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ABSTRACT

The purpose of this investigation was to.describe 
the degree to which environmental parameters affect the re^ 
sistance of diatoms to desiccation, One speciesf Stauroneis 
anceps Ehr,r was the primary experimental organism.

The cytology of S, anceps varied, depending' on the 
culture medium and age of the culture„ The cells grew well 
in defined media but accumulated copious amounts of lipid 
filling the entire region of the vacuole after 7-10 days 
growth. Culture senescence proceeded rapidly after about 
14-21 days growth. At this time the chjoroplasts and pyre- 
noids lost their normal definition. Cells grown in soil- 
water maintained a healthy appearance 2-3 weeks longer and 
did not accumulate the large quantities of lipid. Lipid r 
when present in soil-water cultures, was in the form of 
small droplets.

The mechanics of cell division and the nature of 
the rigid, siliceous cell wall dictate a decreased size- of 
one daughter cell after division in most diatoms. The . 
increment of length reduction per division varied in S_, 
anceps from 0,1 to 0,6 microns. Contrary to other published 
reports the rate of size decrease appears to increase as 
the minimum size for auxospore formation has been passed

xii



xiii
and, size diminution of .cells in the population proceeds 
at an increasing rate. Decrease in length occurs, much more 
rapidly than decrease in width.

Several environmental factors were found to affect 
resistance to desiccation in Sy anceps. ' The rate of drying 
as determined by relative humidity of the atmosphere or 
the amount of liquid inoculum to be evaporated was very 
important. Rapid drying gave lower survival than did 
slower drying. Relative humidity also has a pronounced 
effect on survival during the storage of dry cells. ■ Storage 
of dry cells at 70 percent relative humidity or higher is 
detrimental to survival, whereas storage at 50 percent or 
lower allows better survival. Cells remain viable for 
longer periods when maintained at these lower humidities.

The size of particulate matter in the drying sub
stratum is very important to survival. .Artificial soil 
particles composed of spherical glass beads.TOO microns or 
larger allow survival, but no survival was observed when 
drying occurred in particles 50 microns or less in diameter. 
Soil as a drying substratum provided far better survival 
than glass beads. The condition of the cells to be dried 
as determined by the culture age, culture medium, and cell 
size also bears upon survival. Older cultures and those 
grown in soil-water medium survive better. The growth and 
survival of very small cells (about 20 microns) was erratic.



xiv
The effect of organic substances in the jnediurq such as 
sucnose or i^inositol was not determined conclusively.

Environmental stresses such as extremes of tempera
ture can be endured more successfully by cells in the desic
cated state, Dry cells can withstand 4 hr at 60 C or 1 hr 
at 8 0 C. Survival during freezing temperatures of -15 to 
-20 C was more consistent in dry cells than in hydrated. 
cells frozen in moist soil.

Death of cells is very rapid during drying as the 
less hardy individuals are killed immediately. After the 
cells become dry the mortality rate decreases and continues 
at a much slower rate. This is true with collections dried 
from the field as well as with collections dried from 
laboratory cultures. The substratum in which dry cells were 
stored also affects survival. . Soil provided the best sur
vival and white quartz sand, while allowing survival for 
short periods of time, was far less satisfactory.



INTRODUCTION

The technique of growing algae■in the laboratory - 
for experimental purposes was not routinely used, except 
for a few organisms, until after 194 0, Development of the 
soil-water technique (Pringsheim, 1946) allowed the cul
tivation of numerous algae heretofore available only from 
field collections. This ability to culture a variety of 
algae led to experimental studies which in turn led to 
nutritional studies and further development, of defined 
media including organic supplements.

The culture of diatoms lagged behind that of other 
algae, mainly the green algae, until the discovery of vita
min B -̂ 2 an<̂  the recognition that at least half of the 
diatom species appear to require this vitamin in their 
medium (Lewin and Guillard, 1963). Although most cultural 
studies of diatoms have involved marine species, suitable 
media for many freshwater diatoms have been developed 
(Chu, 1942). Many diatoms, however, will not grow or grow 
poorly on minimal media without the addition of soil ex
tract or vitamins (Chu, 1942; Cannon, Lund, and Sieminska, 
1961; Provasoli, 1958; Provasoli and Pintner, 1953, I960),

This relatively new technique for culturing diatoms 
along with the recent interest in dispersal of algae provided



the background bor this study, Although in recent years 
diatoms have come into general experimental usef little is 
known about these organisms and their life processes„ This 
is especially surprising in view of the ubiquitous dis
tribution of diatoms and the intensified study they have 
recently received„ It is generally recognized that hardly 
a pond, lake, or river exists without a substantial diatom 
flora regardless of nutritive, pollution, or thermal con
ditions. Nearly all bodies of water, evanescent or per
manent, support diatom populations, at least during certain 
times of the year.

Due to the ubiquity of the organisms and the tran
sitory nature of some pools in which they are found, certain 
questions must be asked about the method of diatom per
petuation in such environments, Quite obviously a survival 
mechanism is present which enables diatoms to populate 
freshly formed water bodies. It.is known that a variety 
of mechanisms are responsible for such survival in dif
ferent algal groups. Among such methods of survival are: 
non-sexual akinetes and aplanosporessexual oospores and 
zygospores, or the vegetative cell which has undergone 
certain physiological changes.

Fritsch (1935) summed up the state of our knowledge 
concerning diatom survival as follows: ■



Very little is known as to the manner in which 
Diatoms: persist from one period of activity to . 
another. In the case of pennate forms we must 
assume that this is usually accomplished by 
surviving vegetative individuals, although 
resting spores have been recorded in Fragilaria 
and Achnanthes taeniata, ~ .

He then stated that, "In Centric Diatomsespecially among 
the pelagic forms, definite resting spores have frequently 
been observed." Such resting spores while common in 
centric forms (i.e., the statospore of Attheya and. related 
genera) have not been generally described for pennate forms. 

Preliminary, observations by the author and others 
have indicated that pennate diatoms (at least certain 
species) are capable of withstanding desiccation to the 
air dry condition and will rejuvenate when placed under 
proper growth conditions (Bristol, 1919, 1920; Fritsch,
1935; Evans, 1958, 1959; Brown, Larson and Bold, 1964).

Methods by which desiccated or hydrated algae 
might be transported to account for their widespread habi
tats have been discussed by several authors. One obvious 
method of dispersal is via waterfowl. Proctor's investiga
tions with waterbirds (1959, 1966) led him to believe that 
desmids are more likely to be transported internally than 
externally. Schlichting (1960) found diatoms and other 
algae in the feet, feathers, bills, gullets, and fecal 
material of waterbirds. Ducks exposed to air less than 
4 hr after water exposure had a variety of organisms in



the ■ a,boye parts, Ducks exposed more than 4 hr but less 
than 8 hr had some algae on their feet but more in their 
bills, whereas those exposed to air more than 8 hr possessed 
only a few algae.

Other aquatic organisms transporting algae are 
insects. Maguire (1963) reported algae on dragonflies, 
wasps, butterflies, assilid flies, and bumble bees. Stewart 
and Schlichting (1966) reported Achna'nthes (?) , Cymbella, 
Nayicula, Nitzschia, Pinnularia, and other Chrysophyta, 
Chlorophyta, Cyanophyta, and Euglenophyta transported by 
insects. The organisms are probably transported externally 
since gut cultures yielded only Nostoc. Revill, Stewart, 
and Schlichting (1967a) found that horseflies carry more 
algae than do mosquitoes. They reported representatives 
of one diatom genus (Nayicula), seven blue-green algal 
genera, and 15 genera of green algae. The same authors 
aseptically captured four species of aquatic piptera away 
from water and inoculated them into sterile soil-water 
(1967b). Species from 21 genera of algae, five protozoa, 
one moss, and Alternaria were recovered. One insect 
species carried algae from significantly more genera than 
did the other insects observed. Diatoms recovered were 
Nayicula, Nitzschia, and Pinnularia.

The occurrence of algae in the atmosphere, as well 
as other living organisms of considerable size, has been



well documented, McAtee (1917) reviewed the literature and 
found the following had fallen from the air or been iso
lated from it-; spores, pollen grains, algae, diatoms, 
rotifers, living-mites, pieces of dried algal mat, mussels 
weighing up to two ounces, fish, salamanders, frogs, toads, 
turtles, rats, and many organic fragments. While many.of 
these are due to rare meteorological phenomena, the fact 
remains that the air is capable of transporting large and 
small objects for considerable distances.

-Wolfenbarger (1959) discussed the media through 
which organisms must pass when they disperse (air, water, 
and soil). He stated that air is the most common and most 
important through which small organisms pass, and also 
noted that very few definitive data exist on dispersion of 
soil-inhabiting organisms, Gislen (1948), in his discussion 
of the problems of disseminules suspended in air, felt the 
lethal effect of ultraviolet radiation is the most important 
factor in preventing survival. Desiccation and damage from 
mechanical impact may also be important.

A variety of algae have overcome' these obstacles 
and have' been isolated and cultured after recovery from the 
atmosphere. Van Overeem (1937) reported Chlorella, 
Chlorococcum, Pleurococcus, Stichococcus, and Navicula, 
Maguire (1963) found diatoms and other- algae in the air 
over central Texas and the mountains of central Colorado.



gchlichting (19.61) recorded, viable species of several algaef 
including Mayjgula f from the atmosphere at relative humid
ities from 28-98 percent and in a later paper (1964), 
found viable algae including Navicula and Mitzschia from 
air of relative humidity from 47-95 percent„ Luty and 
Hoshaw (1967) isolated algae representing 10 genera of 
Chlorophyta, five genera of Cyanophyta, and one diatom 
(Hantzschia amphioxys) from air over Tucson and the Santa 
Catalina Mountains in Arizona. ,

Brown et al. (1964) recovered many airborne algae 
including three genera of diatoms, Hantzschia, Melo'sira (?) 
and Navicula, on Petri plates with nutrient .agar. Results 
from numerous samplings of various environments led them 
to concludes (1 ) surprisingly large numbers of species 
in many genera of soil algae are constantly present in the 
atmosphere and can survive transport, (2) the origin of
airborne algae is the soil, (3) cultivated soils, when 
blown as dusts, yield a greater quantity and diversity of 
algae than undisturbed soils, (4) the composition of the 
airborne algal flora depends on the proximity to soil algal 
populations and on meteorological conditions, (5) the 
Chlorophyceae and Myxophyceae are the most abundant and 
diverse groups but the Bacillariophyceae and Xanthophyceae 
are also present, Further observations led.the authors to



state that the al^al content of the ait frequently exceeds 
pollen contentf especially when pollen production is low« 

The apparent significance of soil algae to the 
atmospheric algal flora leads one to look at soil algae for 
organisms resistant to desiccation. Indeedf reports in . 
the literature provide ample evidence of this, Normal, 
undried f English soils assayed for Viable algae yielded 
19 species of Ghlorophyta r 12' species of Cyanophyta f and 
6 species of diatoms (Bristol Roach, 1927), Other English 
soils dried from 4-26 weeks and .rewet with.sterile nutrient 
medium yielded 20 species of Chlorophyta, 24 species of 
Cyanophyta, and 20 species of diatoms (Bristol, 1920) «
All diatoms were pennate, motile, and, with only a few 
exceptions, very minute in size. These characteristics 
apparently have adaptive value to soil diatoms, Other 
English soils partially air dried, sealed, and stored for 
22-70 years at 3-10 percent water content yielded several 
species of algae when rewet with sterile nutrient medium 
(Bristol, 1919). Members of the Cyanophyta appeared most 
resistant, surviving up to 70 years. The diatom Nitzschia 
palea survived' 48 years in the soil,

Bonar and Goldsmith (1925) cultivated algae from 
216 powdery dry soils from the Tucson area, One hundred 
sixty had positive growth but no diatoms were recorded. 
Evans (1958) studied the algae of pond margins and noted



that Pinnu.la.rift. yiridjs is able to suryiye drought in the 
yegetatiye conditionf that is z without the formation of 
specially resistant structures„ Cells which survived 
drought apparently had a greater accumulation of oil than 
cells in the normal aquatic environment. Similar observa
tions were made for Nitzschia palea. Evans (1959).also 
reported that cells dry for longer periods of time require 
a longer time to reactivate after wetting. Cameron (1960f 
1963, 1964a) reported the algae of southern Arizona soils 
and listed the diatoms (1964b) Amphoraf Diploneis, Epithemia; 
Melosirar Nayicula r Nitzschia,- Pinnularia, and Stauroneis « 

Since pennate diatoms are obviously capable of 
surviving severe and prolonged drought and do so without 
the formation of specially resistant structures, they 
provide an adequate and interesting group of organisms 
with which to study drought survival. No work to date 
has sufficiently described the parameters affecting sur
vival during dry periods. The purpose of this study is 
to elucidate these parameters and to describe as completely 
as possible their effect on survival of diatoms.



MATERIALS AND,. METHODS

Isolation of Diatoms 
Diatoms used in this study were obtained by wetting 

approximately 0.3 to 0,5 g powdery dry soil from the soil 
collection maintained by Dr. Robert W, Hoshaw at the Uni
versity of Arizona with 2 0-3 0 ml sterile water or sterile 
culture medium in Petri plates. When the ensuing algal. 
populations developed (usually 1-3 weeks)f diatom unicells 
were transferred to a culture medium solidified with 1.5 
percent agar. When populations developed on the agar 
surface, unicells were again transferred to fresh agar 
medium to insure clonal isolations, Axenic cultures were 
attained .by subjecting the cells to three eight™second 
periods of ultrasonic vibration provided by a Disontegrator 
System Eighty manufactured by Ultrasonic Industries, Inc, 
The cells were washed with , sterile distilled water or ster
ile culture medium between each ultrasonic treatment. They 
were then sprayed by atomization (Wiedeman, Walne, and 
Trainor, 1964) onto an agar surface fortified with the 
culture medium and 10 mg/1 potassium tellurite to reduce 
bacterial growth (Ducker and Willoughby, 1964), Several 
days later axenic cells were removed aseptically and 
transferred to fresh agar or liquid medium. The condition
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of axenic cultures was continually monitored by plating 
onto Dlfco nutrient agar (DP 0001-01) and incubating at . 
room temperature and at 35 C*

Growth Conditions

Light
All diatoms were grown at 18-22 C under cool- 

white or gro-lux fluorescent tubes at 1600-2500 lux, The 
light regime was either.a 16:8 or 14:10 hr light:dark 
cycle.

Media
Several media were used to maintain cultures and 

for experimental'purposes. Media coded with letters in 
the text refer to soil-water media and those coded with 
numbers refer to defined media. Soil-water was made by 
placing approximately one teaspoon of soil into a half 
pint milk bottle and adding 150 ml -distilledr de-ionized 
water. The bottles were covered with 60 mm glass Petri 
platesf allowed to stand overnight, and steamed twice for 
24 hr with a 24-hr cool period between each steaming.
Soils used were; ■

B --Collected from a meadow near the town of Blue, 
Arizona„ '

MG --Collected in a forested region on Mt. Graham in 
southern Arizona.
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1M -^Collected, near the water ’ S- edge of hake Mary near, 

flagstaff, Arizona,
FG r--̂ Collected from gopher burrowings near Lake Mary.

Defined media and their, codes follow:
8 Medium — The formula for this medium was obtained 

from Dri Joyce Lewin (personal communi- 
■ cation), Stock solutions are all dissolved 
in 200 ml distilledf de-ionized water, 

Ca(N03)2 • 4H20 10 g
MgS04 , 7H20 2 g
K2HP04 1,5 g
Na2Si03 . 9H20 4 g
Vit. 0.01 g
Vit. B -̂2 2 0 gamma

Add 10 ml each stock solution to 94 0 ml 
distilled, de-ionized water. Add 1 ml 
Holm-Hansen and Lewin (personal communi
cation) trace element solution to each 
liter of medium.

Holm-Hansen and Lewin trace element solu
tion :

• Chemical mg/1
H3BOq 2850
MnCl2 . 4H20 • 1800
FeSO/i. 1360
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Na"ta,rtra,te 1770
CoCl2 . 6H20 4 0.4
CuCl2 . 2H20 26.9
Na2Mo04 . 2H20 25.2
ZnCl2 20,8

12 Medium "-This is a modification of Bold’s Basal 
Medium (Bischoff and Bold, 1963). The 
stock solutions below are each dissolved 
in 4 00 ml distilled, de-ionized water. 

NaNOg 10 g
CaCl2 ... 21I20 1 g
MgS04 . 7H20 3 g
’ K2HP04 3 g
KH2P04 7 g
NaCl 1 g
Na2Si03 . 9H20 8 g
Vit. B-l 0,02 g
Vit. Bj2 40 gamma

Add 10 ml each stock solution to 910 ml 
distilled, de-ionized water. Add 1 ml
each of the trace element solutions given 
below.

(1) 50 g EDTA and 31 g KOH dissolved in 
1 liter distilled, de-ionized H20.
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(2) 4,98 g Fe30'4 , 7II20 in 1. liter 

acidified water. Acidified water 
is made by adding 1 ml concentrated 
H2SO4 to 999 ml distilledf de
ionized water.

(3) 11.42'g H3BO3 in 1 liter distilledf 
de-ioniz.ed water.

(4) The following in. 1 liter acidified 
water:

ZnS04 . 7H20 8.82 g
CU.SO4 . 5H20 1.57 g
MnCl2 . 4H20 1.44 g
M0O3 0.71 g
Co(NO3 )2 . 6H20 0.49 g

15 Medium --This medium is identical to number 12 -except
the Na2SiC>3 . stock solution is made
with 4 g per 400 ml and the vitamins are 
omitted.

17 Medium --This medium is that of Chu number 10 (1942)
as modified by Schultz and Trainor (1968),

Chemical g/1
Ca(N03 )2 0,04
K2HPO4 0.01
MgSO4 . 7H20 0.025
NaHCOg 0.02
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0,025 
0.003 
0.003

18 Medium -— This medium is the same as number 15 except 
the primary nitrogen source f NaNOg, is 
deleted. ,

Agar media were prepared by adding 10 or 15 g 
U.S.P. granulated agar to 1 liter of the"above nutrient 
solutions.

Morphology and Cytology

Microscopy and Photography
Observations of the cytology and frustule morphology 

were made with a Zeiss standard microscope model GFL fitted 
with optics of N.A, 1,3. The objective lens was a 10Ox 
planapochromat. Photomicrography was performed with a 
Zeiss attachment camera. All photomicrographs except Fig.
3, 7, 8 f 4 0 and 41 were taken with Kodak Panatomic-X film 
developed with Microdol-X. Black and white prints of the 
above mentioned figures were made from High Speed Ektachrome 
Type B transparencies. Exposure times were determined with 
a Photovolt Model 200 photometer. Linear measurements were 
made using a calibrated ocular micrometer.

Na^SiPg 
Feg citrate 
Citric acid
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Nuclear gtain .

gtauroneis a,nceps was . the organism used almost
exclusively throughout the experimental portion of this
work. Consequently, the procedures outlined below apply
to S. anceps. The different taxa varied markedly in re- ,
sponse to certain reagents. Unlike most of the specimens
listed in Table 3, for example, the nucleus of 3y anceps
did not stain with the classical Feulgen technique or any
modification thereof including those of Itikawa and Ogura
(1954) and Decosse and Aiello (1966). Considerable effort
was expended before a suitable nuclear stain was found for
this organism as given below;

Jackson’s .fixative 24 hr
Mordant at 60 C 4 hr

- Propiocarmine stain in 5 min
boiling water bath

Occasionally 1 hr in 10 percent formalin prior to Jackson’s 
fixative improved the stain.

Jackson's fixative (Waer, 1966) was prepared by 
mixing methanol, ethanol, chloroform, acetone, and propionic 
acid in the ratio of (4:2:2:1;1).

Ferric propionate, used as the mordant, was pre
pared by placing rusty nails in 45 percent propionic acid 
until the solution was black in color. The solution was 
then filtered and ready for use.
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Propiocamine wa,S prepared by glowly adding 1 g of 

• carmine dye to 200 ml boiling 45 percent propionic acid.
The solution was boiled for approximately. 30 sec after the 
dye was added and then filtered.

Pyrenoid Stain
The pyrenoid of S_. anceps was stained by .modifying 

the above procedure (J. R. Rosowski, personal communica
tion) .

Freytag1s fixative 5 min
95 percent ethanol (three times) ' 3 min each time .
Mordant 2 min
Propiocarmine in boiling water bath 3 min

 Freytag's fixative (Freytag, 1964) was prepared by
mixing in the order listed 50 percent ethanol, concentrated
hydrochloric acid, and 'Clorox in the ratio of (2 :2 :1 ).

Ferric propionate, as described above, is the
'mordant. For the pyrenoid stain it is diluted with 45
percent propionic acid to an orange color.

Lipid Stain
Lipid material was stained with Sudan iy or Sudan

black B (SBB) saturated in 70 percent ethanol according to
the schedule below:

50 percent ethanol 2 min
Sudan IV or SBB 20 min
50. percent ethanol . 1 min



gize Reduction
To determine the increment of size reduction re

sulting' from cell division in Stauroneis anceps, a given 
number of cells was, inoculated into 40 ml of 15 medium 
and allowed to grow in log phase = Growth was in 125 ml 
Erlenmeyer flasks placed on growth racks with temperature 
maintained at 21 ± 2 C „ Illumination was provided by gro- 
lux fluorescent tubes at 160 0 lux, The light cycle wa,s 
16 hr light and 8 hr darkness through 55 generations at 
which time the cycle was changed to 14 hr light and 10 hr 
darkness,

When the growth rate slowed (termination of log 
phase) , the cells were dispersed by swirling in the growth 
flask and counted with an AO Spencer "Bright Line" counting 
chamber, 100 microns deep.. The use of hemacytometers for 
counting algal populations has been criticized (Lundf 
Kiplingf and Le Crenf 1958) , but is considered to be of 
sufficient accuracy for the present study. The problems 
encountered by these authors may have been due to the 
presence of large algal cells in the natural populations 
they sampled. The cells of S. anceps used in this study 
were no larger than 35 microns in the longest dimension 
and only about 10 microns in thickness. These dimensions . 
should be computable with a counting chamber 10 0 microns • 
deep. If, however, a counting error does exist, the error
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should, be consistent thxou^hout all countings „ A consistent 
euror is of no consequence since the number of generations 
is the needed parameter and not the absolute number of cells. 
A consistent error of 10, 20,. or 50 percent in the readings 
will still provide an accurate record of the number of 
divisions occurring in the culture.

After, the cell count was made, fresh medium was in
oculated from the old culture and placed in the growth area. 
The cells were maintained in log phase in this manner.
Cells of the old culture were then, cleaned by the method of 
Van der Werff (1955) and slides were made using Hyrax as the 
mounting medium. Length and width of the cells.were meas
ured using a calibrated ocular micrometer with a 10Ox oil 
immersion objective. The average of 15 measurements was 
used to plot the curves,

Drying Experiments

No Substratum.
Drying cells without a substratum was accomplished 

by drying directly on the glass surface of spot plates. When 
rewet after drying, liquid medium was placed over the cells 
in the depressions and the spot plates were put into Petri 
dishes. Water was added to the Petri dishes prior to cover
ing to minimize evaporation of liquid medium from the depres
sions , The cells were allowed to incubate for about 10 days.
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Soil Substratum

Cells were usually grown in soil-water bottles f the 
liquid was decanted, and the remaining soil (with cells) 
was allowed to dry., or a given volume of liquid medium with 
suspended cells was inoculated into sterile, dry soil and 
allowed to dry. The cells were then rewet with liquid • 
medium.

Glass Substratum
Controlled size Superbrite brand glass beads, ob

tained from the Minnesota Mining and Manufacturing Co., 
Reflective Products Division, were used to investigate the 
effect of substratum size on diatom survival to desic
cation. Glass beads were used in preference to other 
available products because the high silica content of glass 
should simulate that of sand particles in the soil and 
glass is not toxic to the diatoms. Codes used to identify 
the various sizes correspond to the manufacturer’s catalog 
numbers. Table 1 lists pertinent data regarding size 
distribution as given in the Technical Data Sheet provided 
by the manufacturer.

Relative Humidity
Humidity control during drying and storage of the 

samples was maintained with sulfuric acid and water solu
tions given in standard tables (Wilson, 1921).



Table 1. Size distribution of class "B" Superbrite brand glass beads as pro
vided by Minnesota Mining and Manufacturing Co.

Catalog 
No.

Typical Average 
Diameter (Microns)

Percent Retained by U.S.
Sieve No.

Sieves

20 4 0 50 60 70 80 100 120 140 170 .
070 470 0-5 7 0—

100
0 — 
35

100 200 0-5 35- ID- 
90 60

130 100 0-
15

85-
100

Sieve openings (Microns) 840 420 300 250 210 177 149 125 105 88

660 '50 Size range 4 0-85 microns' -
Measured
microscopically

380 29 Size range 26-40 microns -I

Approximately 90 percent by weight fall within the 
specified size range
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-Relative Humidity ml I^SO^/lOO ml soln. at 25 C

10
25
50
75
90

64,-8
55,9
43.4
30.4
18.5

Two hundred ml of the appropriate solution was placed in 
the bottom of 150 mm Scheibler desiccators used as drying 
chambers. Zero percent relative humidity was maintained 
by covering the bottom of the desiccators with anhydrous 
CaSO^.

- Although the vapor pressure- of water is the critical
parameter to be held constant in this type of study, the 
temperature of the environment was maintained at 24 ± 2  C. 
Since the term "relative humidity" is more easily perceived 
than the rather abstract "vapor pressure," and since rela
tive humidity can be directly related to vapor pressure at 
a constant temperature, the term relative humidity will be 
used throughout the remainder of this paper.

Criterion for Survival
The criterion for determining the survival of 

diatoms after they had been desiccated was their ability 
to reproduce after rewet and to form populations of cells. 
Quantitative estimates were made by plating dry cells onto 
an agar surface and counting the number of colonies after 
several days. If the cells were adequately spread on the
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agar surface, each colony would presumably have descended 
farom a single cell,

A more common, technique was to place approximately 
equal numbers of'cells in given environments until no cells 
survived. This 100 percent kill technique also employed 
cell division as the criterion for survival since dry 
cells were rewet and observed several days later for the 
presence or absence of a larger population of cells. The 
dry cells remained in their environment until none survived. 
The effect of various environmental parameters on survival 
was then related to the length of time required for 100 
percent kill.



GROWTH OF STAURONEIg ANCEPg

Early in the study it became apparent that several- 
factors influence diatom survival to drought„ One of these 
is the condition of the cells as determined by culture 
medium and culture age„ Since survival is indeed influenced 
by these factors and since protoplasmic organization is 
likewise influenced by culture age and the medium of growthf 
observations of culture growth are appropriate to the study, 
Stauroneis anceps was the organism used almost exclusively 
throughout the study so the discussion will center around 
this species.

Cytoplasmic Structure
The cytoplasmic organization of Sh anceps depends 

upon culture age, nutrition r and cell size, The latter two 
are discussed under separate headings below. Culture age 
and nutrition are probably related since an older culture 
consists of cells surrounded by a medium with diluted 
nutrients and concentrated metabolites secreted by the 
cells. .

If approximately 20,000 cells (33 microns or longer) 
are inoculated into 40 ml of 15 medium or B soil-water and

23
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allowed to grow four days, the cells resulting from such a 
culture have the following characteristics (Fig, 1.-3).:

(1) Two morphologically distinct chloroplasts are 
appressed to the girdle faces of the frustule, Each 
chloroplast extends the length of the valve (Fig„ 1) and 
is of a golden-brown color due to the predominance of 
xanthophyll pigments masking the chlorophyll,

(2) One distinct spherical pyrenoid is located centrally; 
within each chloroplast (Fig. 1 and 2),

(3) A nucleus (presumably diploid) is between the 
pyrenoids and centrally located within the cell (Fig. 3).

(4) Two large vacuoles are located.one on each side of 
the nucleus towards the terminal pole (Fig. 1), The 
vacuoles probably contain varying amounts of chrysolaminarin 
(Beattie, Hirst, and Percival, 1961),

Numerous changes occur as the culture continues 
growing. If the growth medium is number 15, the cells 
remain as they appear in Fig. 1 until 6-10 days when usu
ally two small lipid droplets appear, one in each end of 
the cell. The droplets grow in size and more droplets 
appear (Fig. 4) until two to four occur in each end of 
the cell at which time they begin to coalesce, resulting 
in two larger drops per cell (Fig. 5). By 14 days the 
lipid drops have normally grown to such proportions that 
they occupy the entire region of the vacuole (Fig, 6).



Figure X, Four'--day'-'old culture of gtauroneis anceps
growing in 15 medium, A typically healthy 
cell with chloroplasts (C)f pyrenoids (F)f 
and vacuoles (V), No lipid has accumulated, 
X 2650

Figure 2. Stauroneis anceps with pyrenoids (P) stained 
with propiocarmine pyrenoid stain, X 2440

Figure 3. The nucleus (N) of Stauroneis anceps stained 
with propiocarmine nuclear stain, X 2550

Figure 4. Six to ten-day-old culture of Stauroneis anceps 
with four lipid droplets (L). X 2650



25



Figure 5, Older culture of gtauronejs anceps.with two
larger drops of lipid material (L) , X 2272

Figure 6 » gtauroneis anceps from a 14-day-old culture with 
vacuole region full of lipid (L), X 2120

Figure 7, ■ Stauroneis anceps from a 14-day-old culture
stained with Sudan IV. -- Sudan positive material 
is lipid. X 2320

Figure 8 . Stauroneis anceps from a 14-day-old culture
first extracted 15 min with 100 percent acetone, 
then stained with Sudan black B. <—  No Sudan 
positive material remains but its former loca
tion in the area of the vacuole (V) can be 
seen. X 2350
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The lipid nature of the material ca,n be demon

strated by. etaininp with gudan .jy or Sudan black B (Fig,
7}, If the cell ip first extracted with 100 percent ace
tone for 15-2 0 min before stainingr no Sudan positive 
material remains (Fig, 8), The entire sequence of lipid 
accumulation can be followed in this manner.

Two to six days after the cells become full of lipid 
the culture begins obvious senescence, The chloroplast is 
crowded by the expanding lipid bodies and begins to assume 
abnormal configurations. It may shrink in size, fragment, 
distend, or become diffuse throughout the cell, The pyre- 
noid becomes smaller and eventually seems to disappear.
After these events, the accessory pigments decompose and the 
cells appear light brown to greenish-brown. The cells soon 
lose all pigmentation and become clear at which time they 
are incapable of rejuvenation. The total elapsed time from 
inoculation is usually 3-4 weeks,

Cells grown in B soil-water react quite differently 
in culture. Active growth occurs for a considerably longer 
time. Cells maintain a healthy appearance (Fig. 1) for about 
one month at which time'only small accumulations of lipid are 
present (Fig. 4), The pyrenoids begin.decreasing in size and 
the chloroplasts begin losing their integrity after one 
month, but the cells maintain their rich brown color for two 
more weeks. At six weeks the culture begins rapidly losing 
color and lipid may accumulate but not to the extent of
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ceils ^Town in 15 medium* Rarely does lipid accumulate to 
the proportions illustrated in Rig, 5.

Cells grown in flasks with 40 ml B soil™water 
supernatant, without soil, react like those grown in 15 
medium but all processes are accelerated. After 10 days 
considerable lipid has accumulatedf the chloroplast is . 
breaking down, and the pyrenoid is small. Senescence is 
rapid and cells lose their color in a few more days.

Nutrition
Cytoplasmic structure is closely related to nutri

tion of the cells. The previous section dealt with the 
cytology of cells growing in media used in the experimental 
work to follow. This section discusses reactions of the 
cells to various modifications of the same media for the 
purpose of more clearly defining conditions under which 
the cells were growing.

15 Medium
Stauroneis anceps growing in 15 medium produces 

a moderate pH change as the culture ages (Fig, 9). A 
daily pH fluctuation occurs in addition, probably due to 
photosynthesis reducing the carbon dioxide which, in turn, 
increases the pH. The highest pH was always noted at the 
time of the diurnal cycle when the lights went out. • During 
the dark cycle, carbon dioxide accumulates from respiration
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and the pH decjreageg, This daily fluctuation is indicated 
at seyeual.points of fig, 9 by a vertical line on the graph. 
The gradual increase with age is more likely due to pro
duction and secretion of metabolites which accumulate in 

, - ■ ' - 
the medium and alter the buffer system of the medium. The
buffer of 15 medium is quite effective, .however, since the 
pH fluctuates less than if B soil-water is the growth 
medium as discussed in the next section. Since the cul
tures were not bacteria~free, the rise in pH after 25 days 
may be due to bacterial action on the senesc.ing cells.

Preliminary observations indicated that only one 
element, nitrogen, was the limiting factor when B soil- 
water was the culture medium. Experiments were conducted 
to determine if one or more elements become limiting in 
15 medium since elements limiting growth would affect 
interpretations of certain experiments. Various combina
tions of the stock solutions in 15 medium were added to 
two-week-old cultures of Stauroneis anceps to give a con
centration similar to the original medium. Observations 
were recorded one and two weeks later (Table 2). No single 
nutrient gave results measurably different from the control 
group (no nutrients added). The combinations containing 
phosphate provided negligible improvement in pigmentation, 
"The additions which included all the major elements, all 
the major and minor elements, or all the major and minor
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Table. 2, The effect of nutrient addition on depleted '

cultures of Stauroneis anceps grown in 15 medium 
and B soil-wafer,
No noticeable improvement in the culture is in"• 
dicated by Noticeable improvement as de
termined by increased pigmentation and decreased 
lipid accumulation is indicated by (+), The 
relative effect of the various compounds is 
indicated by the number of plusses,

Nutrients Added
Culture Medium 

15 Medium ..... Soil-Water

NaN03 - ' •+’++
CaCl2 .2H20 ■— —
MgS04 .7H20
K2HPO4 — —
kh2po4 —

NaCl
Na2Si03 .9H20
k2hpo4
kh2po4
NaN03
MgS04 .7H20
NaN03
k2hpo4
kh2po4 -
MgS0 4 .7H20
K2HPO4
kh2po4
NaN03
MgS04 .7H20
k2hpo4
kh2po4
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Table, .2, (Continued)

Culture Medium 
Nutrients Added 15 Medium Soil—Water

All major elements +
All minor elements
All major and minor elements f
All major and minor elements

except NaNOg +
No Additions - -

elements except NaNOg showed the greatest improvement and 
all improved to the same degree. However, the improvement 
resulting after addition of all major and minor elements 
was considerably less than expected. This is indicated in 
Table 2 by a plus. Several plusses indicate a greater 
response to nutrient addition. The color of the culture 
improved but cells remained full of lipid and the chloro- • 
plast and pyrenoid did not regain their normal appearance 
as they would if transferred to fresh medium. The depleted 
medium, after addition of all stock solutions, should have 
contained the essential nutrients in approximately the same 
concentrations as fresh medium. Since normal growth did 
not occur after nutrient addition, it was concluded that 
metabolites had been secreted by the cells and had
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accumulated to toxic proportions, gecretion oi materials 
can also t>e inferred by the changes in pH although normal 
uptake of elements .in the medium could also cause a pH 
change.

Metabolic pathways involving lipid seem to be al-- 
tered when cells are grown in 15 medium, Beijerinck (1904) 
hypothesized that the accumulation of fat in diatoms is 
the result of photosynthesis continuing in cells unable 
to divide. He said such cells accumulate reserves rather 
than build protoplasm, Fogg (1956) observed that the 
stored photosynthate of nitrogen-starved diatoms is lipid.
If the nitrogen supply is adequate, the stored photosynthate 
includes more protein. The accumulation of lipid material 
in green algae, classically thought not to. store lipids, 
has also been associated with nitrogen metabolism and such 
other environmental conditions as illumination and temper
ature (Milner, 1948; Spoehr and Milner, 1949; Collyer and 
Fogg, 1955).

The lipid accumulation of Stauroneis anceps growing 
in 15 medium is not controlled entirely by inorganic nu
trition including nitrogen. No element - or combination of 
elements can be added to an old culture to reverse the 
process of lipid accretion. This phenomenon must be 
partially ascribed to the process of metabolite secretion
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into the mediwn by. cells o£ either- the diatom or the asso
ciated bacteria,

In addition to photoautotrophic growth,' Stauroneis 
anceps is capable of facultative heterotrophy. Suitable 
growth of axenic cultures can be maintained in complete 
darkness with glucose or sodium acetate (0 .1-1,0 percent) 
in 15 medium. Other unidentified substances are known to 
be beneficial to the organism since cultures contaminated 
with bacteria growing in the light in 15 medium can be 
immediately recognized by their unusually rapid growth 
rate. Bacterial metabolites are apparently released into 
the medium allowing the diatoms to absorb and use them 
directly without expending the energy necessary for their 
biosynthesis.

B Soil-water
The initial pH change due to culture age is con

siderably larger when Stauroneis anceps is grown in B soil- 
water than when 15 medium is used (Fig. 9), The daily 
fluctuation is larger also, indicating a.less effective, 
buffering system in the soil-water than in 15 medium.

The experimental determination of nutrients limiting 
growth in B soil-water was conducted as discussed in the . 
previous section. The one obvious difference detected is 
the limiting role of nitrogen in B soil-water, Sodium
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nitrate added to.  ̂depleted culture to a final nitrate 
concentration of Q.003M, pr ammonium sulfate to the same 
ammonium concentration, produced vigorous growth. Cells 
divided profusely, pigmentation increased and reserve 
lipid decreased. The life of the culture can be at least 
doubled in this manner. One culture has been maintained 
six months by periodic nitrate addition, whereas similar 
cultures with no nitrogen added expired in about six weeks. 
Since nitrogen is often the limiting element in different 
soils, the effort required to maintain algal cultures in 
soil-water medium may be considerably reduced if instead of 
making periodic transfers, one adds a nitrogen source to 
the depleted culture medium until transfer becomes necessary 
due to other limiting elements.

The cessation of growth, apparently due to secretion 
of extracellular metabolites in 15 medium, is not detectable 
in soil-water. Whereas normal growth cannot be induced in 
15 medium if cultures are older than two weeks, even with 
the addition of all components of the medium, normal lux
urious growth occurs in B soil-water with the addition of 
a nitrogen source even in cultures older than six-weeks.
The B soil-water is slightly brownish-yellow in color and 
dark soil covers the bottom of the bottle. These factors 
reduce the light intensity within the bottle and growth may 
be slowed. Also, the bottle contains about three times the
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yolujne of liquid, present in fla,sks of 15 medium so the con
centration of secreted substances may not become as great. 
The presence of trace, organic substances or the optimum 
concentration of other nutrients or both may influence 
metabolic pathways to the degree that secreted products 
are of a different nature or quantity.

As previously mentioned, lipid accumulation never 
equals that of cells grown in 15 medium. This is another 
indication of metabolic differences between cells grown in 
15 medium and those grown in B soil-water.

B Soil-water Supernatant
Stauroneis anceps inoculated.into B soil-water 

supernatant (without soil) in flasks reacts differently 
than if 15 medium Were used. A few days after inoculation 
no noticeable difference in growth or cytology can be. no
ticed, but the senescing process is accelerated after 
about six days. If a nitrogen source is added, the cul
ture maintains a vigorous rate of growth for about 3-4 
weeks and looks relatively healthy as determined by pig
mentation and oil accumulation. Three weeks after inocu
lation the cells are in a much healthier condition than 
those growing in 15 medium treated the same way. This is 
further evidence that the presence of trace, organic sub
stances or the optimum concentration of other nutrients 
affects secretion of extracellular metabolites.
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gize Reduction Due to Cell Djyisdou 

Due to the unique method of cell division and the 
rigid siliceous cell wallf cells in a diatom population 
decrease in size with every generation. Several good re
views of the mechanics of cell division exist (Fritschf 
1935; Smith, 1950; Patrick and Reimer, 1966), Each cell 
consists of two halves or valves shaped similar to a Petri 
plate, The epitheca (larger valve) fits over the hypotheca 
(smaller valve) just as the top of a Petri plate fits over 
the bottom (Fig. 10), After mitosis and a slight separation 
of the valves, new cell wall material (silica) is deposited. 
Each daughter cell retains one of the parent walls and de
posits one new wall. The new wall is always the hypotheca 
or smaller valve. Thus, one daughter cell will consist of . 
the old epitheca and a new hypotheca and the other daughter 
cell will consist of the old hypotheca (now its epitheca) 
and its own. new hypotheca, . Since the rigidity of silica 
prevents the parent wall from stretching, the latter cell 
will, in theory, be smaller than the other daughter cell 
and smaller- than the parent cell by an increment equal to 
twice the value of the letter a in Fig, 10. This process 
obtains in most diatoms with only a few exceptions,

Geitler (1932) and Wiedling (1948) provided con
siderable data as to the rate of size decrease in diatom 
cultures, Size decrease plotted against time (Fig. 11)



Figure 10. Simplified scheme of cell division in a diatom summarizing the 
events between the parent cell (p) and the two daughter cells 
(d̂  and d^) . -- d2 is the same size as the parent cell but di_ 
is 2 a units smaller than the parent cell.
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Size decrease due to cell division in Navicula 
seminulum. --- Dotted lines represent auxospore 
formation. Source: Geitler, 193 2.
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Figure 12
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M O N T H S

Size decrease due to cell division in Navicula 
seminulum. Dotted lines represent auxospore 
formation but some cells did not form auxospores 
and continued to decrease in size. —  Source: 
Geitler, 1932.
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yielded a straight line with Navicula seininulum until 
auxo spore s' were ioprpaed (Geitler / 1932) , .Auxospore forma
tion is indicated by the dotted lines. If auxospores did 
not form (Fig. 12)f size reduction continued at an appar
ently slower rate until no further reduction occurred„ 
Wiedling (1948) plotted the same type of data for a number 
of taxa. Several graphs were plotted for different strains 
of the same species and often the graphs were different in 
rate and pattern of decrease, One line for Mitzschia 
subtilis var, paleacea paralleled the abscissa indicating 
no size reduction in four years, Another curve for the 
same organism showed a slight decrease, ,

Results of the above authors are difficult to in
terpret since no indication of growth rate is given and 
growth rate may change for a given organism as conditions . 
of the environment and conditions within the cells change. 
Had the authors used number of divisions or generations on 
the abscissa, their data would be easier to interpret and 
correlate with other data.

The size distribution of cells in a population re
sulting from a clonal isolation is illustrated in Fig. 13, 
Assume that one cell 10 units in length is placed into a 
culture vessel and allowed to reproduce, After the first, 
division.two cells will result, one 10 units in length and 
the other 9 units. The 10 unit long, cell will produce a
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Figure 13. The distribution of cells by relative size in a synchronously dividing 
population of diatoms.
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10 and a 9 unit cell and the 9 unit cell will produce a 
9 and an 8 unit cellf etc„ By definition the size change 
resulting from cell division is 1 unit. Notice that after 
the first division the average size of cells in the popu
lation is 9.5 units f a decrease in average size of one'- 
half unit. After the second division the average size of 
cells in the population is 9.0 units r a decrease of one- 
half unit in average size from the previous generation,
This relationship holds as long as cell division proceeds 
in a random manner. Although a few diatoms have been re
ported to divide in a non-random fashion (Mullerf 1884; 
Fritsch, 1935), Fritsch (1935) stated that, "It is probable 
that in many cases all the individuals of a given generation 
divide with approximately equal frequency." There is no 
reason to believe that the cells of Stauroneis anceps do 
not divide at random.

One can calculate the increment of size reduction 
if the average size of cells in the inoculum, the average 
size of cells after, a period of growth, and the number of 
generations between inoculum and final population are 
known, The average size change per generation is doubled 
to.obtain the increment of reduction due to the division 
process (Fig, 13--note especially the summary table).

The average length and width of cells in a clonal 
population of Stauroneis anceps as the cells divide is
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illustrated, in Fi^. 14, The uppermost curve represents 
cell length and the lower curve, cell width. . Cells of the 
original inoculum, averaged 35.0 microns in length and 9.0 
microns in width. Size distribution was followed through 
80 generations over a three-month time interval. The final 
size of cells in the population was 23.3 microns (length) 
and 8,1 microns (width).

The length of cells changes considerably more per 
division than does their width. The slope of the top 
curve, which is the numerical value for average size de
crease per generation, is -0.053 through the first 30 
generations. From generation 30 to 5 0 the slope increases 
to a maximum of -0,30 and then decreases after generation 
50 to -0.16. The slope of the line representing cell width 
remains constant at -0.015.

Doubling the values obtained for the slope will 
provide an estimate for the increment of size reduction 
due to cell division (Fig, 13). Applying this rule, one 
of the daughter cells can be from 0.1 to 0,6 microns shorter 
than the parent cell after division occurs. The width of a 
daughter cell is about 0,03 microns less than the width of 
the parent cell.

The reduction in size of most diatoms is eventually 
compensated by the sexual process of auxospore formation. 
Cells are capable of forming auxospores only when they are



AV
ER

AG
E 

CE
LL
 

LE
NG

TH
 

& 
WI
DT
H 

(M
IC

RO
NS

)

40
GENERATIONS

Figure 14. Reduction in length (top curve) and width (lower curve) due to cell 
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within a, certain size range which varies according to the 
species (Geitlerf 1932; Fritsch, 1935; von Stosch, 1950) .
If cells reduce beyond the minimum size for auxospore forma- 
tionf they are no longer capable of rejuvenating and will 
eventually perish. None of the cultures used in this study 
underwent auxospore formation in the laboratory, although 
several cultures exhibited erratic growth patterns and ab
normal wall markings as they became smaller. Such behavior;, 
is usual when cells decrease beyond the minimum size for 
auxospores to form,

■ It is possible that the lower limit for auxospore 
formation in S, anceps is about 33 microns. Cells larger 
than 33 microns decrease at a constant rate (Fig, 14), but 
smaller cells decrease at. an accelerated and changing rate, 
Geitler (1932) found that Navicula seminulum decreases at
.a constant rate until auxospores are formed, but at a re
duced rate if auxospores do not form (Fig, 11, 12). Again 
care must be taken when interpreting his graphs since he 
plotted time on the abscissa. The rate of growth is not 
recorded and, as previously mentioned, growth rate is known 
to change with changes of the environment and with changes 
of cell size (Fig. 15).

■ The number of divisions per week seems to be in
fluenced by the number of cells inoculated into a flask as 
cell size decreases below 26-28 microns. If 20 ,.000-30, 000
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cells are inoculatedf only. 2-4 divisions aiay occur in one 
week, whereas an inoculum of 60,000-8 0, 0.00 cells may divide 
5-7 times.

The division, rate of £5, an ceps remains relatively 
high (six or seven divisions per week) when the cells' are 
in an optimum environment and cell size is greater than 
25-30 microns, The one dip in the graph of cells 32.5 
microns (Fig. 15) is almost certainly due to improper 
medium preparation. One stock solution of a major element 
is thought to have been omitted, When cells were trans
ferred to a different medium, growth was again as usual, 
When cell size drops below 24 microns, growth is markedly 
slower. Small cells of another clone became difficult to 
maintain under a 16:8 hr light:dark cycle but grew better 
and developed a more normal color when placed in an 8-hr 
photoperiod with 16 hr darkness. A slower growth rate of 
this nature could give the mistaken impression that size 
reduction due to cell division decreases as cell size de
creases, whereas in reality, the size reduction per cell 
division may be increased,

Valve Aberrations
The greater slope of the top curve (Fig. 14) 

illustrates a changing configuration of cells in the 
population as divisions occur. Indeed, the larger cells
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are linear-lanceolate structures with definitely capitate 
ends, As size decreasesf they become more oval in outline 
and lose the capitate apices. Eventually they become oval 
and will probably assume a nearly spherical shape. Figures 
16-21 illustrate changes in valve shape as the cells become 
smaller. All cells are from the same strain.

Normal cells of S. anceps, as given by Patrick and 
Reimer (1966)f are 24-75 microns in length and 9-15 microns 
wide. There are 20-25 distinctly punctate and radiate 
striae in ten microns. The raphe is straight and narrows 
slightly near the proximal and distal ends. Identification 
of the specimens used in this study was confirmed by Dr, 
Charles Reimer,

All observations on valve aberrations are from two 
strains of the same species and both strains are morpho
logically identical. Relatively few valve aberrations were 
noted in larger cells, but more occurred as the cultures 
degenerated and the cells became smaller than about 2 8 
microns. Figures 22-3 9 illustrate some of the aberrations 
noted in this study.

The valve, aberrations relate to changes in valve 
outline, striae, central area, raphe, or combinations of 
these. The most common discrepancy of valve outline was 
an uncommonly wide cell often possessing one or more pro
trusions near the central area (Fig, 22),



Figure 16,

Figure 17,

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Stauroneis anceps with definitely capitate 
endsT' Cell’ is' 34 microns long, C-. X 2120
Stauronejs anceps with definitely.capitate 
ends. Cell is. 32 microns long, X 2120
Stauroneis anceps with ends becoming rostrate.
Cell is 27 microns long. —  X 2120
Stauroneis anceps with rostrate ends. Cell is 
24 microns long„ —  X 2120
Stauroneis anceps with nearly oval outline. 
Cell is 19 microns long, -- X 2120
Stauroneis anceps with oval outline, Cell is
15 microns long, -- X 2120
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Figure 22

Figure 23. 

Figure 24, 

Figure 25. 

Figure 26.

Figure 27.

Figure 28.

Stauroneis angepg abnormaliy wide yalye with, a 
protrusion on each side of the yalye causing; 
asymmetry about the apical and transapical 
axes, X 2120
Stauroneis anceps valve with an isolated stria 
(S) in the central area (CA). X 2120
Stauroneis anceps valve with two isolated . 
striae (S) in the central area, X 212 0
Stauroneis anceps valve without a well-defined 
central area. —  X 2120
Stauroneis anceps valve with central area (dA) 
towards one end of the cell. One raphe is much 
shorter than the other and the striae are■ 
irregular. -- X 2120
Stauroneis anceps valve with central area (CA) 
towards one end of the cell. —  The raphe (R) 
occurs on only one side of the central area.
X 2120
Stauroneis anceps valve with abnormal central
area (CA).  This is the .other valve of the
same cell as Figure 27. The raphe is normal . 
although it is partially obscured by foreign 
matter. X 212 0

Figure 29. Stauroneis anceps valve with no central area 
and one continuous raphe (R). —  X 2120

Figure 30. Stauroneis anceps valve without a normal cen
tral area and with a highly irregular raphe 
(R) forming a horseshoe-shaped structure at 
the bottom of the cell. -- The striae are 
very irregular. X 212 0
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Figure 31, 

Figure 32,

Figure 33.

Figure 34. 

Figure 35.

Figure 36.

Figure 37.

Figure 38

Figure 39.

gtauroneis anceps valve with a, curved raphe,
OR) , r- X 3392
Stauroneis anceps valve with abnormal central 
area and raphe on only one side of the central 
area, -- X 2650
Stauroneis anceps valve with raphe (JR) trav
ersing central area and curving into the 
striae. -- X 212 0
Stauroneis anceps valve with raphe (R) curving 
into the striae at the terminal pole. X 212 0
Stauroneis anceps valve with abnormal central 
area (CA) towards one end of the cell and 
raphe (R) with a discontinuity (D). ■—  X 2120 .
Stauroneis anceps valve with aberrant raphe.
(R) and striae (S). -- Silicification is very 
light towards the bottom of the photograph 
and the missing terminal pole was either not 
formed or was destroyed in the cleaning process, 
X 2120
Stauroneis anceps valve with no central area 
and a continuous raphe. -- The second raphe is 
in a different focal plane„ Due to the tilt 
of the cell on the slide, it was not determined 
if the second raphe is on the same valve.
X 2120
Stauroneis anceps. The same valve as Figure 3 7 
but at a slightly different focal plane. -- 
X 2120
Stauroneis anceps valve with no well defined 
central area and a highly unusual raphe. -- 
The raphe is U-shaped and in one end of the 
cell, X 2120
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Abnprjna.1 ities gf the central area, included the 

occurrence ol isolated striae in the region of the stauros 
(Fig. 23, 24) r the lack of a "normal and well-defined 
stauros (Fig, 25, 28, 29,.30), or the displacement of the. 
central area towards one end of'the valye (Fig, 26, 27).

Peculiarities of the raphe included a curvature 
(Fig. 31, 33, 34, 36, 3.9) , absence of the raphe in one 
end of the valve (Fig. 32, 39), or discontinuity of the 
raphe (Fig, 35), The two raphes of Figures 37 and 38 occur 
in different focal planes but it has not been determined 
if they occur in the same valve or separate valves of the 
cell. Figures 37 and 3 8 are the same valve photographed 
at slightly different focal planes.

The two valves of a single cell are not always 
identical. One may be of normal appearance and the other 
abnormal or the two valves may possess two different types 
of aberration. Figures 27 and 28 are the two valves of a 
single cell and look quite different. The viability of 
such aberrant cells has not been determined nor have their 
heritable characteristics.

Protoplasmic Differences
The normal■protoplasmic features of S; anceps 

include a centrally located nucleus, two large chloroplasts, 
one pyrenoid in each chloroplast, and one large vacuole on



each side of the nucleus toward the ends of the cells 
(Fig. If 3), This organization is typical until the cells 
degenerate to less than 20 microns in length. In this size 
range the chloroplasts and pyrenoids are usually indistinct 
and only one vacuole is present (Fig. 4 0), The vacuole'is 
filled with lipid material when 15 is the growth medium 
(Fig. 41).

Cells of this size grew very poorly under the con
ditions normally maintained in the laboratory. The cultures 
did not attain the rich golden-brown color that is usual 
for the species. If the photoperiod was reduced to 8 hr 
light and 16 hr darkness f the golden-brown color was re
stored, Degenerate cultures are currently maintained under 
this regime. The ultimate size of cells before death 
occurs is not known, The smallest cells observed to date 
are about 15 microns and the culture is living and dividing.



Figure 40\ gtauyonejs aneeps living cell 16 microns in 
- length, The cell contains two rather in
distinct chloroplasts (C) and one large ■vacuole 
(V). X 2400

Figure 41. Stauroneis anceps cell 16 microns in length
stained with Sudan IV. -- The Sudan positive
material is lipid (L). X 2400
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RESISTANCE TO DESICCATION

Introduction
The ability of many algae to withstand severe and 

sometimes prolonged drying has been well documented (Bristol, 
1919, 1920; Evansr 1958, 1959? Sehlichtdng, 1961, 1964),
These workers collected and dried algae from the "natural 
habitat, but made no attempt to control environmental 
parameters during the drying and storage, of the organisms, 
Although many startling facts regarding algal survival were 
revealed, the precise environmental variables affecting 
survival have not been determined.

The blue-green algae have probably been studied 
more thoroughly than any other group in relation to drought 
survival. Many of these procaryotic organisms are notori
ously resistant. This resistance may be conferred, at least 
in part, by their gelatinous sheaths and the formation of 
thick-walled spores. Lipman (1941) reported the revival 
of Nostoe commune from herbarium sheets 87 years old. More 
recently Hess (1962) found that members of the Oscil
lator iaceae, Scytonemataceae, Rivulariaceae, and Nostocaceae 
survived 500 days over the desiccant phosphorus pentoxide.

Working with the unicellular green alga, Spongio- 
chloris typica, McLean (1967) found maximum desiccation 
—  55 ■ ' . .



resistance when the. nutrients are ■ 4iiute in the .surround-' 
ing mediurt). He found no relationship between desiccation 
resistance and total lipid accumulation within cells. This 
is an apparent contradiction to Eyans (1958) observations 
that cells during drought had accumulated oil. Evans also 
noted a Sudan black B positive layer around resistant cells 
of Pinnularia viridis. McLean (1968.) found cells, grown.on 
agar.more resistant to drying than cells grown in liquid 
medium, probably due to the dilution of nutrients near the 
cells caused by a lower diffusion rate in agar.

The purpose of the- present investigation was to 
determine parameters of the environment which affect the 
survival of diatoms during periods of severe drying. This 
type of study is urgently needed in all algal groups to 
define the conditions under which organisms are able to-be 
dispersed. Many algae survive periods of stress by the 
production of specialized resistant structures. Other 
algae, including the diatoms, survive in the vegetative 
condition. The importance of understanding algal survival 
transcends a multitude of interests ranging from the dis
persal of.organisms and colonization of new habitats to the 
requirements for sterilization of spacecraft on extra
terrestrial missions.



Algae From Mud Samples
More than 300 dry soil samples are maintained at- 

the- University of Arizona by.Dr, Robert W- Hoshaw, These 
soils were collected from the eastern, midwestern, southern, 
and southwestern United States and portions of Mexico„
When dry to equilibrium with the atmosphere, the soils were 
placed into glass bottles for storage. Algae for research 
and teaching purposes are routinely isolated from rewet 
portions of these soil samples (Hoshaw and Hilton, 1966? 
Wells, 1969). The diatoms used in this study were isolated 
in such a manner.

Very early in the. study it became apparent that 
samples previously recorded as showing diatom populations 
no longer produced living diatoms. An apparent mortality 
had occurred.

The mortality of diatoms from natural collections 
due to age was determined by sampling 299 of the above dry 
soil samples at one-year intervals. Each soil sample was 
thoroughly mixed before use. Small portions of soil (0.3 
to 0.5 g) were aseptically placed into sterile Petri plates 
and wet with sterile medium. Each sample was assayed with 
a dissecting microscope (magnification to 120x) for the 
presence of diatoms at weekly intervals for one month. 
Species were not recorded, just the presence or absence of 
diatoms in general. Viability was determined on the basis
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of an obviously, colored chlo.roplast, motilityf or repro
duction. Weekly • samplings were necessary since protozoans.,-• 
if present, often injested the diatoms. Much consternation 
was sustained in earlier days when no diatoms could be - 
found in the plates, only obese ciliates.

Three replicate samples of each soil were rewet.
In every case all three replicates were positive or all 
three were negative„ After more than 50 cases without a 
single disparity among plates, it became obvious that one 
plate would suffice. The data are recorded in Figure 42. 
Soil age as determined by the year in which the soil was 
dried is placed on the abscissa and the percent of soils 
showing viable diatoms on the ordinate. Observations were 
first taken during the summer of 1967. At this time the 
soils from 1967 were dry less than one year, those dried 
in 1966 were dry for one year, etc. The soils from 196 0 
were dry seven years. Greatest survival was in the youngest 
soils, the 1967 samples having 72 percent with viable 
diatoms. Least survival occurred in the 1961 soils in which 
12 percent showed viability. The survival rate increased 
for the 1960 soils but only seven samples were tested. The 
number of samples tested from each year•is indicated above 
the curves.

The same 299 soils were tested one year later in 
the summer of 1968„ Again, the greatest survival was



PE
RC

EN
T 

DRY
 

SO
IL
S 

WI
TH
 

VI
AB
LE
 

DI
AT

OM
S

N U MBER SAMPLES TESTED
28

0 1968 DATA 
© 1967 DATA

AGE (YEAR SOIL DRIED)
Figure 42. Diatom survival from dry soil samples rewet in 1967 and again in 19 68. -- 

The percent of soil samples producing viable diatom populations after 
rewet with sterile culture medium is plotted against the length of time 
the soil samples remained dry. ^

vo



60
generally from soils dry for the shortest time. hower 
suryiyal occurred in those dry for a longer period. Alsor 
the survival is in every case lower than that of the pre
vious year for the same samples.

The distance between the two curves is greater for 
younger soils than for the older ones indicating that mor
tality is higher soon after drying than, after the soils 
have been dry for a longer time. The less hardy individ
uals apparently die rapidly and then the death rate de
creases.

Comparison of appropriate points on the two curves 
provides a measure of the accuracy of the procedure. The 
soils collected in 1961 were dry six years in 1967 and 12 
percent had viable diatoms. The 1962 soils were six years 
old in 1968 and 11 percent had viable diatoms. This close 
relationship can be seen graphically in Figure 42 by noting 
the nearly horizontal line existing between the two points 
in question. This same horizontal relationship holds for 
most of the other points on the graph. This provides a 
convenient reference with which to check the accuracy of 
the data since it indicates that soil samples of the same 
age have equal diatom survival and that the mortality rate . 
is consistent throughout the duration of these observations. 
The only points where the horizontal relationship does not 
exist are in 1967 and 1960, and in both cases'the sample
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number is only seven. This inconsistency can be attributed 
to insufficient sampling in these two cases.

Since a relatively large number of soils were shown 
to produce a diatom flora when rewetf the next step was to 
isolate diatoms which grow in culture and are suitable for 
experimental purposes. Numerous isolations were attempted. 
Those which grew in the media available are listed in Table 
3. ■ Each taxon is listed with the soils from which it was 
isolated, the defined media in which it grew, and the soil 
water in which it grew. The defined medium producing, best 
growth is underlined where it was established. The cultures 
listed are unialgal but not bacteria-free. .The organisms 
may grow, therefore, in media without organic supplements 
whereas, in fact, vitamins may be required by the cells.
Such is thought to be the case with the two varieties of 
Navicula cf. cuspidata.

The diatoms, their collectors, and locations of 
collection are listed in Table 4, One organism, Stauroneis 
anceps, was selected for use in the drying experiments.
This diatom possesses several characteristics that make it . 
quite suitable for experimental work. It is a relatively 
large cell, normally more than 30 microns in length, and 
it grows well in culture. Under ideal conditions, divisions' 
occur approximately once per day. The best defined medium 
for growth, 15, is easily made and the organism requires no



Table 3. Diatoms isolated from rewet soil samples and the media in which they 
grew.

Taxa Soils Defined Media Soil Water

Stauroneis anceps Ehr. 64-2, 65-1, 65-5, 65-6,
65-13, 65-18

8 , 12, 15a B

Navicula cf. cuspidata 
Kutz - var. "A"*-5

65-13, 65-14, 65-15 8, 12, 15, 17 All

Navicula cf. cuspidata 
Kutz, var. "B"

65-12, 65-13, 65-14, 
65-27

12 LM

Navicula pelliculosa 
(Breb.) Hilse

64-20, 65-5, 65-6 8 , 12 MG

Hantzschia sp. "C" 65-2, 65-7, 65-12, 
65-13, 65-14, 65-15, 
65-19, 65-23, 65-50

12 B

Hantzschia sp. "D" 65-1 12 LM
Hantzschia sp. "E" 65-14 15 . B

aThe defined medium most commonly used and producing best growth is 
underlined.

DThe identification of organisms coded with letters at the level of 
species or variety is not certain at this time. The organisms appear to be 
different but do not fit well into presently established categories and some 
may transcend present categories.



Table 4. Sources and collectors of the diatoms isolated from rewet soil samples.

Tax a
Soil
Sample Collector Date Location of Collection

Stauroneis anceps 65-6 R. W. Hoshaw 6~ 65 Big Lake, Arizona— from 
the stream bank near Big 
Lake

64-2 R. W. Hoshaw 5-64 Lake Mary, Arizona
Navicula cf„

cuspidata var. "A" 65-13 R. W. Hoshaw 6-65 Lake Mary, Arizona
Navicula cf.

cuspidata var. "B" 65-13 R. W.■Hoshaw 6-65 Lake Mary, Arizona
Navicula

pelliculosa .65-6 R. W. Hoshaw 6-65 Big Lake, Arizona— from a 
pond and a stream bank 
near Big Lake

Hantzschia sp. "C" 65-50 F. B. Rickert 6-65 Santa Catalina Mountains, 
Arizona— Federal Youth 
Camp Reservoir,

Hantzschia sp. "D" 65-1 R. W. Hoshaw 6-65 Hannagan Meadows, Arizona 
--from a small pond

Hantzschia sp. "E" 65-14 R. W. Hoshaw 6-65 Lake Mary, Arizona

to
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special organic supplements jro.r axenic culture„ The cells 
are easily grown in soil-water and can be collected and 
isolated readily from several soils. Thus, no danger 
exists of losing a culture and not being able to re-isolate 
another.

Navlcula cf. cuspidata var, !'A" and cf. cuspidata 
var. "B" are somewhat larger than S. anceps but growth is 
poor to fair in soil-water and poor to fair in defined 
media. Axenic cultures of these strains seem to require 
vitamins. Media containing thiamine and cobalamine allowed 
satisfactory growth, Navicula pelliculosa grew more rapidly 
than any of the other species but its minute size (8-11 
microns in length) and lightly silicified frustule lend it 
unsatisfactory for this type of study. All Hantzschia spp,, 
the largest cells of those listed in Table 3f grow poorly 
in soil-water and defined media. These disadvantages of 
the other species render Stauroneis anceps the most ac
ceptable of those isolated.

After the isolation and growth of diatoms capable 
of survival, the next objective was to experimentally dry 
the cells in the laboratory. The first efforts were con
ducted in such a manner as to simulate natural conditions 
as closely as possible. Soil-water cultures were grown 
until a large population of cells developed. The liquid 
was decanted and the bottles were left uncapped to dry in



the air under room conditions« Drying was usually complete 
in 1-4 days depending on the amount of liquid remaining in 
the bottles after decanting and the relative humidity of 
the atmosphere. When dry, the soil was either rewet im
mediately to determine viability or capped and allowed to 
remain dry.for various periods before rewetting. Occa
sionally cells growing on soil-water were removed with a 
Pasteur pipet with as little soil as possible and inoculated 
onto sterile white quartz sand in a bottle. The liquid w7as 
allowed to evaporate just as when soil was the drying sub
stratum, and the viability of the cells was subsequently 
assayed.

The results of early experiments are summarized in 
Table 5, Several unicellular green algae were also tested 
for survival along with the diatoms. All except Micra- 
sterias sp. were obtained from the Culture Collection .of. 
Algae at Indiana University (Starr, 1964). The number 
behind each species in the table is the culture number from 
the Culture Collection, The origin of the Micrasterias 
culture is not known.

The green algae tested showed no survival except 
Pectodictyon cubicum which.survived in dry soil more than 
17 months. The number of months represented in the vi
ability column should be considered a minimum for survival 
since the organisms were surviving at the time of the
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Table 5, Preliminary survey of the 

and, diatoms to drying-, ‘
surylyal of green algae

Organism
Months
Viable

Months
Mon-Viable

Drying• 
Substratum

Green Algae
Actinastrum hantzschii 

Lagerheim (LB6 05)
1 soil

Cosmarium turpinii Breb. 
(LB 8 5 2)

1 soil

Dictyosphaerium pulchellum 
Wood (LB 731)

1 soil

Kirchneriella lunaris
(Kirch.) Moebius (LB285)

1 soil

Micrasterias sp. 1 soil.
Pectodictyon cubicum 

Taft (LB 944)
17 soil

Pediastrum sp. (LB144) 1 soil

Diatoms
Stauroneis anceps 26

14
soil
sand

Navicula cf. cuspidata 
var. !'A"

25
25

soil
sand

Hantzschia sp. "D” 26 soil
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latest test f but no further tests have been made „ #.t
present there is no. way of determining an upper limit for 
survival time, The other green algae survived less than 
one month and death may have been immediately after drying.

The diatom Stauroneis anceps was dried in both soil 
and sand, S. anceps survived more than 26 months in soil 
but less than 14 months in sand. Nayicula cf. cuspidate 
var. ’’A" survived 25 months in soil, in one case, but 
another culture did not survive 25 months. This conflicting 
evidence illustrates the necessity of controlling more 
carefully the drying experiments. Hantzschia sp. "D" did 
not survive 26 months drying under laboratory conditions.

The data illustrate the necessity of controlling 
several variables and provide some clues as to what those 
variables are. The substratum in which cells are. dried 
appears to influence survival. Also, the rate of drying 
as influenced by relative humidity of the atmosphere as 
well as the physiological.state of the cells determined ' 
by growth environment at the time of drying may be im
portant.

Rate of Drying 
The rate at which a substratum containing cells 

dries can be controlled in several ways. One is by con
trolling the relative humidity surrounding the material
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to be dried. Five ml of. 21-day-old cultures of gtauroneis 
a,nceps and Mavicula of. cuspidata yar„ ’’a" growing in 12f
medium were placed into 60 mm Petri plates containing soil 
or sand, as a drying substratum. The samples were then 
placed in desiccators maintained at relative humidifies 
0, 25 f 50 r and 75 percent and allowed to dry. After two 
weeks the samples were wet with soil-water supernatant and 
observed for diatom growth.

Stauroneis anceps survived in both soil and sand 
at relative humidities of 0, 25, and 50 .percent (Table 6). 
Survival at 75 percent relative humidity was limited to 
those cells dried in soil and appeared lower than survival 
at the lower relative humidities as determined by the 
number of cells present. Assuming equal division rates 
after rewetting, the size of a population should be pro
portional to the number of cells comprising the inoculum, 
in this case the number of dry cells rejuvenating. The 
other factor involved is the time required after wetting 
for cells to divide. Evans (1959) found that cells dry for 
longer periods tend to require longer to rejuvenate. Since 
those cells dried at lower relative humidities dry .sooner 
(Table 6), and therefore were dry for a longer time before 
wetting, they might be expected to require a. longer time to 
begin dividing. Yet, the number of cells in these plates 
was larger than the number in the 75 percent plate. These
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Table 6, The viability of diatoms dried and stored for 

two weeks at different relative humidities and 
in different substrata.
Relative viability of the dried cell population 
is. indicated: by the number of plusses.

Survival
Relative

at Various 
Humidities

0% 25% 50% 75%

Stauroneis anceps
soil ++ +Jr +
sand ++ *i—I- w  —

Navicula cf. cuspidata var. "A”
soil — — — —
sand .. — ”

arguments imply that survival was indeed poorer at 75 per
cent than at lower humidities.

No survival was found at 75 percent relative humid
ity if sand was the drying substratum. Apparently drying 
and storage at higher humidities are more detrimental to 
survival than are drying and storage at lower humidities. 
This phenomenon is accentuated if a porous substratum such 
as sand is used rather than soil.

After the plates were rewet and a population of 
cells developed, they were again dried at 25 percent
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relative humidity. When dry, the plates were rewet and 
assayed for viability. Those with soil as a drying sub
stratum possessed viable diatoms, whereas no viability 
existed if sand was the substratum. Iljin (1953) found 
that consecutive plasmolyses injured cells of Rhep discolor 
in a cumulative fashion.• The lower survival of cells 
dried a second time may be the manifestation of a process 
similar to that noted by Iljin.

Navicula cf. cuspidata var. "A" did not survive 
under the conditions described above, but a four-week-old 
culture survived drying five months as did Hantzschia sp.
"E" when dried and stored at 70 percent relative humidity. 
The growth medium of these cultures was not recorded but 
is thought to have been soil-water medium. ■'

The response of different organisms, in this case
Stauroneis anceps and Navicula cf. cuspidata var. "A”, is 
quite different under similar environmental conditions.
Also, the response of the same organism varies markedly 
according to the conditions preceding and during drought.

A more precise determination of survival times at 
the various humidifies was obtained by inoculating one-half 
ml of a two-week-old culture of Stauroneis anceps growing
in 15 medium into 60 mm Petri plates containing various
substrata (Table 7). Collections were taken from those 
specimens dried at 50 percent relative humidity at 4, 28,
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Table 7. The effect of relative humidity and drying sub

stratum oh survival of Stauro'neis anceps. The 
inoculum was one-half ml of a two-week-old cul- 
, ture grown in 15 medium.

Survival Time in the Various Substrata (Hr)
Relative
imidity Soil Sand 070 100 . 130 380

50% 75-336 6-28 75-336 75-336 75-336 *6

75% a 4  ̂4 ■ ̂  4 £. 4 69-336 r 4

90% a 24 24-264 r 24 ^ 24 ^ 24 c 24

75, and 336 hr (14 days). All except those dried in 380 
glass beads or sand survived more than 75 hr but less than 
336 hr. At 75 percent relative humidity survival was less 
than 4 hr except those dried in 13 0 glass beads. Even 
though survival is indicated as greater than 69 hr but less 
than 336 hr, this collection is thought to be an exception 
since the 4-hr and 22-hr collections were negative. When 
drying occurred at 9 0 percent relative humidity, collections 
were taken at 24 and 264 hr (11 days). The first collection 
was at 24 hr since drying occurred so slowly that it was 
difficult to ascertain the "time of complete desiccation.
By waiting 24 hr it seemed more certain that the moisture 
content of the substratum was in equilibrium with the 
atmosphere. In all cases survival was less than 24 hr
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except when' sand was the substratum. These results clearly 
indicate that relative humidities lower than 75 percent 
allow better survival.

Determination of the survival time during rapid 
drying of cells' was obtained by inoculating 0.1 ml of a 10- 
day-old culture of Stauroneis anceps growing in 15 medium 
into 60 mm Petri plates containing 2.8 g dry soil. The 
Petri plates were then placed into desiccators maintained 
at zero .percent'relative humidity by anhydrous calcium

f
sulfate. Collections were taken immediately and 
2f 3; and 4 hr after placement in the desiccators. At the 
time of collection, 10 ml of 15 medium was used to rewet 
the dry samples. The soil containing the diatoms was mixed 
thoroughly with the liquid and 0.05 ml of the mixture was 
dispersed evenly over the surface of agar plates fortified 
with 15 medium. After 4-6 days incubation on growth racks, 
the number of diatom colonies on each plate was counted 
and the average of three replicates appears in Table 8 .
Each colony resulted from a rejuvenated cell that began 
dividing after rewet to form a small population of cells.

The concentration of agar was found to be important 
to cell division and colony formation (Table 9). Lower 
agar concentrations (1.0-1.5 percent) were initially used 
but the cells were motile and did not aggregate into small 
compact colonies. Higher agar concentrations (2.0-2.5
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Table 8 , guryiyal gtauroneis ance'ps when dried rapidly.

One tenth ml inoculum was placed into 2.8 g soil 
and dried in a desiccator at zero percent' relative 
humidity.

Time after Inoculation 
of Cells into Soil,(Hr)

Growth 
in Flask .

Number Colonies 
. .... Per Plate

0 11

% + ■' 14
1 + 6

2 + 11

3 r- 0

4 0

Table 9. The agar 
division

concentration of 15 medium vs. 
in Stauroneis anceps.

cell

Agar Cell Colony
Concentration Division Formation

1 .0% + -K
1.5% -f
2 .0% - —

2.5%



percent) we^e used in an attempt to reduce motility but 
no cell division occurred at these higher concentrations 
and thusf no colonies formed.

The time column (Table 8) indicates time after the 
soil was inoculated and placed into the desiccator. Sur
vival was essentially uniform until 2-3 hr when death was 
extremely rapid. This was about the time the soil appeared 
dry. The diatoms apparently do not survive desiccation 
under the conditions of this experiment (0.1 ml of a 10-day- 
old culture in 15 medium dried in soil and over a desic- 
cant). In addition to plating a small quantity of the soil- 
diatom suspension onto an agar surface, 1 ml of the same 
solution was placed into flasks containing 40 ml of 15 
medium. The flasks were placed on growth racks and ob
served for growth three weeks later. This step was taken 
to insure that a survival rate too small for measurement 
by the plating method would not be overlooked. • After 3 hr 
in the desiccators, hone of the cells survived (Table 8).

Other than by controlling the relative humidity, 
drying rate can be controlled by regulating the amount of 
liquid placed in the drying substratum. Two ml of -Stauroneis 
anceps inoculum growing in-15 medium were placed in glass 
beads and dried at 60 percent relative humidity (Table 10). 
Survival time was greater than 58 hr in size 100 glass' 
beads but less than 4 hr in size 380 beads. A portion of



75
Table 10. Effect of the. volume of inoculum to be evaporated 

on survival of StauroUeis an'c'eps.
Approximately equal numbers of cells were placed.. 
into different volumes, of liquid and dried at 60
percent relative humidity.

Survival in Two Sizes
Volume of of Glass Beads
Inoculum 100 380

2 ml > 58 hr 4 hr
0 .5 ml ^ 4 hr ^ 4 hr

the cells used as inoculum was concentrated by centrifuga
tion and adjusted to a final concentration four times that 
of the original inoculum. One half ml of this inoculum 
(now containing the same number of cells as 2 ml of the 
previous inoculum) was placed in the glass beads, Survival 
was less than 4 hr in both size 100 and 380 beads. Survival 
is better when larger quantities of liquid are used than 
when smaller quantities are used even though the number of 
cells is equal in both cases.

Age of Inoculum 
Previous results indicate that the age of the inocu

lum when it was dried may affect the survival rate of dia
toms , The age of cells itself is a meaningless criterion
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for determining resistance to desiccation due to the method 
of diatom reproduction, The. effect of culture age is ex
erted through nutrient depletion, or the accumulation of 
metabolites secreted by the cells, or both. Therefore, the 
culture environment is the object of discussions involving 
culture age. Culture environment is the parameter influ
encing survival to desiccation. There is no evidence 
suggesting which of these agents (nutrient depletion or 
accumulation of metabolites) is most influential,

Equal numbers of Stauroneis anceps cells were placed 
into six bottles of B soil-water and six flasks of 15 medium. 
The average length of the cells was 31 microns, . Larger 
amounts of £3. anceps were placed into flasks of 18 medium 
since very little growth occurred in this medium due to the 
lack of nitrogen. At weekly intervals 0.1 ml of the inocu
lum to be dried was placed into 2.8 g of soil and placed in 
desiccators maintained at zero percent relative humidity. 
Samples were taken at various times after placement in 
desiccators by the addition of 15 medium and transfer of 
small amounts of this solution to flasks of 15 medium. The 
flasks were placed on growth racks for about three weeks 
and observed for growth.

The survival time of cells initially grown in 15 
medium was, in general, shorter than for cells grown in B 
soil-water, however, survival in younger cultures (up to



three weeks) was about the same in both cases (Pig.-43).
The effect of age is seen more readily in the case of cells 
grown in B .soil-water. Survival is increased as the culture 
age approaches about four weeks, and extends to more than 
19 days for an eighth-week culture. Cells grown in 15 medium 
exhibit comparable survival to those in B soil-water if the 
cultures .are less than four weeks old. Although a slight 
trend towards increased survival is noted in five-week 
cultures in 15 medium,'the increase does not match that of 
cells, grown in B soil-water,

Evans * (1958) observations of increased oil accumu
lation in cells.able to survive desiccation and McLean's 
(1967) observations to the contrary prompted a similar in
vestigation with the diatoms used in this study, The 
tendency towards increased lipid accumulation by cells 
placed under conditions of low fixed nitrogen is well 
documented (Milner, 1948; Spoehr and Milner, 1949; Collyer 
and Fogg, 1955). Cells of Stauroneis anceps were placed in 
a nitrogen™free medium, 18, to induce increased lipid ac
cumulation. The cells were then dried under the conditions 
above. No difference in survival was detected. Survival 
was about equal to that of cells grown in B soil-water or 
15 medium. Cells were maintained for only two weeks on the 
nitrogen-free medium since nitrogen deficiency symptoms 
became severe after this time.
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AGE OF CULTURE (WEEKS)
re 43. The effect of culture age on survival of Stauroneis anceps to rapid

drying. -- One tenth ml inoculum was placed into 2.8 g soil and dried 
in a desiccator at zero percent relative humidity.
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The identical procedure was followed with another 

strain of Stauroneis ancepg consisting of larger cells than 
those used in the experiment just described * Cells of the 
newer strain averaged 37 microns in length. Although this 
experiment was continued for only two weeks, there is an 
indication that survival is better than that previously 
recorded, One^week-old inoculum in B soil^water survived 
drying for 2 hr and two-week-inoculum survived 4 hr. One- 
week-old cells grown in 15 and 18 medium survived 3% hr and 
two-week inoculum in 15 medium survived 2^ hr. These sur
vival times are generally higher than those recorded using 
the smaller strain. . ■

The survival of cells' in the steeper phase of the 
degeneracy curve (Fig. 14) may be lower than'the survival 
of larger cells in the initial linear phase of the curve. 
This is indicated by the above data and also by observations 
during the summer of 1968. At that time the diatoms were 
maintained in rapid growth due to a requirement for numerous 
cultures. Gradually and quite unpredictably, erratic re
sults followed the drying experiments. Later, erratic cul
ture growth ensued and attention was drawn to the importance 
of cell size in survival and growth of diatoms. ■

Substratum
The substratum upon which cells are- dried affects 

survival to desiccation since the size of the particulate
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matter affects the rate of water logs and the amount of 
water available to the cell at low soil moisture contents.
To determine the' effect of particle size, glass beads of 
uniform diameter were used as artificial soils. The beads 
are referred to by their catalog numbers provided by the 
manufacturer as follows; 380, 66 0, 13 0, 100, and 070. The
average diameters of the various beads are respectively,
29, 50, 100, 2 00, and 470 microns.

Fifteen ml of two growth media, 12 and B .soil- 
Water, were placed into two-ounce wide-mouth bottles with 
glass beads covering the bottoms of the jars. Equal quan
tities of Stauroneis anceps were inoculated into each con
tainer and allowed to grow for two weeks. At that time the 
jars were uncovered and the liquid allowed to evaporate.
The drying process.was slow and required several days„
Three days after all jars were dry, they were rewet with 
sterile medium and assayed for viability of diatoms. Those 
jars containing 070, 10.0, or 130 glass beads contained 
viable diatoms (Table 11). The jars Containing 380 or 660 . 
beads did not have any living diatoms. The growth medium 
prior to desiccation had no measurable effect on survival.

The results of a similar experiment are summarized 
in Table 12, One-half ml of a two-week culture of Stauroneis 
anceps was placed into 2,8 g of the bead sizes 070, 100,
130, and.380, Equal amounts of inoculum were also placed
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Table 11. . yiability of Stauronejs'' a'n'cepg dried on arti

ficial substrata for three. day's.
Cells were grown in 15 ml of growth media on 
the respective substrata and slowly dried in 
the culture vessels,

Survival after Growth and 
Drying in Two Media

Substratum 12 . Blue. SW

380 ■ - —
660 - -

13 0 > +
100 + • +

070 + +

Table 12. Viability of Stauroneis anceps dried in various 
substrata.
One-half ml of a two-week 
into 2.8 g substratum and 
relative humidity.

culture was placed 
dried at 50 percent

Viability in the Various Substrata
Time Dry Soil Sand 070 100 130 38 0

6 hr + + +
28 hr + - + Jr + w

75 hr Jr ~ Jr ^

14 days — — —
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into the game quantity of soil and white guattz sand.
Cells in the yanious substrata were placed into desic
cators.maintained.at 50 percent relative humidity for 6r 
28 f 75 f and 33 6 hr (14 days)., The cells were then rewet 
with 15 medium and placed on a growth rack for about three 
weeks. Survival was longer than 75 hr but less than 336 hr 
in all cases except when size 380 beads or sand was the 
substratum (Table 12). No survival was detected in any 
case for the 38 0 beads. \ Cells dried in sand survived be
tween 6 and 2 8 hr.

The death rate of cells dried in 380 beads is very 
high within 6 hr after placement in the desiccator (Table 
12). Another determination of the time and rate of death 
was procured by placing 0,1 ml of a five-day-old culture 
of Stauroneis' anceps (average length, 37 microns) into 2.8 g 
of different size beads and placing them into desiccators 
maintained at zero percent relative humidity. Survival in 
070, 100, and 130 beads was 3% hr (Table 13). Since the 
last collection was at 3% hr, maximum survival time is 
unknown, Cells dried in 380 beads survived for only 2 hr.

The effect of relative humidity on survival in the 
different substrata is further illustrated in Table 14.
Two ml of Stauroneis anceps suspended in distilled water 
for 24 hr was placed in jars containing the various sub
strata, The jars were placed in desiccators maintained at
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Table 13, Sujryiyal of Stauroneis anceps on artificial 

subgt^ata with uniform' particle size.'
One tenth ml of. a five-day-culture was placed 
into 2,8 g of substrata and dried at zero per
cent relative humidity.

Time Dry Survival in the Various Substrata
(Hr) 07 0 1.00    .1.3.0  38 0

1 + 4- 4 +
ik t 4* 4 +
2 + 4 4 +
2*5 + . + -
3 4 + -
3% •"h 4 +

Table 14. The effect of relative humidity on desiccation 
survival of Stauroneis anceps dried in various 
substrata,
Two ml of inoculum were added to 2.8 g of the 
different substrata and dried at the indicated 
relative humidity.

Substratum 0%

Number of Colonies at 
Various Relative Humidities

10% 50% 75%

660 0 0 0 0

130 0 ' 0 6 7
070 0 4- 2 8

Soil 0 4 24 25 .



.84 ■■
the different relative: humidities for three days. Ten ml 
of 15 medium'was added to the jars and mixed thoroughly.
The solution was allowed to remain 2-4 hr and then 0.05 ml 
was dispersed over the surface of agar fortified with 15 
medium. The agar plates were placed on growth racks and 
assayed for the number of diatom colonies 4-6 days later.
The number of colonies appears in Table 14, At the same 
time,, the jars containing rewet diatoms were placed on 
growth racks for three weeks. Growth in the jars was used 
as a check to make certain that low survival rates- (too low 
to be detected with the plating technique) did not go un
noticed, The only instance of viability not detected on 
the agar plates was the jar containing 070 beads and dried 
at 10 percent relative humidity. This is indicated by a 
plus in Table 14,

Survival was again found to be poor when smaller 
size particles were used for drying. Increasing survival 
occurred in the larger bead sizes, 130 and 070, but by far 
the best survival was in soil. The effect of relative 
humidity can also be readily seen. No survival existed at 
zero percent. At 10 percent the survival was very low. in 
the 070 beads and low but measurable in soil. Drying at 
50 or 75 percent gave better results. Here soil was by 
far the best substratum for resistance to drying.



85
A more cpmpjrehensiye look at the. effect of sub--' 

stratum on dintom survival during desiccation can he ob
tained by reviewing several of the- tables discussed pre~ 
Viously as well as those just discussed under the substratum 
heading. Reference is called especially to Tables 6f 7f 
and 10 as well as Tables 11, 12, 13, and 14, It is clear 
that the substratum exerts a definite influence on survival 
but the nature of this influence is not as apparent. Soil 
in nearly every case provided the best survival. Sand was 
not as effective as soil, but survival was noted in many 
cases. The duration of survival, however,, was not as long 
■for cells dried in sand. The larger size glass beads 
allowed survival in most cases but survival was not noted 
in any case where drying occurred in glass beads with a 
diameter 50 microns or less (380 and 660 size beads). It 
is not known whether the cause of these observed effects 
is due to mechanical factors as water leaves the substratum, 
or to moisture relations of the particles.

Sucrose and Inositol
Numerous organic compounds have been said to improve 

the survival of microbes in the atmosphere. Among the best 
of these are sucrose and i-inositol (Webb, 1965).

Iljin (1953) found that plants with a higher sugar 
content have a greater freezing and desiccation resistance.
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Alsof the drought resistance of plants can be increased by. 
placing the plants in sugar solutions. Greater resistance 
to plasmolysis was noted if the cells were put through 
graduated solutions for both dehydration and rehydration. 
Rheo discolor cells normally cannot survive at 99 percent 
relative humidity, but if placed in 0.1N (his terminology) 
glucose first, they can survive down to 96 percent. If 
the cells are plasmolyzed slowly and rehydrated slowly in 
plasmolyzing solutions., they can withstand 21 days at 60-65 
percent relative humidity. Some survival was also noted 
at zero percent for 8-14 days if the dehydration and re
hydration were performed in the same manner.

Three groups of cells from a two-week-old culture
of Stauroneis anceps were treated as follows:

a). Cells were passed through a graded series of sucrose 
solutions of. Q.04M, 0.12M, 0.16M, 0.20M, and 0.26M concen
trations . The cells were left in each solution 15-20 min.

b) Cells were placed directly into 0.2 6M sucrose. The 
osmotic pressure of this solution is approximately seven 
atmospheres.

c) Cells were placed into distilled water.
One drop of each suspension containing S_. anceps 

(a, b, and c) was placed into the three depressions of six 
different spot plates and allowed to dry under conditions 
in the laboratory. The temperature was 24 C and relative
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humidity was about 40 percent, Collections were then taken 
at six intervals by the following procedures. Cells of 
treatment a . above were rewet with 0,26M sucrose solution 
and passed .through the same sucrose series but in reverse 
order. After the lowest sucrose concentration, the cells 
were washed once in 15 medium and then allowed to incubate 
in 15 medium for 10 days. Cells of treatment b above were 
rewet with distilled water arid washed. Finally they were 
placed in 15 medium and allowed to incubate 10 days. Cells 
of treatment £ above were rewet, as usual, with 15 medium 
and allowed to incubate 10 days. The data are recorded in 
Table 15.

Table 15. Effect of sucrose on the resistance to desic
cation of Stauroneis anceps. Survival is in
dicated with a plus.

Survival to Desiccation 
when Dried in the Various 
Sucrose Concentrations

Time Dry xX • Gradient
(hr) 0.00M 0.26M to 0.26M

%
1

2
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No suryiyal occurred in tho.se cells dried from dis

tilled water and survival was erratic in the cells dried 
from sucrose solutions. In all- cases where survival is 
indicated,. only one of the three depressions contained 
living diatoms. Cells of the other two depressions did 
not survive. Although there is a very slight indication 
that sucrose may increase survival of diatoms during desic
cation, the evidence is too tenuous at this time to be con
clusive .

The cells were able to survive the plasmolysing 
effect of the high sucrose concentration (a 0.26M solution 
is slightly less than 10 percent sucrose by weight). Cells 
from each treatment (a, b f and c) were placed into 15 medium 
before drying to test their viability after the sucrose 
treatments. All grew well. -

Although Webb (1965) used a slightly higher con
centration of sucrose, he dried cells from aerosols about 
10 microns in diameter. Cells in the present study were 
dried in a drop of solution about 2 mm in diameter. As 
the water evaporated the sucrose concentration increased 
and became extremely high causing a very high osmotic pres
sure. Also, the cells were covered with a layer of sucrose. 
For this reason the results of the two techniques cannot

Ibe compared.
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l$ebb. (1965) lound that inositol generally, conferred 

the greatest protection to the microbes he tested. The 
effect of i--'inositol on survival of Stauroneis anceps was 
tested in essentially the same manner as described above 
for sucrose„ Cells from a two-week-old culture were sus-■ 
pended in varying concentrations of inositol and one drop 
of each suspension was placed in the three depressions of 
four spot plates. One spot plate of each inositol concen
tration was not allowed to dry but placed immediately on 
the growth rack and observed four days later for growth.
The other plates were dried for the.times indicated (Table 
16). Collections were made by rewetting the plates with 
15 medium and placing them on growth racks. Seven days 
later the plates were observed for growth. Dry cells not 
previously exposed to inositol did not survive. Cells 
placed in inositol survived the drying and all three.rep
lications of the experiment gave identical results. Cells 
placed in eight percent inositol from the control group, 
as well as those that were dried, did not grow as well as. 
those in lower concentrations indicating an inhibitory 
effect of the higher concentrations. ■

This experiment was repeated at a later date using 
a clone of smaller cells. None of the cells survived. The 
drying conditions may have been different, however, since 
the drying was under conditions prevailing in the laboratory
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Table 16, Effect of inositol on survival of gtauro'ne'is 

. anceps, .
Relative auryiyal. ratesr inferred from the 
population, size after a period of growth, 
are indicated by the number of plusses,

Relative Survival of Cells Dried on 
Glass Slides for Various 

Time Periods
Inositol

(g/100 ml H20) 0 hr % hr 1 hr - 2 hr

0 - *- -
1 4—I—}-< + 4- 4-
2 4—r 4-4- 4-4*
4 . 4-4- 4̂4- 4-4-
8 4- 1 + 4-

and was not controlled, In view of these conflicting re
sults no conclusions can be reached at present about the 
effect of inositol on the survival of diatoms. Table 16 
indicates that some protection may be conferred, but the 
results were. not.reproduced.

Since diatoms subjected to desiccation undergo . 
severe water loss similar to the water loss during plas- 
molysis, the resistance of diatoms to plasmolysis was 
investigated.. Cells of Stauroneis anceps and Navicula 
cf. cuspidata var, "Av were placed in plasmolyzing solutions



made with Carbowax 1540 .in B soilr-waten supernatant The 
solutions wore made according to the following schedule 
(David Nichols, personal communication): v •■

Bars Osmotic. Pressure Grams' Carbowax/TOO g solution
4.75 
7.50
9.75 

11.90
13.80 
15.40
16.70 
18. 00
19.20 
20.25

Since the solutions were made using B soil'-water supernatant 
instead of distilled water, the osmotic pressures may be 
slightly higher than indicated above due to the osmotic 
effect of nutrients in the soil-water. The cells remained 
in the Carbowax solutions five days.

The results (Table 17) indicate that Stauroneis 
anceps is slightly more resistant to prolonged plasmolysis 
than is Navicula cf, cuspidata var. "A", although the dif
ference is only one bar of osmotic pressure. This result 
is not unexpected since S_. anceps seems more resistant to 
desiccation than Navicula cf. cuspidata var. "A" in the 
experiments previously recorded (Table 6) and in the re- . 
suits shown later in Table 20.

1
2
3
4
5
6
7
8
9

10
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Table 17. .Effect q£ prolonged plasmolysis on' gtau,roneis 

ariceps and NayicuTa cf . cugpidata yar. "A" .

Osmotic
Pressure

Survival 
N. cf, cuspidata 

var. "A” {3. anceps

1 Bar + + .2 Bars + '
3■Bars — +
4 Bars - -
5 Bars - — WWH

6 Bars — F-.

7 Bars
8 Bars — —
9 Bars

10 Bars

Resistance of Dry Cells to
■ Temperature Extremes 

The ability of algae to withstand extremes of 
temperature when dry has been well established (Trainor, 
1962; McLean, 1967). Both cite instances of green algae 
surviving 100 C for 1 hr. Trainor (1962) stated further 
that one species of Chlorella from a dry soil sample sur
vived 130 C for 1 hr but no alga tested survived 14 0 C for 
1 hr.

The heat resistance of Stauron.eis anceps was tested 
and the results appear in Table 18, Cells dried in soil
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Table 18. Heat resistance of desiccated cells of 

gtatironeis anceps.

Survival at 60 C Survival at 8 0 C
Time Dry Cells Flask . Dry Cells Flask
in Oven in Soil Culture in Soil Culture.

1 hr + - ■•h
4 hr + -
96 hr r-n -

and cells growing normally in a flask culture of 15 medium 
were placed in ovens at 60 C and 8 0 C for periods ranging 
from 1-96 hr. Cells growing in flask culture did not sur
vive even the shortest heat treatment. Dry' cells survived 
4 hr at 60 C and 1 hr at 80 C. The reasons for increased 
resistance to higher temperatures in dry cells are unknown, 
but similar results have been reported in other algae 
(Trainor, 1962; McLean, 1967) and in higher plants (Henckel, 
1964).

The factors affecting viability of frozen algae, 
have been discussed by Holm-Hansen (1963', 1967). Although 
the presence of organic adjuvants has been shown to increase 
resistance to freezing of some algae, the present investi
gation involves freezing cells in their normal culture 
medium.
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go4,1 "Water. cultures of diatoms were decanted so 

only the soil and diatoms on the soil .surface remained in 
the bottles„ The bottles were then placed into a freezer 
at -15 to -20 G for periods up to four months. Viability 
assays were made by removing bottles from the freezer and 
adding soil-water supernatant. The bottles were then 
placed on growth racks and observed for living diatoms«
Cells of two species previously dried in soil were also 
placed in the freezer for three days. The results are re
corded in Table 19. Cells of Stauroneis anceps and Tslayicula 
cfi cuspidata var, "A" frozen in the vegetative state showed 
inconsistent results. Some bottles contained viable diatoms 
and others did not, The factors responsible for this dis
parity could not be detected. There was no apparent re
lationship between culture age at the time of freezing or 
the length of time frozen and survival. None of the other 
species frozen in the vegetative state survived.

Without fail, all samples containing diatoms dried 
in soil prior to freezing contained viable diatoms. Before 
freezing, portions of the dried samples were rewet with 15 
medium and immediately placed in the freezer. These samples 
were all viable, too. As with heat resistance, freezing 
resistance appears to be enhanced if cells are dehydrated. 
The presence of water surrounding the cells has no effect 
since those cells frozen immediately after rewetting,
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Table 19, Resistance to breezing in diatoms,

Species

Survival to 
(-15 to -

Vegetative ' Dry 
Cells Cells

Freezing
”20.C)
Dry Cells Frozen 

Immediately 
After Rewetting

Stauroneis anceps ±
Navicula Of,

cuspidata var. "A" ± + +
Navicula

pelliculosa -
Hantzschia sp. "C" —
Hantzschia sp. ''E" —

exhibited viability comparable to cells frozen in the dry 
state,' Thusf ice crystal formation outside the cell or be
tween the cell wall and protoplast is probably not the 
agent causing mortality.

Survival for Long Periods 
The ability of diatoms to survive long periods 

(several weeks or more) of desiccation is related to sev
eral of the factors already discussed. The rate of drying, 
relative humidity during storage, nature of the substratum, 
and age and condition of the cells dried all affect sur
vival. The available evidence indicates that mortality may
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be high at and immediately following the time of desicca^ 
tio.n (fig, 42, 43; Tables 7," 8, 10, .12, 14) .

Numerous cultures' of Stauronef's an ceps and Navicula
cf. cuspidata var„ "A" were dried in 60 mm Petri plates with
soil or white quartz sand as the drying substratum and
maintained at relative humidities from 0-90 percent. Most 
of the treatments' (Table 20) were replicated at least three 
times and all others were replicated twice. All replicates 
gave identical results, Before rewetting, the soil in the 
Petri plates was mixed thoroughly, Then a small portion 
(0.3 g) was wet with an appropriate growth medium. Most 
positive samples had diatom populations by two weeks after 
wetting, but all negative samples were observed for five 
weeks before discarding.

Navicula cf. cuspidata var. "A" did not survive 
under any conditions of the experiment. Survival of 
Stauroneis anceps was maximum at relative humidities 0-50 
percent and when soil was the drying substratum. Survival 
in sand at the lower humidities was greater than 10 days 
but less than 16 months. No 10-day dry sample was taken for
S. anceps at 10 percent, but survival can be assumed since 
there was survival at both zero and 25 percent. Storage, 
at the higher himidities appears detrimental to survival,
At 75 percent, survival in sand dropped to less than four 
days although soil survival was still more than 16 months.



Table 20. Survival of diatoms in soil and sand when stored at six relative 
• humidities for long periods.

Relative 
Humidity 
of Drying 

and Storage Species .
■ Age of 
Inoculum Time Dry

Drying
Substratum Viability

0 S. ancepsa 2 weeks 17 months Soil +
0 S. anceps 2 weeks 16 months Sand
0 S. anceps 2 weeks 10 days Sand Jr
0 Navicula sp.^ 2 weeks 16 months. Soil —
0 Navicula sp. 2 weeks 16 months Sand -

10 S. anceps 2 weeks 16 months Soil +
10 S. anceps 2 weeks 16 months Sand —
10 Navicula sp. 2 weeks 16 months Soil -
10 Navicula sp. 2 weeks 16 months Sand
25 S. anceps 2 weeks 17 months Soil -r
25 S. anceps 2 weeks 16 months Sand —
25 S. anceps 2 weeks 10 days Sand
25 Navicula sp. 2 weeks 16 months Soil
25 ■ Navicula sp. 2 weeks 16 months Sand

' 50 S. anceps 2 weeks 17 months Soil +
50 S. anceps 2 weeks 16 months Sand -
50 S..anceps 2 weeks 10 days Sand +
50 Navicula sp. 2 weeks 16 months. Soil -
50 Navicula sp. 2 weeks 16 months Sand



Table 20. (Continued)

Relative 
Humidity 
of Drying 
and Storage' Species

Age of 
Inoculum Time Dry

Drying
Substratum Viability

75 S. anceps . 2 weeks 16 months Soil +
75 S. anceps 2 weeks 4 days Sand -
75 Navicula sp. 2 weeks 16 months Soil -

' 75 Navicula sp. 2 weeks 16 months Sand
90 S. anceps 2 weeks 16 months Soil
90 3. anceps ,2 weeks 16 months Sand -
90 Navicula sp. 2 weeks 16 months Soil -
.90 Navicula sp. 2 weeks 16 months Sand

aS_. anceps = Stauroneis anceps.
•^Navicula sp. = Navicula cf. cuspidata var. "A"
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At 90 percent there was no survival at 16 months in soil 
or sand,

In addition to the results reported in Table 20f 
other scattered data contribute to the total picture. A 
different strain of gtauroneis a'nceps has survived in dry 
soil on the laboratory shelf 26 months. Several cultures 
of Mayicula cf. cuspidata var. "A" dry for 26 months on the 
laboratory shelf were not viable. ' These cultures were 2-6 
weeks old when dried. Howevera six-week-old culture of 
Navicula cf.•cuspidata var.."A", small or degenerate cells, 
survived 24 months in soil on the laboratory shelf, It 
appears that small cells of this.species may be better able 
to survive desiccation.



PISCUSSION

The purpose of this study was to investigate and 
describe the environmental parameters affectiyig resistance 
to desiccation in diatoms, especially Staurphejp anceps, 
Early efforts were designed to obtain a quantitative esti
mate of survival as the various parameters were experi
mentally altered, Several methods were tried, all unsuc
cessfully. The problem was to define a living diatom cell, 
and then to find a suitable method for verifying this 
living state based upon the definition.

The viability of seeds has been successfully de
termined using tetrazolium for quite some time (Porter, 
Durrell, and Romm, 1947; Cottrell, 1948). A colorless 
solution of 2 , .3, 5-triphenyltetrazolium chloride in the 
presence of certain enzymes in the living cell, thought to 
be dehydrogenases, forms a reduced insoluble red-colored 
formazan. Many cells and tissues other than those found 
in seeds produce the same reaction (Roberts, 1950). Sev
eral modifications of the above tetrazolium procedure were 
attempted, including the use of different salts such as 
neotetrazolium chloride, for the determination of viable 
diatoms. The presence of the reduced formazan could not 
be satisfactorily detected.

100
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- ' Many living-, cells accumulate neuttal red in their 

vacuoles (Sawicki, Kieler, and Briandf 1967). Another 
stain, trypan blue, stains the nucleus of dead cells 
(Sawicki, Kieler, and Briand., 1967) . Neither of these 
techniques were successful in this study. Congo red is 
commonly used to assay:for viability of yeast cells.
Living cells do not allow the stain to penetrate and they 
remain clear. Dead cells accumulate the stain and become 
deep red. This technique was not suitable for this study 
since known dead cells could not be detected.

Reproduction could likely be used as a criterion : 
for living cells since cells that reproduce are living; 
however, cells may live but not reproduce» If the assump
tion is made that non-dividing diatoms may live for a while 
but usually not for long, and therefore are not of con
sequence, cell division becomes a satisfactory criterion. 
Since none of the other tests were satisfactory, an agar 
plating technique was developed in which diatom colonies 
were counted and used, on a limited scale, as a basis for 
determining survival rates. This procedure has disad
vantages in that motility of the cells sometimes rendered 
colonies in close proximity indistinguishable, and some 
cells were observed to have been motile but no cell division 
was noted. Also, in some cases rejuvenation of cells pro
ceeded at different rates so the time at which colonies



We^e counted had to. be. yery. qaretully chosen, t’o.r' these 
reasons little emphasis was placed upon the quantitative 
results of experiments assayed by the plating technique.

As an alternative to these methods of obtaining . 
quantitative dataf the conditions resulting in 100 percent 
kill of the cells were repqrted and used as a measure..
The environmental conditions allowing cells a longer time 
before 100 percent kill occurred, were said to be more 
conducive to survival than those conditions resulting in 
a more rapid kill.

Several factors of the environment were found to 
affect survival of diatoms. Relative humidity seems to 
exert a dual effect.. Some evidence exists that higher 
relative humidities during the drying process permit better 
survival, probably because the drying occurs more slowly.
On the other hand storage at high relative humidities 
(75 percent or higher) is detrimental to survival. The 
best survival occurs when storage is at the lower humid
ities (50 percent or lower). The reasons for this are un
known but may relate to the cellular metabolic activities 
occurring at the various moisture levels. Perhaps the.cell 
undergo certain metabolic processes at the higher humid
ities which are in some way harmful to the cell or produce 
harmful by-products.
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The r̂a,te. of drying, in addition to heing affected 

by relative humidity, is affected by the amount of liquid 
that must be evaporated. If larger amounts of liquid are 
inoculated into the substratum, survival is higher than if 
smaller quantities with the same number,of cells are used. 
Slower drying, whether caused by high relative 'humidities 
or more liquid material, is beneficial to survival, Since 
the actual time required for cells to dry is probably not 
changed when either 5 ml or 0.5 ml of liquid is present, 
some explanation other than rate of desiccation, in and of 
itself, must be sought. One possibility relates again to 
the secretion of cellular metabolites by cells, When more 
liquid is present the cells are in a hydrated state longer 
and are producing and secreting more substances into their 
environment. As the concentration of these substances in
creases both by continued production and by evaporation of 
water, physiological processes may occur in the cells making 
them more hardy.

The size of particles in the substratum is very 
important to survival. Particles 50 microns or smaller 
were found to be detrimental to survival whereas particles 
100 microns or larger were more conducive to survival. No 
satisfactory explanation of this phenomenon has been found. 
Evaporation of water from smaller particles should occur 
more slowly since the pores and channels within the
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substratum are smaller. This slower drying .shouldf in 
theory, provide better survival. Also more water should 
be present due to the increased surface area, but the water 
is held more tightly by the particles and is probably less 
available to the.diatoms. The killing effect may be due to 
physical stresses on the surface of the particles. As the 
secreted mucilage of the diatoms dries, it may adhere, to the 
curved surface of the beads. The curvature.of the smaller 
size beads in relation to the size of the diatom cells may 
cause a mechanical fracture of the cells. This, however, 
has not been observed and would not explain the same low 
survival rate of Penicillium spores dried in a particulate 
substratum of small size (Dr, Myron Backus, University of 
Wisconsin, personal communication), The effect of sub
stratum on survival to desiccation and the causes of the 
observed effects need further elucidation.

The condition of the cells as determined by the 
culture medium, culture age, and cell size bears signifi
cantly on survival, The culture medium and age determine 
nutrient concentrations and organic product accumulation 
which, in turn, seem to affect survival. The effect of 
cell size is not as well understood. Growth and survival 
were both erratic when cells entered the steep phase of the 
degeneracy curve. However, Havicula c f cuspidata var,
"A" may survive better when the cells are small.
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The effect o.f organic substances such as .sucrose 

and inositol on survival is. not clear at this time, al- - 
though there is an indication of possible benefit. The 
cause of any enhancement to survival if it exists, is open 
to speculation. Webb (1965) thinks these substances promote

. I . - .better resistance to desiccation in bacteria due to their 
ability to take the place of bound water in the structure 
of the cell.

This investigation has revealed several of the 
variables affecting survival to desiccation in diatoms.
The causes of the observed effects have not been explained 
but the basis for further work has been provided. Although 
diatoms were the experimental organism, the principal fac
tors affecting resistance to desiccation probably apply to 
other groups also. It is hoped that more meaningful in
vestigations can be conducted to further elucidate the 
phenomenon of desiccation resistance in the algae.



SUMMARY

1. The cytology of Stauroneis.ariceps was found to 
vary considerably depending on the growth medium and age 
of the cultures. The cytology most nearly resembled that 
of cells collected in nature when B soil-water was. the 
growth medium. The cells grew normally for 4-5 weeks and 
accumulated only small amounts of lipid. Cells grown in 
15 medium accumulated copious amounts of lipid in 7-10 
days. The cultures began obvious senescence in 14-21 days 
and the chloroplasts and pyrenoids lost their integrity
at that time.

2. The increment of daughter cell size reduction 
due to the process of cell division was found to vary from 
0 .1-0.6 microns per cell division for cell length and to . 
remain essentially constant for cell width at about 0.03 
microns per cell division. The difference in rates of 
decrease for length and width is responsible for a changing 
configuration of cells as they decrease in size.

3. The survival to extreme drying of S. anceps was 
found to depend on several environmental parameters. The 
rate of drying as determined by relative humidity of the 
atmosphere or the amount of liquid to be evaporated was
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Very important. ' .Rapid drying gave lower survival than did 
slower drying«,

4. Drying of cells from an older culture gave 
better survival than drying cells- from a young, actively 
growing culture. Cells grown in soil^water were more re
sistant to drying than were cells grown in defined medium.

5. The- death rate was very rapid while the cells 
were drying. The less hardy individuals apparently die 
rapidly until desiccation is complete. When dry, the 
mortality rate decreases and is dependent upon the sub
stratum in which the.cells are stored and the relative 
humidity of storage.

6. Cells stored in soil as a substratum survive 
better than those in white .quartz sand. Storage at relative 
humidities of 75 percent or higher was detrimental to sur
vival, whereas storage at 50 percent or lower provided 
optimum survival.

7. Dry cells were found to be more resistant to 
extremes of temperature,, both high and low, than were 
cells growing in liquid culture.
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