmed black death cases (Figure 4 ). 

These"mortalities rates were almost four times those incurred by the 
similarly wounded AsA supplemented population on this date. Inter
mittent cases of black death occurred among the AsA deficient IP. 
califoriiiehsis for the remainder of the study. No black death was 

observed among the AsA supplemented population of P_0 calif orniensis.
The elevation of mortalities of AsA deficient over AsA 

supplemented T\ stylirostris was not nearly so dramatic as in the 

T. californiensis. On the day of wounding 10 mortalities were
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observed among the AsA deficient population (eight with gross signs 

of black death). There were three wounding day mortalities among the 

AsA supplemented population, which is less than a third of those 
suffered by the deficient group e However 9 on the first day post 

wounding, mortalities among the two groups-were nearly equal (eight 
for the deficient population and seven for the supplemented popula

tion) , and none of the mortalities among the AsA deficient population 
had gross black death signs „ As was the case for the AsA deficient 
IP* californiensis, the deficient stylirostris continued to incur 
periodic black death mortalities throughout the remainder of the 
study.

Histology
The observed wound repair process in both species of penaeid 

shrimp (P. calif orniensis and I?, stylirostris) fed both AsA 
supplemented and AsA deficient diets consisted of hemocyte cell 

infiltration and encapsulation, melanization of the wound perimeter, 
formation of intercellular material, and subsequent formation of. new 

epithelia and cuticle. Differences in wound healing response be
tween AsA deficient and AsA supplemented shrimp of both species 

were expressed primarily in terms of intensity of the response with 
time. This data has been presented graphically as indices which 

reflect the wound area abundance of fibrocytes, granulocytes, 
agranulocytes, macrophage-like cells, and necrotic cells as well as the 
extent of melanization, formation of intercellular material, and 
formation of new epithelia and cuticle. Significant differences by
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t-test between nutritional groups at 90% and 95% confidence intervals 
• are indicated on the graphs by the symbols * and ** respectively. 
Figures 5-14 and Tables 2-3 give histological and descriptive defi

nitions of these indices.
The wounding material (polyester thread) elicited a strong 

cellular wound repair response in all wounded shrimp. A migration of 
cells into the wound vicinity was observed by 24 hr post-wounding in 

all groups (Figure 15)e Cell infiltration occurred slightly more 
rapidly in AsA supplemented shrimp of both species than in AsA 

deficient shrimp. By 4 days post-wounding9 the greatest number of 
inflammatory cells had migrated into the wound vicinity in both 
species. In most cases these inflammatory cells were at least 10 
concentric layers thick around the wound (cross-section). By 11 days 

most of the cells had dissipated in the AsA supplemented groupss 
while those among the AsA deficient group were still present in the 
highest levels observed.

Formation of an intracellular analine blue staining material 
(presumptive evidence of collagen) generally increased among all 
shrimp through the course of the experiment (Figure 16;. Little 
difference was observed in the time of occurrence of this process 

between AsA supplemented and deficient groups of both species. However9 

in AsA deficient shrimp newly formed intercellular material appeared 
more amorphous9 less fibrilar, and more magenta than blue in a 

Masson*s trichrome preparation when compared to intercellular material 
from AsA supplemented groups.



29

Figure 5. Ascorbic acid supplemented Penaeus californiensis 6 hr 
post-wounding.

The wound channel (W) with wounding thread is seen at the top of the 
micrograph. Muscle bundles (MB) and their connective tissue stroma(s) 
appear normal, except that some cytoplasmic darkening is seen at the 
wound perimeter. Hemotoxylin and eosin staining, x 800.

Figure 6. Connective tissue stroma from wound vicinity of ascorbic 
acid supplemented _P. californiensis 6 hr post-wounding.

The stroma(s) between muscle bundles near the wound is congested with 
inflammatory cells (mostly of a single type with chromatin-dense 
nuclei and scant cytoplasm that are migrating into the wound area. 
Hemotoxylin and eosin staining, x 4,000.
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Figure 7. Ascorbic acid supplemented P̂. californiensis 12 hr post- 
wounding.

Several layers of inflammatory cells with pyknotic nuclei (P) along a 
plane parallel to the wound channel (W) . Macrophage-like cells (M) , many 
showing nucleolei, have become abundant. Some granulocytes (G) and 
peculiar vacuoles are present. Hemotoxylin and eosin staining, x 1600.

Figure 8. Ascorbic acid supplemented Py californiensis 3 days post- 
wounding .

Melanization is occurring along a plane of necrotic hemocytes all of 
which have pyknotic nuclei (P) . Eosinophilic granules are present (E) 
some of which are releasing their eosinophilic granules adjacent to the 
melanin band (EG). Vacules are present. Hemotoxylin and eosin 
staining, x 4,000.
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Figure 9. Hemocytic encapsulations in wound granulomatous tissue
from a wounded ascorbic acid deficient P̂. californiensis 
at 7 days post-wounding.

The wound channel (W) is visible at top left. Two small melanized 
hemocytic encapsulations (ME) and a larger non-melanized encapsulation 
(E) which appears to have formed around a wounding thread fiber. 
Intercellular material appears amorphous rather than fibrous, M = 
macrophage-like cell. Fi = fibrocyte. A = agranulocyte. Hemotoxylin 
and eosin staining, x 1,600.
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Figure 10. Ascorbic acid deficient P̂. californiensis 7 days post- 
wounding .

A thick band of heavily melanized inflammatory cells with pyknotic 
nuclei (MEL) separates the necrotic tissue (N) around the wound 
channel (W) from the underlying granulomatous tissue. Hemotoxylin 
and eosin staining, x 1,600.

Figure 11. Ascorbic acid supplemented _P. californiensis 7 days post- 
wounding .

The melanized necrotic tissue has separated from the new tissue. A 
new epithelium (EP) has migrated into the wound area. Still abundant 
in the wound granuloma tissue are fibrocytes (Fi), granulocytes (G), 
and agranulocytes (A). Intercellular material appears fibrilar. 
Masson's trichrome staining, x 2,200.
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Figure 12. Ascorbic acid deficient P̂. californiensis 15 days post- 
wounding .

A massive, heavily melanized wound plug (MEL) is surrounded by 
extensive granuloma tissue with amorphous intercellular material and 
abundant fibrocytes and macrophage-like cells. Masson’s trichrome 
staining, x 1,600.

Figure 13. High magnification of ascorbic acid deficient _P. 
californiensis 15 days post-wounding.

No fibrous intercellular material is present. 
staining, x 4,000.

Masson’s trichrome
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Figure 14. Ascorbic acid supplemented 1?. califomiensis 15 days 
pos t-wounding.

New epithelia (EP) and cuticle (CU) have formed and are supported by 
a thin, fibrous, connective tissue layer (CT). The major cellular 
component of this layer is fibrocytes. Hemotoxylin and eosin staining, 
x 1,600.
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Table 2. Descriptions of indices describing the extent of various 
wound repair factors.

Extent of Hemocyte Abundance
1) None to 40 cells
2) 1-8 layers around wound
3) 8-15 layers around wound
4) More than 15 layers

Extent of Analine Blue Staining Material
1) None
2) Trace
3) More (5-20% of granulomatous area)
4) Most (more than 20% of granulomatous area)

Extent of Melanization
1) None
2) Isolated melanized encapsulations
3) Moderate melanization of wound perimeter
4) Extensive melanization of wound perimeter

Extent of Epithelia and/or Chitin Formation
1) None
2) Incomplete
3) Complete



Table 3. Evaluations of wound repair photomicrographs by wound repair factor indices.

Figure
Hemocyte
Abundance Melanization

Analine Blue 
Staining Material

Epithelia
Formation

Cuticle
Formation

5 1 1 1 1 1

7 * 3 vl 1 1 1

8 3 4 2 1 1
10 3 2 3 2 1
11 4 4 3 1 1

12 3 1 4 3 3
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Melanization appeared to have occurred more randomlye The only 

.trend it showed was a general increase through day 10 (Figure 17). No 
difference between AsA supplemented and deficient groups was observed.
The melanization process appeared to have been complete among the P_. 
californiensis by two weeks post—wounding«, but not among the _P. 
stylirostris.

Both epithelia and cuticle formation in both P_. ' calif of hiensis 
and P_« stylirostris lagged in. AsA deficient compared to AsA supple
mented groups (Figure 18 ). These phenomena were most pronounced at 14 
days post-wounding in 3?. stylirostris. Among these animals, the 
processes were completed in all AsA supplemented animals and none were 

completed in the AsA deficient population.
Four distinct inflammatory cell types were present9 in addition 

to cells with non-differentiable pyknotic nuclei. These included:

1) A cell with a spindle-shaped fibroblast-like nucleus of dimensions 

5 y by 25 y that was highly basophilic (Figure 9).
2) A macrophage-like cell with a small chromatin dense, spherical 

nucleus with a 5y diameter and extensive, irregular hypochromatic 
cytoplasm of average dimensions 16p by 22p (Figure 7).
3) A granulocyte with spherical (8-10p diameter) basophylic nucleus and 
abundant eosinophilic granules in an extensive (13 by 15i0 cytoplasm 
(Figure g).
4) An agranulocyte with speroid (8-10y) chromatin-dense nucleus and 
a small amount of slightly basophylic cytoplasm (Figure 9) and,
5) Necrotic cells with nuclei in various stages of degeneration. These 
cells were not identifiable as to cell type (Figures 7, 8).
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The abundance of each of these five cell types involved in the 

wound healing process was monitored by proportion of cell type per 
random count of 100 cells. These proportions were multiplied by the 

index of abundance of cells in the wound vicinity to obtain indices 
of the abundance of each cell type at each sampling period. This is 

a more accurate representation of cell abundance than the method of 
Ross and Benditt (1962) since their method takes into consideration 

only density of the various cell types determined by cell count per 
high field on the microscope, while this method considers both inflam
matory cell density and overall abundance of these cell types throughout 
the inf lammed wound area.

By 12 hr post-wounding, fibroblasts were observed in the 

wound vecinity in both shrimp species fed both diets (Figure 19)• By 
day 2 for stylirostris and day 7 for P , californiensis, AsA 
supplemented shrimp showed the most numerous fibrocytes, while AsA . 
deficient shrimp fibrocyte expression lagged behind,

Fibrocyte numbers declined -in AsA -supplemented shrimp of both species 
throughout the remainder of the study. In contrast, fibrocyte levels 

among AsA deficient shrimp continued to increase until the experimentf s 

termination.
The macrophage-like cell with hypochromatic cytoplasm was at 

its highest levels in IP, calif orniensis given the AsA supplement.
12 hrs post-wounding-(Figure 2 0) ir Thereafter, the levels of the cells 
in supplemented JP. californiensis decreased until the 15 day post- 
wounding sampling period, at which time virtually none were observed.
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AsA deficient ]?<, californiensis showed a delayed response of the 
macrophage-like cells. Among this group? maximum levels of these cells 
were not reached until 3 days post-wounding9 and a significant number 
of these cells remained in the wound vicinity at 15 days post-wounding.

In the P. stylirostrisg the response of this cell type was 
stronger at 6 hr, 12 hr and 1 day in AsA deficient than in the AsA 
supplemented animals. The abundance of macrophage-like cells there
after was similar in both groups until the tenth and fourteenth days 

post-wounding. By this time, the numbers of these cells were greatly 
reduced in the AsA supplemented population but persisted at high 

levels in the deficient population. The infiltration of these 
hypochromatic cells into the wound vicinity was generally more 
dramatic in I\ californiensis than _P. stylirostris.

  The abundance of agranulocytes in the wound perimeter of P_.
californiensis was highest in both AsA supplemented and AsA deficient 
groups at 6 hr post wounding (Figure 21). Thereafter the numbers of 
these cells gradually decreased in both groups. ]?. stylirostiis of 

both groups showed no trend with respect to these cells. The major 
variations between AsA supplemented and deficient groups of P. 
stylirostris were a dramatic increase of this cell type in the 
supplemented group at day 2 (at which time numbers among the defi

cient group dropped) and continued persistence of these cells at days 
10 and 14 in the deficient groups (during which time levels of these 

cells among the supplemented group greatly decreased.

Eosinophilic granulocytes were initially much more abundant 
- “in-" AsA supplemented than AsA deficient ]?. calif orniensis (Figure 22) «-
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In addition AsA supplemented animals showed the greatest numbers of 
these cells. By day 11* the levels of these cells had dropped precip

itously in the AsA supplemented ]?. californiensis* and by day 15 none 

were observed. Eosinophilic granulocyte levels of the.AsA deficient 
population* in contrast, dropped very slowly. These cells were still 
relatively abundant in the deficient population by day 15. Deficient 
P_. stylirostris demonstrated higher maximum levels (at day 2) and 
lower final levels of eosinophilic granulocytes than did supplemented 
animals.

Necrotic cells with pyknotic nuclei were observed by day 7 
in both groups of 1?. californiensis, and by day 1 in both groups of 
P. stylirostris (Figure 23). These/cells reached a higher level

in P. stylirostris, and were still relatively abundant at day 
15 among these animals. Wound healing was sufficiently advanced in the 

supplemented group of _P. californiensis that no necrotic cells were 
observed in the wound area of these animals by day 15.

Figures 5-14 are photomicrographs of the various stages of 
wound repair in AsA supplemented and deficient P̂. calif orniensis. All 
are cross-sections. Table 2 which follows these photomicrographs 
indicates levels of the various wound repair parameters used for 
graphical analysis. Since I?, stylirostris displayed virtually iden

tical wound repair responses to P̂. calif orniensis, photographs are 
presented for one species only.
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Discussion
The increased mortalities incurred by AsA deficient over -AsA 

supplemented 1? * californiensis and P̂« stylirostris following wounding 

(Figure 4.) indicate an increased requirement for the vitamin during the 
initial 24 hours following wounding. After this interval, death among 
AsA deficient and supplemented groups of both species was equivalent.

This may have been because shrimp which had depleted or nearly depleted 
AsA tissue levels died in the first 24 hours following wounding. Those 

shrimp which survived may have had substantial tissue AsA, even though 
they had been fed a deficient diet for as long as the depleted animals. 
One example of such a biochemical variability is that of Williams and • 
Deason (1967) who have observed a twenty fold variation in AsA needs 
of a population of 100 guinea pigs. Factors which could affect an 
individual's ASA needs include differences in physiological requirements, 

differences in storage capability, and a degree of synthesis capability 

among some members of the population.
The decrease in mortalities starting 4 days post-wounding 

among both groups of californiensis was a result of the decreased 
sizes of the populations after that time. The differences in mortality 
rates between AsA supplemented and deficient F. californiensis was

greater than the differences between the two JP. stylirostris groups.

This difference among the AsA supplemented groups was viewed in terms of 
size difference in the experimental animals used rather than species' .. 
differences, since the JP. californiensis were an order of magnitude 
larger than the IP. stylirostris and hence were less sensitive to



wounding and handling stresses» Numbers of necrotic cells also sup
ported this hypothesis (Figure 23)° These cells were no longer present 
at 15 days post-wounding in AsA supplemented califomiensiswhile 
they were still quite common among the deficient californiensis 
groupo The smaller P * stylirostris9 in contrast, had relatively more 
necrotic cells in the wound area than the ?«, calif omiensis throughout 
the experiment« At 14 days post-wounding, necrotic cells were still 
present in wound tissue of both AsA supplemented and deficient _P» 

stylirostris« In addition, by the second wounding period, melanin 

levels were still high in both groups of P_» stylirostris, but absent in 
both groups of P_e calif omiensis,

Figure 15 shows that inflammatory cells were able to migrate 
into the wound area faster among AsA supplemented shrimp of both 
species - than-among-AsA -deficient individuals, although this difference 
was small• One possible explanation for this phenomenon is the en
hancement of cyclic AMP and cyclic GMP levels by AsA. Hence, overall 
metabolic capability in deficient shrimp would be less.

Cells migrating to the wound vecinity appear to be less dif
ferentiated than cells already in the wound area. This observation 

implies that one or two precursor cell types may migrate to the wound, 

at which time they differentiate into the needed cell types. The 
macrophage-like cell, granalocyte and agranulocyte cells described in 

this study may be equated to the monocyte cell type, explosive r - 
granulocyte, and lymphoid type cell,respectively,described in Toney's 

1958 study of crustacean blood cells.



The persistently large numbers of inflammatory cells in the 
wound areas of AsA deficient shrimp of both species by the last two 

sampling periods indicate a decreased ability of these animals to 

properly heal wounds. Examination of wound-area cells revealed that 
these high .levels were predominantly due to persistent fibrocytes and 
macrophage-like cells (Figure 19 , 20). Ross and Benditt (1962) were 
able to show similar high levels of these two cell types in 10-13 day- 
old wounds in scorbutic guinea pigs. The persistent levels of fibro
cytes in scorbutic guinea pigs and AsA deficient shrimp implies re

duced function of these cells. However9 it must not be assumed that 
this loss of fibrocyte function is the sole cause of the extensive forma
tion of .granulomatous tissue and the high macrophage numbers in AsA 
deficiency animals, Eauss, Juge-Hinlsing<, and Gerlach (1968) have re-

- ported mesenchymal-tissue effects in AsA deficiency diseases as well.  ..

A number of possible mechanisms for this phenomenon are given in the 
introduction of this thesis..

~ - Uhestam-and-'Nylarid (1972) demonstrated a melanization process - -
in crayfish (Pacifastacus leniuscuius and Astacus astacus) in response 
to parasitic fungi in vitro and in vivo. This process consisted of 

four stages:
1) adherence of hemocytes to the fungal hyphae 9
2) "explosion" or disintegration of hemocytes with osmophilic granules,
3) formation of a light-refracting zone on the hyphal surface, and
4) melanization of this zone.
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A similar phenomenon was observed among the wounded shrimp • 
Figure 8 shows numerous eosinophylic granulocytes releasing their 

granules along a melanizing zone„ - In addition to the large melanized 
band formed around the wound perimeter, melanized encapsulations con

taining small numbers of cells were common in the wound tissue (Figure 
9)• It is suggested that the agranulocyte cells reported here are 
granulocytes which have released their granules or have not yet formed 
granules. It is generally accepted that the melanization process is an 

integral part of crustacean defense response.

Unestam and Ajaxon (1976) demonstrated that melanization 
interfere with growth of fungal hyphae. Unestam and Beskow (1976) 

suggested that the eosinophilic graulocytes contain polyphenol oxidase, 
and that in the presence of molecular oxygen, polyphenyl oxidase 
converts DOFA into a quinone. This quinone is rapidly converted to 
dopachrome, which the authors believe is polymerized to form melanin.

Formation of the analine blue staining material, a presumptive 
test for collagen formation, correlated well with fibrocyte infil
tration. Increases in formation of this material were observed by the 
sampling period which followed an observed increase in fibrocytes in 
the wound area (Figures 16 and 19). No appreciable difference in the 
amount of this material was observed between wound tissues of AsA 
supplemented and AsA deficient shrimp (Figure 16), although it was 

less fibrilar and more of a magenta hue in Masson1s trichrome 
preparations among deficient shrimp. Analine blue is not a specific
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stain for collagen, since it will also stain other related compounds 
(Creep and Weiss, 1973)• It is therefore conceivable that the 
amorphous material being stained by analine blue in AsA deficient 
wounds contained under-hydroxylated procollagen.

Ross and Benditt (1962) noted abundant droplets (apparently 
lipid droplets) associated with wound granuloma tissue of scorbutic 
guinea pigs. Similar droplets were present in AsA deficient shrimp, 

but they were equally abundant in the AsA supplemented controls.
The final stages of wound repair in penaeid shrimp are 

epithelia formation and cuticle synthesis. Both of these processes 
occurred more rapidly in AsA supplemented than AsA deficient shrimp 

of both species (Figure 18). This may be related to the extensive 
granulation tissue still present in deficient animals by the final 
sampling period and may indicate that this tissue was unable to 
support developing epithelia and cuticle. No. evidence is present to 
suggest that these processes, per se, in penaeid shrimp are directly 
dependent upon AsA intake.



CHAPTER 3

FURTHER STUDIES ON THE NATURE OF 
BLACK DEATH DISEASE OF PENAEID SHRIMP

Introduction

The work of Lightner et al. (1977) and Lightner (1977) demon

strated a nutritional requirement for AsA in penaeid shrimp» Chapter 2 
illustrates some functions of the vitamin in penaeid nutrition• The 

next step in understanding the vitaminvs role in penaeid nutrition was 
to determine whether a physiological need for it existed or if its sole 
function was as an antioxidant protecting the biological activity of 
another dietary component•

This study tests the physiological requirement of the vitamin 
and further describes black death disease of califomiensis and IP.
stylirostris in terms of disease dynamics and survivorship 5, new 

histological observations, as well as ultrastructural observations»

Materials and Methods

Experimental Animals
calif omiensis and P. stylirostris were spawned and raised 

at The University of Arizona/University of Sonora controlled environment 
aquaculture facility in Puerto Penasco, Sonora, Mexico using techniques

described by Salser et al« (1977)• Fifty-nine day old _P. californiensis
!with an average initial weight of 560 mg were used in the following 

experiment«



Epizootic Experiment
One thousand four hundred and forty P_. californiensis were 

randomly distributed into each of three 2500 & fiberglass, flow-through 

aquaria„ Water temperature and flow rate varied between 22-27°C and 
600-800% daily exchanges respectively» Salinity was constant at 34 ppt, 

The control population received a diet containing 0.11% added 
AsA throughout the experiment. The other two populations received diets 
containing no added AsA.. - After the BD syndrome began to reach epizootic 

proportions among the AsA deficient shrimp, the population with the more 
severe epizootic was given a daily special AsA supplement (SAAS) con
taining 10% AsA, while the other AsA deficient population received a 

placebo. Tissue samples for AsA analysis and histological examination 
were taken and population counts made at 0, 4,-6, 7, -8, .9, 10, 11 and 12 
weeks after experimental diets were initiated.

Diet, Special AsA Supplement and Placebo Preparation
The diets fed in this experiment were identical except for AsA 

content. The components of the AsA deficient diet are listed in Table 
1. A small percentage of the wheat was substituted for AsA in the 
control diet.

The placebo consisted of 80% a -cellulose as carrier, 4% dried 
fish solubles as attractant, 10% carboxymethylcellulose as binder and 

6% sand to increase density (Magareili, 1978). In the formation of the 

AsA supplement, some cellulose was removed from the placebo recipe to 
compensate for the addition of 10% AsA.
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Ascorbic Acid Analysis

Whole body tissues were analysed by a modification of the AOAC 
method (43„055) (Horwitz, 1975) as previously described (Magarelli and 
Colvin9 1978). A minimum of three samples of three shrimp each were 

averaged for each tissue AsA value reported.

Histology

Shrimp with signs of black death and control shrimp were 
preserved for histology in Davidson7s fixative (Humason9 1967). Tissues 
for histological examination were dehydrated in a graded series of 
ethanol and embedded in paraffin. Five micron thick tissue sections 
were mounted and stained with either hemotoxylin and eosin or Masson7s 

trichrome stain.

Ultrastructure

Black death lesions of penaeid shrimp were excised and immersed 
in cold (4°C) 4% cacodylate buffered gluteraldehyde for 12 hr9 rinsed

in several changes of buffer5 and post-fixed in 1% osmium, tetroxide for 
1 hr. These tissues were subsequently dehydrated in a graded series of 

increasing concentrations of ethanol in water 9 infiltrated in a graded 
series of increasing concentrations of Spurs low viscosity embedding 

medium in ethanol5 and polymerized in Spurs at 70 C for 16 hr. Un
stained thick sections approximately 1 micron thick were examined using 
phase microscopy in order to locate black death lesions among the other 
tissues. Thin sections (gold to silver) were cut on a Porter- 
Blum model MT-1 ultramicrotome 9 mounted on uncoated 300 mesh copper
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grids9 and stained in saturated -aquaeus uranyl acetate for 2 hr, rinsed 

and stained in ReynoldTs lead citrate (Reynolds, .1963) for 15 minutese 
The tissue sections were viewed using a Phillips Model 200 electron 

microscope.

Results

Population Dynamics and 
Occurrence of Black Death

Black death disease was first observed among AsA deficient P_„ 
californiensis by the twenty-first day of experimental feeding (Figure 
24). Black death incidence continued to increase in both AsA deficient 

populations until the administration of the AsA supplement to the 
population suffering the most severe epizootic" was begun on day 52. 

Thereafter, only one animal with black death was observed in the newly 
AsA supplemented population while the disease continued to occur at 

high levels in the remaining AsA deficient population. No occurrence 
of black death was observed among the control population.

Population counts from this experiment showed a large drop in 
survival of AsA deficient shrimp by the four week sampling period 
(Figure 25), well after the disease epizootic had begun. Survival 
rates between sampling periods was further reduced until after the 
administration of the AsA supplement. At this time, a dramatic im
provement of survival rate occurred among the newly AsA supplemented 
population, while the survival rate among the remaining AsA deficient 

population continued to decline.



Figure 24, Incidence of Black Death in Penaeus californiensis receiving a placebo 
special ascorbic acid supplement (SAAS).

Supplement administered ......
Population receiving (SAAS) supplement _ _ _ _ _
Population receiving placebo supplement ........
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Whole Body Ascorbic Acid Levels
After 50 days on the experimental diets the AsA levels of AsA 

deficient T\ californiensis were one-eighth to one-quarter of the levels 

monitored in the supplemented P_° calif orniensis (Figure 26) « An increase 
in As A levels in deficient shrimp occurred after they were administered 
a special AsA supplement5 although these increased levels did not reach 

those of the AsA supplemented controls. AsA levels in the JP, 
californiensis receiving the-placebo remained essentially unchangede

Gross and Histological Observations

Black death disease, observed in both calif orniensis and P_.

stylirostris, was characterized by blackened lesions, especially under 

the exoskeleton in the abdomen and carapace, in the gills, and in the 
forgut and hindgut (Figure 27) . The only grossly observable differ
ence in the disease among the two species was that lesions were 
typically present under the carapace in the telson of P_° stylirostris 
but not of IP. calif orniensis,

The initial and most commonly observed lesions of an animal with 
BD were in the hindgut or on the gills * Subsequent lesions commonly 

appeared in the stomach, the dorsal portions of the brachial cavities, 
and the subepithelial tissues subtending the articulations of the 

abdominal pleura.
The lesions developed as small (<0,25 mm diameter) multiple 

black foci. The blackened tissues defining these lesions subsequently 
expanded and eventually coalesced with one another to form the larger, 

grossly visable lesions.
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Figure 27. Gross photograph of Penaeus californiensis with 
experimentally induced black death disease.

This moribund, ascorbic acid deficient shrimp shows extensive 
melanization of the branchial cavity (B), tissues underlying the 
articulations of the abdominal pleura (P), and the hindgut (H).
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Histologic studies demonstrated that the blackened lesions 

were typically found in the loose connective tissues, e.g., the sub- 
epithelial tissues of the cuticular hypodermis, the serosal layer of 

the stomach wall, and the serosal, glandular, and epithelial layers of 
the hindguto

These lesions were composed of masses of hemocytes and tissue 
debris, often accompanied by a dark brown pigment which has been 
demonstrated histochemically to be melanin (Lightner and Redman, 1977) 

(Figures 28, 29). These observations revealed that the same cell types 
were present in BD lesions as were seen in the wound repair study 
(Chapter 2). Opportunistic bacterial and fungal pathogens were occa
sionally found associated with the lesions, but only after their 

initial development.

Ultrastructural Observations
Widespread necrosis of cells and tissues was apparent in black 

death lesions upon ultrastructural observation. Membrane dissolution 
was common (Figure 30). Cisternae of rough endoplasmic reticula 
generally appeared dialated.

The most striking feature of these lesions was dark, rod-like 
spicules which occurred singly or in groups which often radiated from 
a central axis (Figures 30, 31, 32). These spicules were found exten
sively throughout the lesions in cytoplasm and the intercellular matrix. 

Figures 31 and 32 show a fibroblast nuclei and a hemocyte cell respec
tively, both surrounded by the spicules. Electron microscopic



Figure 28. Light micrograph of subcuticular black death lesion
of ascorbic acid deficient Penaeus stylirostris.

Hemocytic nodules (H) have replaced the epithelium and subepithelial 
connective tissues. The overlying cuticle has not been affected. 
Masson’s trichrome staining, x 1400.
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Figure 29. Light micrograph of black death lesion in the hindgut 
of an ascorbic acid deficient Penaeus stylirostris.

This multiple lesion is composed of melanized nodules (N) of 
flattened hemocytes, many with pyknotic nuclei (P). Associated 
inflammatory cells include agranulocytes (A), and macrophage-like 
cells (M). Hemotoxylin and eosin staining, x 1400.
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Figure 30. Electron micrograph of necrotic tissue of black death
lesion from ascorbic acid deficient Penaeus stylirostris.

Rough endoplasmic reticula (RER) are dialated although little 
material is seen within their cisternae, clustered electron-dense 
spicules (S), and eroding organelle membranes (E). Gluteraldehyde/ 
osmium fixation. Uranyl acetate/lead citrate staining, x 54,000.
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Figure 31. Fibroblast nuclei and surrounding tissue from black 
death lesion of ascorbic acid deficient Penaeus 
stylirostris.

Tissue surrounding this fibroblast (Fi) is heavily infiltrated with 
electron-dense spicule clusters. Gluteraldehyde/osmium fixation, 
uranyl acetate/lead citrate staining, x 26,795.



Figure 32. Electron micrograph of hemocyte from black death
lesion of Penaeus stylirostris.

Electron-dense spicule clusters outline the cytoplasm of this 
agranular hemocyte cell, which does not appear to contain 
spicules. This cell has probably released the substances which 
formed the electron dense spicules outside its cell wall. 
Gluteraldehyde/osmium staining. Uranyl acetate/lead citrate 
staining, x 32,760.
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observations of unstained tissue sections as well as stained sections 
demonstrated the spiculese

Small (approximately 5000 A in diameter) structures composed of 
a series of concentric membranous envelopes were also occasionally ob
served in the lesions (Figures 30, 32}a

Collagen fibrils, when present, were irregularly stained„ 

Measurement of 100 collagen fiber cross-sections of hind-gut basal 
lamina from both ascorbic acid supplemented and AsA deficient 
2* stylirostris revealed smaller (906 &) though not significantly

smaller, collagen cross-sectional diameters in deficient tissue, com-
opared to normal tissue (average diameter 1092 A).

Discussion
Since the BD epizootic of P_° californiensis was completely 

arrested by a special AsA supplement given independently from the diet 
(Figures 24 and 25) it is now clear that these animals have a direct 
physiological requirement for the vitamin, . The depletion of AsA from 
AsA deprived animals and their subsequent rapid repletion upon admin

istration of the AsA supplement confirms this requirement.
Histologically, BD lesions of penaeid shrimp are similar to 

inflammatory lesions formed in response to pathogens and foreign 

material. In response to pathogens, hemocytic cells migrate into the 
area of tissue disturbance and engulf or encapsulate the pathogen or 

foreign substance (Fontaine et al., 1975; Fontaine and Lightner, 1974, 
1975; Solingi and Lightner, 1975; Chapter 2, this study).
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The subsequent melanization process which occurs in response to
pathogens and foreign material discussed in Chapter 2 likewise appears

\to be similar in black death lesions* The synthesis of melanin is 

generally assumed to result from the reaction of tyrosinase on tyrosine 
or an intermediate chromagen in the presence of molecular oxygen 
(Chambers et al., 1975). This assumption applied to vertebrates is 

reinforced by the work of Chambers and co-workers (1975)9 who have 
shown that tyrosinase occurs in some hemocytes of two aquatic insects 
(Hexagenia recurvata and Sialis sp *). They also reported that 
tyrosinaes activity of Sialis hemolymph decreased during infection by 

the trematode, Allopodocotyle lepomis*
The structures in BD lesions composed of concentric membranes 

are similar to the "thumbprint-like" structures of granules observed in 
an in vitro-response of crayfish (Pacifastacus leniuscuius) blood .cells „ 
to the parasitic-fungi, Aphanomyces astaci (Unestam and Nylund, 1972)*
The thumbprint-like granules observed by Unestam and Nylund were re
leased from-granular hemocytes prior to melanization of hyphal surfaces, ... . 
Electron microscopy of material released from the granules revealed 
amorphous masses which became electron dense upon treatment with 
dihydroxyhhenylalanine (DOPA). Unestam and Nylund failed to report 
the presence of spicules of electron-dense material* Such material has, 
however, been observed in vertebrate melanphores (Bagnara et al*, 1978),
The form and clustered„arrangement of the spicules is suggestive of the..

formation of crystals.
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Dialated rough endoplasmic reticula such as that seen in Figure 

30 have been observed in wound tissues from scorbutic guinea pigs,
(Ross and Benditt, 1962) • Uitto et al. (1975) was able to show that 
labeled procollagen was retained in cistemae of dialated rough endo-

- plasmic reticula of fibroblasts-treated with a proline analog, cis-4- 
hydroxy-1-proline. The incorporation of the analog by procollagen, 
prevented hydroxyproline formation and subsequent formation of triple

helical collagen. Uitto and co-workers have suggested that the triple- 
helical -conformation of the molecule-is required for it to be secreted 
from the endoplasmic reticula at normal rates, hence the dialation of . 
rough endoplasmic reticula in proline - analog treated cells.

The major difference observed between BD lesions and normal 
defense responses as revealed by serial sectioning was the absence of

- -foreign material within—the foci-of hemocytic nodules observed, in. black 
death lesions. The absence of foreign material in the lesion implies 

that the cellular and humoral defense responses of black death are 
directed against a disease state of th;er-shrimp?'s own tissues. __ ... _

A striking feature of the hemocytic lesions of BD lesions of 
penaeid shrimp is that they occur almost exclusively in the connective 

tissues. Furthermore, those connective tissues which were subject to 
mechanical trauma, such as. the gills, hindgut, and the subcuticular 
connective tissues underlying the articulations of the pleura, are the 
most severely and consistently affected by black death disease. .



CHAPTER 4

ASPECTS OF COLLAGEN 
METABOLISM IN PENAEID SHRIMP

Introduction
The previous chapters have presented data suggesting that black 

death disease is related to an inability of AsA deficient penaeid shrimp 

to form fully hydroxylated collagen. Chapter 1 lists some reported 
occurrances of collagens among the invertebrates. In that chapter, 
black death disease was reported to occur exclusively in the collagenous 
connective tissues of the shrimp. Those connective tissues of shrimp 
which were most subject to mechanical trauma were the most consistently 

- -and severely affected by the disease. ..
Chapter 2 demonstrated that wound healing capability of AsA 

deficient P_» californiensis and P. stylirostris is reduced. Increased 

mortalities-were suffered-by AsA deficient- shrimp, of both species. AsA 

deficient shrimp demonstrated reduced fibrocyte activity in comparison to 

AsA supplemented shrimp. Extracellular material secreted by fibroblasts 
of AsA deficient shrimp was less fibrous than extracellular material from 
AsA supplemented fibroblasts and generally stained atypically for 
collagen with analine blue.

Chapter 3 demonstrates that these animal’s requirement for AsA 
is a physiological one. The ultrastructural observations in that chapter 
further suggest that black death disease may be related to collagen
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underhydroxylation in mammals when the non-helicals underhydroxylated 
procollagen is unable to pass from the rough endoplasmic reticulum.

This final chapter presents biochemical data which confirms that 

black death disease of penaeid shrimp is related to collagen under
hydroxylation. Growth of healthy shrimp are compared to growth of total 
body collagen measured as collagenous hydroxyproline (HYP)s Collagenous 
HYP levels of various shrimp tissues are tested. • And finally5 growth 
rates of collagen measured as:collagenous HYP of AsA supplemented and 

deficient shrimp from a controlled experiment are compared»

Materials and Methods

Ascorbic Acid Feeding Experiment
Two 3150 & indoors continuous-flow9 fiberglass aquaria were each 

stocked with 1440 cultured 59-day-old I\ californiensis with an average 
initial weight of 250 mg. One population received a diet containing no 
added AsA, and the other population received a diet containing 1.4 g 

added AsA/kg feed (Table 1).
At intervals, 4, 5, 69 7, 8, 9 and 10 weeks after experimental 

feeding was begun, random samples of at least 20 shrimp were taken from 
each population for extracted collagen HYP determination. .

Hydroxyproline Determination
Whole shrimp and dissected shrimp organs used for collagen 

HYP.determinations were frozen in liquid nitrogen and pulverized. '
The collagen was extracted with 5%-trichloracetic acid at



o100 C, dialized against water overnight, hydrolyzed in 6N HC1 for 16 

hours, evaporated to dryness, and redissolved in 5 ml distilled water.
The colorimetric method of Stegemann (1958) was used to measure 

HYP concentrations. Duplicate samples containing 1-5 g/ml 

HYP (determined by comparison with a graded series of HYP 
standards in duplicate) were oxidized for 20 min with one ml chloramlne

T at room temperature. The chloramine T*̂  in the solution was then
. V .  2destroyed by reacting it with perchloric acid at room temperature for

5 min. The final reaction (the color reaction) resulted from a 20 min
3incubation of the test solution with p-dimethylaminobenzaldehyde at 

60°Ce Absorbance was read using a Beckman ACTA III spectrophotometer. 
These absorbance values were transformed into HYP tissue concentrations 

by comparison to the regression line of the HYP standards.

Results

Collagen/Weight Relationships
A study of healthy, cultured, I\> californiensis and 

stylirostris of various masses, revealed a logarithmic relationship

1. Chloromine T solution 0.05 M solution of sodium p~ 
toluenesulfonchloride in solution containing 20% distilled HgO, 30% 
propanol, and 50% buffer (buffer is made by di 12 m/glacial
acetic acid, 120 g sodium acetate trihydrate and 34 g sodium hydroxide 
to 1 & distilled H20)„

2. Perchloric acid solution 4.0 M perchloric acid (HCIO^)

3. P-dimethylaminobenzaldehyde solution 20% P-dimethylamino- 
benzalde.
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between total body collagen HYP and body weight (Figure 33)« Collagen

concentration (measured by hydroxyproline content) was found to increase
more rapidly than total body growth among tested shrimp (Figure 34).
The relationship between collagenous HYP and body weight in these

1 18animals may be expressed by the equation y = 9Ox * where y is the 

total quantity of collagenous HYP (in yg) in the organism and x is the 

total body weight (in g).

Collagenous Hydroxyproline Levels
HYP from acid extracted collagen in various tissues of 

californiensis revealed higher concentrations of the imino acid in 
those tissues which are most subject to mechanical trauma, i.e., the 
subcutis, the hindgut, and the gills (Table 4). In the AsA feeding 
experiment, the whole body HYP levels in the normal population in
creased more rapidly than body weight while the whole body HYP levels 

of AsA deficient shrimp did not change within the 49-day range of the 
sampling period (Figure 35). The slopes of the lines defined by these 
relationships were statistically different at the .01 probability 
level by t-test.

Discussion
The logarithmic relationship of total body collagen HYP to body 

weight of tested P_. calif orniensis and P_„ stylirostris (Figure 33) is 
characteristic of animals using collagen as a support structure (Chvapil, 
1967). As the body weight of an animal increases, the connective tissue 
stroma must increase proportionately faster to continue to supply the 
required structural support. In _P. calif orniensis and IP. stylirostris.



Lo
g 

of
 

M
ic

ro
gr

am
s 

C
ol

la
ge

no
us

 
H

yd
ro

xy
pr

ol
in

e 
pe

r 
an

im
al

6

5

4

3

2 321
Log of body w eight [g ]

Figure 33. Log micrograms collagenous hydroxyproline per animal in
Penaeus californiensis and _P. stylirostris of various body 
weights (Log g).
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Figure 34. Log micrograms collagenous hydroxyproline per
animal and log body weight (g) in californiensis 
and stylirostris of various ages (days) .
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Table 4. Hydroxyproline content of extracted collagen from various 
tissues of jPo californiensis.

Tissue ug HYP/g Wet Tissue

Cuticle 2 4 + 8

Subcutis 1089 + 152
Antennae 9 5 + 6

Hindgut 2468 + 153
Muscle 124 + 21
Eye 205 + 17
Gill 859 + 49

Each value represents a mean value derived from tissues of 3 adult 
shrimp.
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the increment of increase may be expressed as: total body collagenous
1 18 ^HYP ( g) = 90 (body weight in g) ° In comparisons the increment of

increase of collagenous tissues over parenchyma of some vertebrate

organs and whole bodies is given in Table 5.

The supportive property of collagenous connective tissue depends 

upon the formation of tropocollagen and its aggregation into mature 

collagen fibers (see Appendix A), This aggregation is, in turn, 
partially dependent upon the degree of hydroxylation of prolyl residues 
on the precursor procollagen chain (Stryer, 1975).

HYP determinations from extracted collagen of various I\ 
californiensis tissues indicate that more collagen (or more fully 
hydroxylated collagen) is present in those tissues which are most sub

ject to mechanical trauma (Table 4). These same tissues (the subcutis, 

the hindgut, and the gills) are the most consistently and severely af
fected by the AsA deficiency disease of the shrimp. The disease is most 
striking in the dorsal and lateral subcutis of the abdomen of diseased 
animals, where lesions often form along the articulations of the abdom
inal pleural plates, resulting in multiple blackened bands which outline 
the articulations dorsally and laterally. Further, tissues with higher 
collagen concentration and metabolism that are most severely affected by 
the AsA deficiency. Based on histological and biochemical data, I am 
proposing the following. During the development of the AsA deficiency 
those shrimp tissues with the highest collagen kinetics and synthesis 

will first be affected by the decreased levels of AsA. It is concluded



Table 5» The velocity of the growth of collagen structures in lung, liver and the-whole body of 
various animals .

Organ
Investigated Species b2

Substance
Studied

Lung Guinea-pig 1.45 Scleroproteins
Rat 1.45 Scleroproteins

1.26 Total Hydroxy- 
proline

Mice 1.10 Total Hydroxy- 
proline

Liver - Various Species 1.10 Total Hydroxy- 
proline

Rat 1.16
1.13

Scleroproteins
Scleroproteins

Chick Embryo 0.99 Scleroproteins
Whole Body

Various Species 1.28 Total Hydroxy- 
proline

Rat Embryos 1.46 Total Hydroxy- 
proline

Chick Embryos 1.44 Total Hydroxy- 
proline

***(Adapted from Chvapil, 1967, taken by permission)

^From the equation y = mx^, where y = measure of collagen, and x = body weight 

b = velocity of growth of collagen structures and m = a constant

00N>
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from the data presented that incomplete collagen synthesis is a possible 

basis for the tissue changes characteristic of black death lesions•
The results of the nutritional experiment showed that 

californiensis 9 lacking a dietary source of AsA9 are unable to hydrox1- 

ylate sufficient procollagen to supply the needs of normal body growth^ 
After four weeks on an AsA deficient diet 9 shrimp were no.longer able to 
hydroxylate proline« The inability is demonstrated by the near zero 
slope of the graph of collagenous HYP to body weight as observed in the 
deficient population (Figure 35}* The occurrence of an AsA deficiency 
disease of P_e calif orniensis and P_0 stylirostris by the fourth week of 

feeding an AsA deficient diet (Chapter 3) indicates that the disease ‘ 
is caused, at least in part, by collagen under-hydroxylation.

The enzyme which mediates this proline hydroxylation reaction, 
prolyl hydroxylase, has been demonstrated in penaeid shrimp tissues 

(Magarelli, M.S. , 1978) . The incubation of f\ calif orniensis and 1?. 
stylirostris tissues with and without AsA revealed that the vitamin is 
required for optimal shrimp prolyl hydroxylase activity (Magarelli, 
1978).



CHAPTER 5

CONCLUSIONS

The synopsis of AsA functions as reviewed in Chapter 1 illus
trates that tissue AsA concentrations can affect virtually every 
endothermic biological process« AsA requirements were shown to 
drastically increase in vertebrate tissues subject to a vast array of 
stress and pathological conditions. An increasing worldwide data base 
indicates that the modification of normal nutrient in addition to AsA 

intake during stress and disease states can vastly improve an animalv s
own antistress and defense responses. The implications of this

/-

phenomenon are vast. But up to the present, the fields of practical 
medicine and animal health have made scant use of nutrient modification 

for disease treatment.
This thesis has demonstrated the importance of AsA nutrition in 

penaeid shrimp wound healing. AsA deficient shrimp showed 1) increased 
wounding mortality rates, 2) delayed retention of fibrocytes, 3) 
delayed retention of macrophage-like cells in wound granulomous tissue, 

4) delayed or inhibited epithelia formation and 5) delayed or inhibited 

cuticle synthesis than AsA supplemented shrimp. In addition collagenous 
HYP levels of AsA deficient shrimp were lower than for AsA supplemented 
control shrimp.

A physiological requirement for AsA in _P. californiensis was 
demonstrated. Widespread BD mortalities resulted when the vitamin was

84
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withheld from the diet of juvenile shrimp for longer than 4 weeks. A 

special AsA supplement administered independant of the diet terminated 
a BD epizootic among an AsA deficient group of califomiensis.

Histological studies of black death lesions of penaeid shrimp 
confirmed the presence of a dark brown, melanin-like substance in 
collagenous tissues. Ultrastrstructural observations demonstrated the 
presence of electron-opaque spicule-clusters throughout these lesions, 

which are assumed to be the brown material seen in histological cross- 
section.



APPENDIX A

BIOSYNTHESIS OF COLLAGEN
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