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SUMMARY

Average weights of individual CaSO4-dried cysts (3-64/ig), shells (0-74
/ig) and embryos (2-90 /ig) of the brine shrimp, Artemia salina, were deter-
mined. ' Residual water' contents of these preparations were estimated to be
1-58 (cysta), 079 (shells), and 1-78 (embryos) in units of g HaO/ioo g dried
weight. Cysts hydrated to a similar degree in the liquid or vapour phase of
NaCl solutions at o °C. Sorption isotherms revealed marked hysteresis for
isolated shells, but not for entire cysts or the embryonic component. Adsorp-
tion data were plotted according to the Brunauer-Emmett-Teller equation
and BET parameters were calculated and discussed. Cyst populations incu-
bated at relative vapour pressures of water of 0-96 and above underwent a
loss of dried weight, emerged in the hygrostats, and showed a decrease in
viability. The foregoing did not occur at relative vapour pressures of 0-925
and below. The water content required for initiation of these events was
estimated to be somewhere in the range of 46 to 72 g H2O/ioo g dried cysts.

INTRODUCTION

One of the major characteristics of living systems is the presence in them of large
amounts of intracellular water. However, certain organisms can reversibly, at a given
point in their life-cycle, lose essentially all of their intracellular water. I refer here to
such things as desiccated spores, seeds, cysts and other developmental stages of
species from a diverse array of taxa, and also to adult stages of micrometozoa such as
rotifers, tardigrades and nematodes (Keilin, 1959; Grossowicz, Hestrin & Keynan,
1961; Sussman & Halvorson, 1966; Crowe, 1971; Crowe & Clegg, 1973). Relatively
few detailed and critical attempts have been made to ascertain the metabolic status
of these dried systems, but available evidence strongly suggests that metabolism, in
the usual sense of that term, does not occur in organisms containing less than 5 %
water, by weight (Keilin, 1959; Clegg, 1973). These dried ametabolic, but viable
organisms represent a unique state of biological organization (Hinton, 1968) and their
unusual properties have been the subject of scientific interest since the beginning of
the eighteenth century (see Keilin, 1959). Nevertheless, we know very little about
the underlying biochemical and biophysical basis of this condition. Keilin (1959)
proposed that the term ' cryptobiosis' replace earlier terminology (abiosis, anabiosis,
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suspended animation, etc.) and this term has been widely adopted. Keilin and other*
(Sussman & Halvorson, 1966; Clegg, 1967; Crowe, 1971) have pointed out that the
phenomenon is of interest not only because of its uniqueness, but also because crypto-
biotic organisms provide excellent experimental systems in which to explore a wide
array of biologically significant problems. One such problem is that of the status and
role of water in biological structure and function, a much-debated topic of very con-
siderable importance at the present time (Hazelwood, 1973). It is quite clear from
this extensive literature that much remains to be done in this important area of re-
search, and that dried cryptobiotes have rarely if ever been utilized as experimental
systems for such studies.

For some time we have been studying the metabolic basis of cryptobiosis in cysts
of the brine shrimp, Artemia salina, whose suitability for such analyses has been de-
scribed elsewhere (Finamore & Clegg, 1969). Much is known about the metabolic
transitions associated in a general way with hydration and dehydration of these cysts
(for references, see Crowe & Clegg, 1973; Dutrieu, i960; Finamore & Clegg, 1969).
However, except for Morris (1971), these investigators either neglected to make
measurements on the degree of cyst hydration, or did not relate them in a specific
way to the metabolic parameter under study. In fact, no detailed study of water in
Artemia cysts has been performed.

For these reasons an extensive analysis of the relationships between the level of
hydration, the physical state of water, and selected parameters of metabolism in
Artemia cysts has been initiated.

This paper will describe (1) the processing, characterization, and storage of a very
large cyst population to be utilized in all subsequent studies, and (2) initial results on
the hydration properties of whole cysts and isolated shells.

MATERIALS AND METHODS
Source of Artemia cysts

Cysts collected from salt ponds near Alviso, California, in 1972 were purchased
from San Francisco Bay Brand, Inc., Menlo Park, California. In our experience these
cysts exhibit much higher viability and more uniformity from year to year than do
those collected from the Great Salt Lake, Utah (Longlife Fishfood Products, Harri-
son, N.J.), and other available commercial sources we have studied. The results
presented here have been obtained exclusively with the California strain. Approxi-
mately 87 % of this cyst population, after processing, produced viable nauplii when
incubated at 25 °C in sea water for 72 h.

Processing and storage of cysts

Commercially obtained cysts are contaminated with sand and other paniculate
debris. Their shells also contain significant amounts of various entrapped inorganic
ions because they originate from a highly saline environment. Therefore they must
be thoroughly washed before experiments are performed. The standard washing
procedure involves suspending the cysts in 50 times their volume of o-i M-NaCl solu-
tion for 5 min, then decanting and discarding floating debris, empty shells, and some
intact cysts. This procedure is repeated 5 times. The cysts are then floated in saturated
NaCl solution and can then be removed from the surface to another container, freeing
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f.hem from sand and all debris that sinks in saturated NaCl. This procedure is repeated
once. Finally, the cysts are put through five distilled-water washes (100 x the volume
of the cysts). It should be emphasized strongly that populations from the Great Salt
Lake exhibit considerable lysis during the distilled-water wash, whereas those from the
San Francisco area do not. The washed cysts are collected by rapid filtration using
filter-paper supports (Schleicher and Schuell, No. 123), given an additional distilled-
water wash, and then carefully transferred in small clumps on to absorbent filter
paper to air-dry. All these processes are performed at 2-4 °C to suppress metabolic
activity, a procedure we have previously shown to be effective (Golub & Clegg, 1968;
Clegg & Golub, 1969). After transfer to room temperature for 1 day, the clumps of
air-dried cysts are broken up gently by massaging them between filter papers followed
by passage through a series of geological sieves to obtain individual cysts. The
population used for these studies passed through sieves with 250 /tm openings, but
were retained by those with openings of 180/mi. The average diameter across the
'rim' of desiccated cysts is about 200/im. All the cysts used in this series of studies
were prepared at one time and then stored over CaSO4 in a nitrogen atmosphere at
about — 20 °C. One week before use, samples of this population were transferred
to room temperature.

Shell preparations

Artcmia cysts are composed of a gastrula enclosed within a chitinous shell (see
Finamore & Clegg, 1969, for further developmental details). When cysts are incubated
aerobically in sea water at 25 °C they resume metabolic activity and the embryos
eventually emerge from their shells. Subsequently, the embryos escape from an en-
closing envelope as free-swimming nauplius larvae, a process referred to as 'hatching',
and leave their shells behind. Empty shells can easily be isolated from cysts and nauplii
by flotation in distilled water at 4 °C (the nauplii become inactive and sink along with
intact unemerged cysts, while the shells float). Repeated flotations and washes produce
preparations of empty shells that are free from all nauplii and emerged embryos, and
contain very few intact cysts (three intact cysts were detected in a total of 930 shells
taken randomly from such shell preparations). Although most of the shells are intact
except for the split made during embryonic emergence, about 5 % of these prepara-
tions consist of 'half-shells'. Shells were dried and stored in the same way as the cysts.

Estimation of individual cyst and shell weights

Basically the same procedures were used as previously described (Clegg, 1962).
Groups of 10-50 cysts and 50-100 whole shells that had been equilibrated in indi-
vidual desiccators over CaSO4 were spread on to small pre-weighed squares of trans-
parent ' Scotch' tape that had also been previously equilibrated over CaSO4. After
3 days re-equilibration over CaSO4 they were re-weighed and the average weight
per cyst and per shell calculated. Weighings were made on a Mettler-M5 micro-
chemical balance, sensitive to 0-005 m 8 w i t n a precision of ± o-ooi mg.

Hydration-dehydration studies

(a) Aqueous solutions. Cysts and shells (dried or pre-hydrated) were incubated in
NaCl solutions of different concentrations at 0 °C and then assayed for water content
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at the appropriate time. This involved suction filtration of the cysts or shells with
rapid but thorough washing with distilled water to remove NaCl. The volume of dis-
tilled water used in the wash was ioo ml for approximately 20 mg of cysts and the
time required for washing was kept constant at 2 min. After suction filtration (15 sec)
the cysts were gently blotted and then massaged between filter papers with a rapid but
gentle circular motion. If this is done carefully the cyst and shell preparations are
rendered into a ' free-flowing powder' in which the individual cysts and shells do not
clump together. In effect, this removes water trapped between adhering groups of
cysts and on the outermost surface of the shells. This blotting procedure requires
about 1 min for 100-200 mg of material.

Bulk water contents of these cyst and shell preparations were estimated by trans-
ferring 50-75 mg into small pre-weighed aluminium cups (1 cm deep, 2 cm wide,
weighing about 30 mg). After weighing, the individual cups were placed in small
separate screw-cap desiccators containing CaSO4 and equilibrated to constant weight
(3 days at 25 °C). The use of separate desiccators is necessary for precise work since
the time required to weigh a collection of cups in one large desiccator results in
appreciable errors due to repeated opening and closing of the desiccator. To reduce
'dead space' and hasten equilibration, small desiccators were used (100 ml volume)
and were half-filled with CaSO4. ' Residual water' content of CaSO4-dried prepara-
tions was estimated by placing the cysts in an oven for 24 h at 103-105 °C. Unless
stated otherwise 'dried' refers to the weight obtained at high temperature. The
amount of water was determined by subtraction from the wet weight and the results
expressed in grams of water taken up by 100 g of dried cysts. Change in weight as a
result of these procedures can be taken as a reliable measure of bulk water content
since Morris (1971) has shown that these gravimetric procedures, and use of the Karl
Fischer-Reagent analysis for water give comparable results with Artemia cysts.

(b) Water vapour sorption. CaSO4-dried or fully hydrated cysts and shells con-
tained in aluminium cups were placed in screw-cap specimen jars (50 ml) containing
solutions of known relative water-vapour pressures and incubated at 25 °C (± 0-5 °C).
The cups were removed and weighed at suitable intervals to determine equilibrium
bulk water content at that a^ (aw is used to represent both relative vapour pressure of
water in vapour phase, and activity of water in solution). Over the range studied the
aluminium cups did not adsorb detectable amounts of water vapour.

Cysts and shells, equilibrated as above, were then used either for another sorption
cycle, or were re-dried over CaSO4 before being placed in an oven at 103-105 °C
for 24 h. The water content after such heating is taken to be zero, and calculations of
cyst and shell hydrations are based on this assumption.

The values of a^ (at 25 °C) given below for the various saturated salt solutions
used in this study were taken from the data collected by Winston & Bates (i960),
and the precautions employed in their preparation and use, as outlined by these
authors, were followed.

Salt aw Salt a«

LiCl
MgCl,.6H,O
Na,Cr,O7.H,O
NaCl
KC1

O'I2O
O-32S
0-530
0-755
0-850

NaKC1H10,.4H,0
ZnSO4.7H,O
KNO,
KH,PO4
K,SO4

0-870
0885
0925
0-960
O-97S
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Table 1. Average weights of CaSO^-dried cysts, shells and embryos

Sample no.

i

2

3
4

Averages

No.

118
96

1 0 3
90

—

Cysts

436
351
362

33°
—

/ig/cyst

3-7°
366
3-5»
3-67
3 6 4

No.

us
99

1 2 0

1 1 3

—

Shells

80
76
88
85
—

/tg/shell

0 7 0
0 7 7
0 7 3
0 7 5

0 7 4

Embryos*
Otg/embryo)

3-oo
2-89
2-79
2-92

2-90

Weight of
embryos

(%cystw

8I- I
8 0 0

79-3
79-6
8 0 0

• Estimated by subtraction of shell from cyst weights.

Table 2. 'Residual water' contents of CaSOt-dried cysts, shells and embryos

Cysts Shells Embryos*

Sample no.
1

2

3
4
5

Averages

gH,O/
100 g

dry wt

i-73
1-37
i-49
1-6S
1 6 8

1-58

tig H,O/
cyst
XIO»

63-0
49-2
53-5
59-2
6 0 3

57-o

gH,O/
100 g

dry wt.

0-96
0-58
085
0 7 6
o-8i

0 7 9

fig H,O/
shell
x 10*

7-1

4'3
6 3
5-6
6 0

S-8

H,O/
100 g

dry wt.

i-93
1-56
1-6S

i-88
1-90

1-78

i»gH,O/
embryo

XIO»

559
44-9
47-2
53'7
54-4
5 1 2

• Values for g HtO/ioo g dry wt. embryos were calculated as follows: g HtO/ioo g dry shells x o-2 =
g H,O in the shells of ioo g of dried cysts (Table i). This number when subtracted from the g H,O/
100 g of dry cysts gives g HtO/8o g dry embryos which is then converted directly to g t^O/ioo g dry
weight of embryos. Residual water per individual embryo was estimated by subtracting shell from cyst
hydra tion.

The water activity of air dried over anhydrous CaSOi was calculated to be 0-02
using the method of Winston & Bates (i960, p. 235); such CaSO4-dried air contains
5 mg H2O/1 (Bower, 1934).

RESULTS

Standard CaSOt-dried cyst and shell preparations
In order to characterize the cyst population the average weights of individual cysts

and shells, dried to equilibrium over CaSO4, were determined (Table 1). These data
were then used to estimate, by subtraction, the weight of the dried embryo, which was
found to constitute about 80 % of the dried cyst weight.

Another parameter of interest is the ' residual water' content of CaSO4-dried pre-
parations. This was measured as described and expressed as g H2O/ioo g of dried
cysts or shells (Table 2). These values, and those in Table 1, were then used to
calculate the average ' residual hydration' of individual CaSO4-dried cysts, shells, and
embryos.

The data in Table 2 indicate that CaSO4-dried cyst populations contain, on the
average, a 'residual water' content of 1-58 g H2O/ioo g cysts. However, the method
used to estimate this hydration is based on the weight loss occurring when cysts are
placed at 103-105 °C for 24 h. The question arises as to whether this weight loss
results solely from the removal of water, or whether other volatile components of the

19-2
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Table 3. Weight regain by cysts and shells re-equilibrated over CaSOt

following heat treatment of CaSO^-dried preparations

Cysts (g/ioo g dry wt.) Shells (g/ioo g dry wt)

Sample no.

1

2

3
Averages

Before heat

1-64
1 4 9

i-54
156

After heat

0-93
0-62
0-58
0-71

Regain (%)

S7
42

38
46

Before heat

o-88
0-63
o-75
o-75

After heat

0-79
o-59
0 7 3

0-70

Regain (%)

90
94
97

93

Table 4. Hydration of cysts and shells in NaCl solutions at o °C

Cysts Shells

Incubation
medium

'Control'*
0-5 M-NaCl
1 -o M-NaCl
2-0 M-NaCl
3-0 M-NaCl
40 M-NaCl
5-0 M-NaCl

gH.O/ioog
dried wt.

6-io
125-40
94-17
57-85
47-ii
38-33
29-11

Corrected
value

0

11930
88-07
51-75
41-01
32-23
23-01

g H,0/ioo g
dried wt.

2375
2199
26-55
1986
2O-IO

27-52
2O-04

Correct!
value

0
—
—

—

—

—
—

• The control values represent dried cysts and shells that were washed and processed in the same
fashion as those immersed in the solutions.

cyst are driven off by the treatment. Although this is a very difficult question to answer
conclusively, one can evaluate the extent to which the weight loss upon heating is
restored when the cysts are subsequently re-incubated over CaSO4. If the loss of weight
observed for cysts and shells at high temperature results only from removal of water,
then, in the simplest case, one might expect the loss to be restored over CaSO4.
Table 3 shows the results of such a study on cysts and shells. The shells regained over
90 % of their weight loss due to heating when re-equilibrated over CaSO4 and it seems
safe to conclude that about o-8 g of water is bound tightly by 100 g of CaSO4-dried
shells. The intact cysts, however, regained only about 50 % of their weight when
treated in similar fashion, even when kept over CaSO4 for over 4 months.

Hydration in NaCl solutions

The degree to which cysts and shells hydrate when placed in NaCl solutions of
decreasing water activity was evaluated and the results are shown in Table 4. These
studies were performed at o °C to minimize any contributions of cyst metabolism to
hydration which have been implicated in a previous study (Clegg, 1964) and will be
considered in more detail later in the present study.

Because the preparations had to be washed with distilled water to remove NaCl
at the end of the incubation, it was necessary to process CaSO4-dried cysts and shells
through a comparable distilled water wash in an attempt to evaluate water uptake due
to the washing procedure. Shell hydration cannot be measured by this method since
the washing procedure apparently results in maximum hydration, regardless of the
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Table 5. Effects of blotting-time on cyst hydration levels

g H,O/ioo g dried cysts*

Blotting-time
(min)

I

2

3
4
5

IO

• Corrected for the

Hydration in
o-5 M-NaCl

122-7
1266
124-8
1250
118-0
108-3

washing procedure

Hydration in
4-0 M-NaCl

36-7
34'4
35-8
33-8
31-3
2 6 2

(see Table 4)

concentration of NaCl solution employed. The cysts, however, exhibit a definite
decrease in bulk hydration as a function of increasing NaCl concentration. Because
the cysts are known to be essentially impermeable to NaCl (Finamore & Clegg, 1969;
unpublished observations) this response is clearly due to the decreased water activity
of the solution surrounding the cyst.

A similar series of studies was carried out using cysts that had first been hydrated
in 0-05 M-NaCl at o °C for 6 days and then transferred to the various NaCl solutions.
After 6 days of incubation at o °C with occasional mixing, the cysts were processed
and their water contents estimated as usual. The results are not given because they are
within 5 % of the hydration values for each of the solutions shown in Table 4, a varia-
tion considered to be within experimental error. Thus, when suspended in a given
NaCl solution the cysts will reach the same hydration level, whether they are dry and
undergo hydration, or are hydrated and undergo dehydration.

It should be emphasized that, in order to achieve reproducible results, the washed
cysts must be processed to produce a 'free-flowing' preparation. The criterion used
for this is the point at which the cysts no longer stick together in small clumps but
exist as individuals that can be easily poured from the blotting paper into the weighing
cups (see Materials and Methods). At the same time, excessive pressure will rupture
the cysts and must be avoided. However, if such precautions are taken the results can
be reproduced with precision. Nevertheless, the possibility of error in estimating
hydration level due to removal of water during blotting had to be evaluated. The
cysts were hydrated in 0-5 M-NaCl and 4-0 M-NaCl (0 °C) and were then washed
and processed as described. Samples of cysts were taken after increasing times of
blotting, quickly weighed, and their water contents determined as usual. Two people
were required for this study due to the short times involved. No significant decrease
in hydration was evident before about 4-5 min of blotting, and even then the change
was very small (Table 5). Since the entire washing-blotting and weighing procedure
was routinely accomplished in much less than 5 min per sample it can be concluded
that the error involved is trivial.

Hydration from the vapour phase

The results of a study comparing the hydration of cysts from the liquid and vapour
phases are given in Table 6. The cysts were incubated at o °C, either in aluminium
cups over various concentrations of NaCl in sealed hygrostats, or directly within
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Table 6. Hydration of cysts from the liquid and vapour phase
of NaCl solutions at o °C

g H,0/ioo g dried cysts

M-NaCl solution

0-5
I'O

2-0
3-0
4-0
5-o

Liquid phase*

123-24
90-60
52-87
42-31
32-70
28-53

Vapour phase

112-71
92-85
6060
39-35
31-84
29-22

Liquid/vapour

1 09
0 9 8
0 8 7
1 0 8

1 -03
0 9 8

• Values for liquid phase hydration have been corrected for the washing procedure (see Table 4).
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Fig. 1. Sorption isotherms of cysts, shells, and embryos at 25 °C. Each point on the adsorp-
tion (#) and desorption (O) cycle represents the average of three separate determinations.
aK represents the relative vapour pressure of water.
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015 -
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005 "
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Intercept

1

a, = 5-68

c = 8-47

/

1
a,c

1 1

Slope =

1 i

(c-1)

1 1 1
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Fig. 2. BET plot using cy8t adsorption isotherm data at 25 °C. x — vapour pressure of a
given saturated salt solution, Xj = vapour pressure of pure water, a — hydration of cysts
(g H,O/ioo g dried cysts) at a given vapour pressure of water, *. The intercept on the ordinate
and the slope of this plot are used, as indicated, to extract the BET constants aL and c.

these same solutions. Cysts were incubated for 6 days, since preliminary studies
showed that after this period, equilibrium was reached by cysts incubated in the
vapour phase at these temperatures. The results showed that the cysts hydrated to
similar extents in either case, the differences being quite small and perhaps attribut-
able to experimental variation.

Sorption isotherms for cysts, shells and embryos at 25 °C were obtained by incubat-
ing samples of CaSO4-dried cysts and shells at increasing c^, and then returning them
through the reversed series back to CaSO4 (Fig. 1). Values for embryos were calcu-
lated from cyst and shell hydration. Very little hysteresis is evident for intact cysts and
embryos which is surprising and not at all expected for such an adsorbent, although
this is consistent with the results of the earlier studies using NaCl solutions. In con-
trast, the shells exhibit considerable hysteresis, and of the expected form (i.e. desorp-
tion results in higher equilibrium hydration than does adsorption). Isotherms very
similar to those shown in Fig. 1 have been obtained by using separate samples of
cysts for each a^ studied, thus reducing the time required.

The effect of the previous history of cysts and shells on their hydration properties
was evaluated by carrying the cysts through two cycles of adsorption-desorption.
The isotherms (not shown) were reproducible in all cases essentially duplicating those
shown in Fig. 1.

Fig. 2 depicts a plot of adsorption data for cysts according to the Brunauer-
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Table 7. CaSOt-dried weights of cysts before and after incubation
at different water activities (25 °C)

CaSOj-dried weights (mg/cup) Weight change*
, » s (A /ig/mg

Before After initial vvt of
aa incubation incubation cysts)

0-530 54-81 5490 +1-64
0-760 49-93 50-02 +i-8o
0-850 58-88 58-93 +085
0-870 51-64 5I7S +2-13
0-885 58-29 58-35 +1-03
0-925 5779 57-88 +1-56
0-960 60-17 59'85 -5-32
0-975 55-15 53-63 - 2 7 5 6

• ( + ) indicates an apparent weight gain, ( —) an apparent weight loss.

Emmett-Teller (BET) equation (Brunauer, Emmett & Teller, 1938). The data fit
the equation well up to water activities of about 0-5 but then deviate from linearity
and swing upward. Values of the intercept and slope can then be used, as shown, to
calculate the BET parameters a1 ('monolayer coverage') and c (a constant related to
the heat of adsorption of the monolayer). Both of these values are given in Fig. 2
and their interpretation will be considered in the Discussion section. Similar plots
were made for shells and embryos and BET constants were calculated: for shells,
ai ~ 5'58 and c = I7'90'. for embryos a^ = 5-40 and c = 8*22.

Studies at higher water activities

Since the dried cysts can be expected to begin metabolic activity at some specified
but as yet undetermined hydration level, it was necessary to consider the effects of
this on their hydration properties. In preliminary studies it was observed that cysts
incubated at high water activities underwent a loss in dry weight during incubation.
Such results could be due to metabolic activity of the embryo since previous work has
shown (Clegg, 1964) that the cysts will begin to oxidize their endogenous reserves of
carbohydrate when a critical hydration level is reached. If sufficient time is allowed
for the cyst to degrade appreciable quantities of such substrates at or above this hydra-
tion level, then this would be reflected by a net loss in dry weight. To examine this
possibility CaSO4-dried cysts were incubated in hygrostats for 4 days at 25 °C, after
which they were weighed and then re-dried over CaSO4 and the net change, if any,
in CaSO4-dried weight was determined (Table 7). A net loss in dry weight was ob-
served in cysts incubated at an a^ of 0-960 or higher, but not at an a^ of 0-925 or lower.
The very small but apparent gain in cyst weight at aw less than 0-925 seems to be the
result of the slight hysteresis exhibited by cysts (Fig. 1).

It must be pointed out that the data shown in Fig. 1 were obtained from cysts
incubated at aw below 0-9. Therefore, those results are due only to water uptake and
are not influenced by changes in the dry weight of the cysts during incubation. How-
ever, above an avo of about 0-925 two factors will simultaneously influence the estimates
of hydration level: the increase in water, and the decrease in dry mass used to calculate
the cyst hydration.
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Table 8. Emergence and viability of cysts incubated at higher water
activities (25 °C)

Control (CaSO4)
0-850
0-870
0885
0-925
0-960
0-975

Emergence Viable cysts*
in hydrostats (%) (%)

o 89-3
o 90-6
o 88-2
o 87-2
o 90-1

22-1 55-0
8o-6 2-9

• Assayed by removing cysts from hygrostats and incubating them for 72 h in sea water at 25 °C.
A cyst U deemed viable only if it produces a swimming nauplius.

60

40

^ 20

I
CT
:£

0-85 0-90 t 0 9 5 t
Range or

30

20 i

10 a.
<

0 95
Range of
critical

a- hydration

1 0

Fig. 3. Summary of cyst hydration (O), emergence in hygrostats (•) , viability (A), and
change in dry weight (+ or —) as a function of water activity (aw) at 35 °C. In the case of
dry weight changes a( + ) indicates an apparent increase, and a( — ) an apparent decrease in dry
weight during the 4-day incubation period.
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Viability and emergence of cysts incubated in the vapour phase

It was noticed that almost all of the cysts incubated at a^ = 0-925 had taken up
sufficient water to swell and become fully spherical, but no emergence was ever
observed in these populations. However, some of those incubated at c-960^ had
emerged (the Ej stage of Nakanishi et al. 1962). In no case was further development
(E2 or nauplius stages) observed in these populations. Table 8 contains quantitative
results on the viability and emergence of cysts that had been incubated at various
Ou, for 4 days before being removed and assayed for emergence and viability in sea
water. These data indicate that only at those hydration levels that result in a decrease
in dry mass of the cysts (Table 7) will emergence occur in the hygrostats with con-
comitant decrease in viability of the population. This can easily be visualized by
inspection of Fig. 3, which contains the data of Tables 7 and 8 in addition to the
hydration levels (measured as usual) achieved by these preparations during incuba-
tion. The 'range of critical hydration level' shown at the bottom of this figure repre-
sents the range of cyst water content within which dry weight loss, emergence in the
hygrostats, and decrease in viability must begin.

Microscopic examination (x n o magnification) of cysts incubated at these higher
water activities revealed that the surface of the cysts did not appear to contain a film of
condensed liquid water. In fact, the surface texture of such cysts appeared similar to
those incubated at much lower a,,,. Hence, the cysts were not surrounded by a water
film of thickness detectable at the magnification used.

DISCUSSION

Standard cyst and shell populations

The average weights of individual CaSO4-dried cysts, shells and embryos (Table 1)
differ considerably from my previous measurements of CaCl2-dried individuals
(Clegg, 1962). The difference between desiccants cannot account for these results
since CaSO4 is a more efficient drying agent than CaCla (Winston & Bates, 1960),
and both studies utilized cyst populations from the same geographical location.
However, the relative contributions of shell and embryo mass to the total cyst weight
are very nearly the same in both cases. Perhaps the most obvious explanation is that
nutritional differences between the two populations of cyst-producing females resulted
in the production of heavier cysts by the 1972 population. These results show that it
is necessary to determine weight parameters for each population of cysts obtained
from nature, if these values are to be used in calculating the number of cysts in a
sample from the total sample mass, and vice versa. Sufficient cysts have been prepared
(about 500 g) to provide material for all studies to be done in this series.

'Residual water' in CaSO^-dried cysts and sfiells

' Residual water' is generally denned as the small amount of water that is not re-
moved from materials dried over strong desiccants and/or at low pressures. Its
occurrence and potential importance have often been noted (Meryman, i960;
Neihof, Thompson & Deitz, 1967; Greiff & Rightsel, 1969; Rowe, 1970; Levitt,
1972; Sussman & Douthit, 1973) but details of its nature are poorly understood. In the
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case of dried organisms it is likely that much of the ' residual water' is associated with
proteins since these substances are known to bind small amounts of water tenaciously
(Bull, 1944; Yannas & Tobolsky, 1967). To my knowledge no published information
is available to demonstrate that any organism can survive the total removal of its
'residual water'. However, since the method commonly employed to remove residual
water (i.e. exposure of the dried organism for relatively long periods to temperatures
above 100 °C) can be expected to do a great deal of damage in addition to that caused
by the removal of water, the loss of viability in such dried organisms must not, without
a great deal of additional evidence, be attributed to the removal of residual water.
Furthermore, it is not certain that the only substance removed by high-temperature
treatment is ' residual water'; small amounts of a number of compounds in biological
systems would perhaps be removed under such conditions. This could account for the
observation that intact cysts do not regain their original weight after the heat treatment
when returned to CaSO4 (Table 3). Because the shell does regain almost all of its
weight under these conditions, it appears that the cellular embryonic mass is the
location of such 'volatilized components'. But there could be another explanation for
the results in Table 3; heat treatment might cause alterations in the number, con-
formation, and/or energies of water binding sites within the embryo, thus preventing
achievement of the original hydration by regain of water.

Another complexity concerns the question of whether or not all of the ' residual
water' is removed by a given time-temperature regime. Thus, although no significant
amount of 'residual water' was detected in Artemia cysts heated for only 16 h at
103-105 °C in an earlier work (Clegg, 1967), in this study a treatment of 24 h at this
temperature did indicate its presence (Table 2).

Levitt (1972), in considering the problems of' residual water' in resistant plant cells,
concludes (p. 328) that although essentially complete desiccation does occur, the
question of whether all traces of water can be removed without causing irreversible
injury remains to be answered. This also seems to be a fair statement of current under-
standing of ' residual water' in the cysts of Artemia.

Hydration from the liquid phase of NaCl solutions

For a number of reasons to be considered later it is desirable to obtain cysts that
are hydrated to known levels but under conditions that reduce metabolism to a
standstill. One method used was to measure the water content of cysts that had been
incubated in NaCl solutions at o °C until equilibrium (Table 4). Two comments are
of importance: first, shell hydrations cannot be estimated this way since the washing
procedure appears to result in hydration levels equal to those in all NaCl solutions
studied; second, the hydration values for intact cysts are subject to error introduced
when the NaCl is washed away and the cysts are blotted. This has been controlled
to some extent by washing CaSO4-dried cysts in the usual manner, estimating their
hydration, and then subtracting this value (control value in Table 4) from the cysts
incubated in the solutions. Although this 'control value' is very low compared with
the hydration levels achieved by cysts in all the NaCl solutions, the validity of its
use rests on the assumption that CaSO4-dried cysts take up an amount of water during
the washing procedure that is at least similar to the amounts taken up by cysts at
different hydration levels. Some evidence to support this assumption will be presented
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in the next section of the discussion. Another potential source of error arises from the,
blotting procedure used to remove 'surface water' on the outer shell. However, the
blotting procedure required to produce' free-flowing' cyst preparations (see Methods)
causes no detectable loss in hydration (Table 5). Errors caused by blotting are, there-
fore, considered to be negligible.

Comparison of cyst hydration from the liquid and vapour phases

Although the use of NaCl solutions to hydrate cysts to variable water contents is
vtiy useful, this approach suffers from two important disadvantages: (1) shell hydra-
tior.a cannot be performed, (2) it is necessary to remove the incubation solution by
washing and then process the cysts before any sort of analysis of the cysts can be
carried out. Consequently, attempts to hydrate the cysts and shells from the vapour
phase were carried out. The fact that the cysts were found to hydrate to a com-
parable degree whether immersed in NaCl solutions or suspended in their vapour is
important since it strongly supports the assumption that the washing procedure does
not introduce unmanageable error into the estimates of hydration of cysts immersed
in solutions. Comparable hydrations from vapour and liquid phases can be predicted
from the highly sophisticated analysis of Meyers & Sircar (1972a, b) who related ad-
sorption of liquids and their vapours on solid adsorbents by deriving a thermodynamic
consistency test which was then verified experimentally.

A point of some importance concerning shell hydration, and the use of such data to
estimate embryo hydration by calculation, is the possibility that empty, isolated shells
might exhibit hydration properties that differ from shells surrounding the embryos of
intact cysts. Morris & Afzelius (1967) have observed slight differences between the
ultrastructure of empty shells isolated after the embryos have emerged, and the shells
of intact cysts. However, the authors conclude (p. 256) from their detailed study that
'hydration and development changed the shell structure very little'. It seems probable
that these very minor alterations in shell structure are of little, if any, importance in
shell hydration. In addition, isolated empty shells clearly present a different geo-
metrical surface to hydrating liquids and vapours than do the shells of intact cysts.
Consequently, their hydration might prove to be different in the two morphological
states. Although I can think of no empirical way by which this can be critically ex-
amined, this probelm is not serious for the present studies since these deal with the
equilibrium (or more correctly quasi-equilibrium) hydration states.

Sorption isotherms

The adsorption isotherm obtained for cysts is similar to that obtained by Morris
(1971) in spite of very considerable differences in the methods utilized. There seems
to be nothing exceptional about the general shape of the adsorption isotherms ob-
tained for shells, cysts and embryos. They resemble those of a wide variety of bio-
logical materials, including purified protein powders (Bull, 1944), DNA fibres
(Falk, Hartman & Lord, 1962), dehydrated foods (Wolf, Walker & Kapsalis, 1972),
red blood cell 'ghosts' (Schneider & Schnieder, 1972), as well as viable dried yeast
cells (Koga, Echigo & Nunomura, 1966) and bacterial spores (Neihof, Thompson &
Deitz, 1967).

The shells exhibit considerable hysteresis, which might be due to capillarity result-
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ftkng from the porous and vesticulated ultrastructure of the shell as described by Morris
& Afzelius (1967) and Anderson et al. (1970). What is most unusual, however, is the
very slight hysteresis exhibited by the cysts and embryos. Since the embryonic mass
clearly swells when sufficient water is taken up it can be expected to exhibit hysteresis.
No explanation of such a result will be attempted until further study is made. It is
quite apparent, however, that the isotherm of the entire cyst is due largely to the
properties of the embryonic mass, and is influenced to a much lesser degree by the
surrounding shell.

Although more points are needed for accuracy, the adsorption data for cysts appear
to give a good fit to the BET equation up to water activities of about 0-5 (Brunauer
et al. 1938). The question arises as to what interpretation can be applied to the
BET parameters (a1 and c) which have been calculated from this plot. In view of the
large number of rigid criteria required under the BET theory, and the structural
complexity of the cyst, it seems quite evident that the value of a^ cannot be interpreted
as the amount of water involved in the covering of the adsorbing surface by a single
layer of water molecules (the so-called monolayer coverage). Nevertheless, values of
a1 have been obtained for a number of biological materials and the value for Artemia
cysts are interesting in a comparative sense. In units of g H2O adsorbed by 100 g
dried material, values of a1 for proteins and polysaccharides are usually in the range of
5-12 whereas values for nucleic acids are perhaps twice as great (see Schneider &
Schneider, 1972; Falk et al. 1962). The value of a1 for Artemia cysts (5-7) is very close
to the calculated value for red blood cell ghosts (Schneider & Schneider, 1972) and
appears to be similar to that of vegetative yeast cells based on the sorption data of Koga
et al. (1966).

It is more informative, however, to compare the area that would be covered by this
amount of water (the specific surface area) with the calculated external surface area
of the cysts. If the commonly used value of 10*5 Aa for the area covered by one
water molecule is assumed then the specific surface area (S) can be calculated as
follows (Brunauer, 1945):

where N is Avogadro's number, 9 is the area covered by a water molecule, Oj is
' monolayer coverage' (0-0568 gH2O/g cysts), and v0 the molar volume of water vapour
at standard temperature and pressure. The calculated value for the area covered by
a1 is 160 m2/g of cysts. This can now be compared to the geometric external surface
area of Artemia cysts: 0-035 m2/g cysts (using an average cyst diameter of 0-2 mm,
obtained from unpublished observations, and an average weight of 3-6 /ig per cyst,
from Table 1). The cyst can be taken as a sphere in this calculation, even when dry,
since the hydrated cyst is spherical and the surface area of the shell does not change
appreciably as a function of its hydration. Even if we allow for surface roughness, it is
evident that these two values differ by a factor of the order of 10*, suggesting rather
strongly that ' monolayer hydration' of Artemia cysts involves, to a very great degree,
hydration of sites within the cells of the embryo and is not limited to the non-cellular
shell. The extent to which this is the case can be evaluated from the a1 value obtained
from BET plots of adsorption data on shells, and its use to calculate specific surface



306 J. S. CLEGG

area of shells. The ' monolayer coverage' for the shells contained within i g of c
is thus estimated to be 0-0112 g H2O, which gives a specific surface area, for this
amount of water, of 32 ma/g cysts. Consequently, it appears that the 'monolayer
coverage' in the embryonic mass amounts to about 128 m*/g cysts. By further study
it is hoped that a more specific meaning can be attached to the value of ax in Artemia
cysts.

The BET constant, c, is supposed to be related to the heat of water vapour adsorp-
tion, but the same restrictions in interpretations of % also apply in this case. Interest-
ingly, however, the value of c for the cysts (8-i) is very close to that obtained by
Schneider & Schneider (1972) for red blood cell ghosts (7-8-3 at 20 °C), and not far
from the range of c often encountered in a variety of other biological materials.

Hydration at higher water activities and 25 °C

It has been shown previously that cysts incubated at 25 °C in NaCl solutions up to
concentrations of about 1 molal adjust their metabolism (Clegg, 1964). Apparently
this adjustment occurred in such a way as to compensate for low environmental water
activities and, thereby, to enhance cyst hydration at that water activity, though no
measurements were carried out on the levels of cyst hydration. In that study, evidence
was also presented that cysts incubated in solutions of 2 M-NaCl were unable to
initiate sufficient metabolism to compensate in this fashion. These data are of con-
siderable importance to the present study.

Since the a,,, of a 2 M-NaCl solution at 25 °C is about 0-93 and that of a 1 M-NaCl
solution is about 0-97 (Pearce & Nelson, 1932), it follows that such metabolism, and
predictably therefore emergence, should begin at some a^, within this range. This
should be the case whether hydration occurs via vapour or liquid phases since cyst
hydration levels have been shown to be similar from either phase (Table 6). Results
of studies in which hydration was carried out at 25 °C from the vapour phase in the
present study (Tables 7, 8; Fig. 3) are in accord with these observations. Thus, the
cysts exhibited no change in CaSO4-dry mass, did not emerge in the hygrostats, and
showed no decrease in viability levels (compared to the dry controls) up to water
activities of 0-925. However, at aw = 0-96 (comparable to the water activity of a
1-2 M-NaCl solution) all of these three events took place, increasing in degree with
higher environmental water activities. Consequently, it is possible to estimate a range
of cyst hydration within which a critical point is reached at which the cysts can initiate
metabolic activity sufficient to bring about emergence. This has been referred to as the
'range of critical hydration' and occurs between 46 and 72 g H2O/ioo g of dried cysts
(Fig. 3). The nature of this metabolic activity and the observation that the viability
of the cyst populations decreases at or above the 'critical hydration level' will be
investigated in subsequent studies. However, it should be stressed now that the iso-
therm data shown in Figs. 1 and 2 are free from such complications since they were
obtained at water activities well below those required to produce the ' critical hydra-
tion level' in the cysts.
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