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SILICON AIETABOLISAI IN DIATOMS. II. SOURCES OF SILICON
FOR GROWTH OF NAVICULA PELLICULOSA1,2,3

JOYCE C. LEWIN
OSBORN BOTANICAL LABORATORY, YALE UNIVERSITY, NEW HAVEN, CONNECTICUT AND MARITIME

REGIONAL LABORATORY, NATIONAL RESEARCH COUNCIL, HALIFAX, NOVA SCOTIA, CANADA 4

Richter (22), Bachrach (2), and Pringsheim (21)
have reported that small amounts of agar tend to
stimulate growth of diatoms in liquid cultures, and
both Richter and Bachrach attributed this effect at
least in part to the presence of silicon compounds.
Likewise Brieger (4) observed in commercial agar
the presence of insoluble siliceous matter, including
diatom frustules, which might slowly dissolve to fur-
nish sufficient silicon for growth of diatom cells.
Patrick and Wallace (20) found that agar, pyridine
extract of agar, and ashed extract contained a factor
stimulatory to the growth of Nitzschia linearis. They
concluded that some trace element in the agar was
responsible for stimulation, but they did not suggest
the possibility that this factor might be silicon.

Apparentlv there has been no published account
of quantitative studies on the availability to diatoms
of the soluble silicon in agar and agar ash. This
paper deals with evidence indicating that silicon is
the factor in agar ash stimulatorv to the growth of
Navicula pellicutlosa. and with experimental investi-
gations on the ability of this diatom to utilize various
silicon compounds for growth.

1 Received August 23, 1954.
2 Submitted as National Research Council No. 511-527.
3Some of the material included in this paper was

presented as part of a Ph.D. thesis submitted to Yale
University in 1952.

4 Present address: Guest research worker.

AIATERIALS AND AIETHODS
The diatom used throughout these studies was

originally isolated from fresh water in 1949 and has
been maintained as a bacteria-free clone on agar
slants. It has proved to be a suitable organism for
studies of diatom physiology (17, 18).

The basic medium, to which agar, agar ash, or
various silicon compounds were added, contained the
following concentrations (gm/1) of salts dissolved in
distilled water: 0.2 K2HPO4, 0.2 M\gSO4 7 H20,
1.0 Ca (NO3) 2 - 4 H20. Trace elements were added as
follows: 0.1 ppm each B, Co, Cu, Mn, Mo; 0.3 ppm
Zn; 0.5 ppm Fe. Unless otherwise stated, silicon was
added to culture media in the form of orthosilicate,
(Fisher, table II). All media were adjusted to pH
7.0 to 7.5 with HCl or KOH. St-erilization was carried
out by autoclaving at 15 lbs pressure for 15 minutes.

Special precautions to exclude contamination by
silicon leached from glass surfaces were unnecessary.
Throughout the experiments described below, con-
trols were run routinely, and at no time was there
any evidence that appreciable quantities of silicon
from the Py-rex glassware were contaminating the
media sufficiently to affect the growth of diatoms. In
the absence of added silicon compounds, growth was
negligible.

For each concentration of agar, agar ash, or sili-
con compound tested, 3 or 4 replicates were set up in
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125-ml Pyrex Erlenmeyer flasks containing 25 ml of
liquid medium. Flasks were inoculated with one loop-
ful from a homogeneous suspension of diatom cells,
and shaken constantly at 60 oscillations per minute
on a glass-bottomed tray. An illumination of 300 fc
was provided by four parallel " White " fluorescent
lamps below the tray, and the position of the flasks
was changed daily to insure a uniform average illumi-
nation. The cultures were maintained at a constant
temperature of 230 C.

Throughout these experiments growth of diatoms
was virtually uniform in replicate flasks. When
growth appeared, one flask of each series was re-
moved from the shaker, the volume of liquid made up
to 25 ml to replace that lost by evaporation, 4 drops
of 10 % HCl added to dissolve any precipitate of
Ca3(PO4)2, and the light absorption measured with
a Klett-Summerson photoelectric colorimeter, fitted
with a ruby glass filter No. 66. Before densities were
determined, clumpy suspensions were homogenized by
a double passage in a Potter-Elvehjem homogenizer
with a Teflon pestle. The sister flasks of the series
were treated similarly after intervals of a few days.
In those flasks which contained agar or agar ash, the
final Klett readings were corrected by subtracting the
Klett values given by the medium prior to inoculation.
Growth curves were obtained by plotting Klett units
against time. A Klett reading of 100 is equivalent
to 1.2 x 1010 cells/l.

Silicon (as orthosilicic acid) was determined colori-
metrically by a modification of the method proposed
by Harrison and Storr (12). Four tenths ml of 5 %
ammonium molybdate in 1 N H2SO4 was added to
4 ml of the silicate solution to form the yellow silico-
molybdate complex, and 2 ml of 6 N H2S04 were
added to eliminate interference from phosphate. Re-
duction to molybdenum blue was effected by adding
0.4 ml of 5 % aqueous hydroquinone. Each sample
was finally made up to 10 ml with distilled water,
allowed to stand for 20 minutes, and the color in-
tensity then measured photocolorimetrically. Sodium
silicofluoride (Na2SiF6), which hydrolyzes in water
to give silicic acid (15), served to provide a standard
solution containing 2.34 mg Si/l.

Agar ash was prepared by incinerating samples of
Bacto-Difco agar in platinum crucibles at 700° to
9000 C for two hours. The ash was then added di-
rectly to H2O or mineral medium for silicon deter-
minations and to mineral medium for growth experi-
ments. To remove silicon from the ash, HF was
added to the sample and the mixture was heated in a
platinum crucible, with additions of H2SO4 to convert
fluorides to sulfates.

RESULTS
GROWTH ON VARIOUS CONCENTRATIONS OF SILI-

CON: Silicon, as potassium orthosilicate, was added in
a range of concentrations to both distilled water and
mineral medium. Quantitative determinations of the
soluble silicon were made both before and after auto-
claving the solutions. When silicate was added to

mineral medium approximately 17 % disappeared
from solution and no longer responded to the molyb-
date test. On the other hand, the concentration of
soluble silicon, both in water and in mineral medium,
increased by about 40 % after autoclaving. N. pelli-
culosa was then grown in media containing silicon at
various concentrations (fig 1). Growth was propor-
tional to silicon content at low concentrations; 35 mg
Si/I gave the best growth and 70 mg Si/I was appre-
ciably inhibitory.

THE EFFECT OF AGAR ON GROWTH: If 0.1 % agar
was added to a mineral medium containing no other
source of silicon, some growth of the diatoms occurred
(fig 2). Determinations of soluble silicon made on
autoclaved solutions of agar in water and in mineral
medium showed that 0.1 % agar added 1.5 mg Si/I
to the solution. However, agar was stimulatory to
growth even in the presence of adequate amounts of
silicon (fig 2). It was observed that the cell suspen-
sion in the media supplemented with agar was evenly
dispersed, whereas that in the media without agar
tended to be clumpy. Possibly the increased viscosity
of the agar medium facilitated the dispersal of the
cells, and thereby promoted growth in some way.

THE EFFECT OF AGAR ASH ON GROWTH: Agar
ash, added to a mineral medium containing no other
source of silicon, was found to contain an inorganic
factor essential for growth (fig 3). This concentra-
tion of ash (equivalent to 1.0 % agar) was found to
supply 24 mg soluble Si/I tQ the mineral medium.
The diatom growth in agar ash media was comparable
to that in media containing orthosilicie acid of equiva-
lent silicon concentrations.

After treatment with HF to remove all silicon as
the volatile SiF4, agar ash would no longer support
growth. It could be shown that this was not a toxic
effect caused by HF treatment, since excellent growth
took place when the HF-treated-ash media were sup-
plemented with 35 mg Si/i as orthosilicie acid (fig 3).
Thus, after removal of silicon from agar ash, there
was no evidence for any other inorganic factor stimu-
latory to growth of N. pelliculosa. The addition of
vitamins to the medium supplemented with agar ash
produced no additional stimulation of growth.

ORTHOSILICATE AS A SOURCE OF SILICON: In the
colorimetric determination of silicon, ammonium
molybdate reacts with orthosilicate (7) but not with
colloidal silica (9, 11). By comparing the relative
growth of N. pelliculosa in media containing various
silicon preparations with the titres obtained by the
molybdate test, it should be possible to determine
whether the silicon taken up by diatoms for the for-
mation of their frustules is in the form of orthosilicic
acid.

Growth of N. pelliculosa on alkali-treated colloidal
silica: Untreated colloidal silica ("Ludox," du Pont
Inc.) does not react to give a color with ammonium
molybdate, nor does it constitute a source of availa-
ble silicon for growth of N. pelliculosa. As the alkali:
silica ratio in a solution increases, the colloidal SiO2
particles become smaller, until dispersion into SiO4
tetrahedra is complete (5). It was therefore of in-
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terest to test alkali-treated Ludox both in the molyb-
date reaction and for diatom growth.

The sample of Ludox used in these studies con-
tained 38.64 % SiO2 or 18.03 % Si. Aliquots of 1.0
ml Ludox, theoretically containing 180 mg total Si,
were treated at 250 C for 3 days with KOH in vari-
ous molar ratios as shown in table I. Each sample
was then made up to 10 ml with distilled water, and

I a 3 4 S
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* 7 a

I I I I I
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the soluble silicon was determined with ammonium
molybdate. This has been expressed as a percentage
of total silicon in table I. It can be seen that only
after Ludox has been treated with alkali did it give
a color test with aminonium molybdate, indicating
the presence of silicon in a soluble form.

Aliquots of each sample were added to mineral nu-
trient medium to give total silicon concentrations of
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FIG. 1 (upper, left). Growth (cell density) of N. pelliculosa in media supplemented with orthosilicate. (The
Si conc shown is that determined in mineral media after autoclaving.)

FIG. 2 (upper, right). Growth (cell density) of N. pelliculosa in media supplemented with orthosilicate and in
the presence and absence of agar. (The Si conc shown is that determined in mineral media before autoclaving.)

FIG. 3 (lower, left). Growth (cell density) of N. pelliculosa in media supplemented with the ash of agar and
HF-treated ash with and without added silicon.

FIG. 4 (lower, right). Soluble silicon liberated upon treatment of Ludox with various amounts of alkali.
KOH: SiO2 represents molar ratios.
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Silicon determinations made on samples added to mineral medium before autoclaving - - --
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TABLE I
ORTHOSILICATE CONTENT OF MINERAL MEDIA AFTER

ADDITION OF ALKALI-TREATED LUDOX
SOLUTIONS

KOH: SIO2 % SOLUBLE TOTAL SI CONC (MG/L)
(MOLAR SI IN 33 10.1 30.4
RATIO) AQUEOUS

EMPLOYED SOLN A* B A B A B

0.00 0 0.5 0.5 1.2 1.2 0.6 2.4
0.07 3 0.8 0.5 1.9 1.2 3.6 4.8
0.14 8 .. 0.6 2.1 1.5 5.4 6.0
0.28 23 0.9 0.8 3.2 2.3 8.6 9.1
0.42 48 1.3 0.9 4.7 2.5 16.9 11.5
0.56 74 1.6 2.0 5.5 3.2 20.4 13.3
0.70 110 1.8 1.9 6.5 3.6 24.7 15.5
0.84 112 2.5 1.3 7.3 4.2 27.0 15.3

* Amount (mg/i) detected after addition to mineral
media. A-before autoclaving. B-after autoclaving.

3.3, 10.1, and 30.4 mg/I. The amount of silicon in
true solution depended on the extent to which col-
loidal SiO2 had been broken down to silicate and on
the quantity of Ca silicate precipitated. The amounts
of soluble silicon, based on molybdate determination,
present in each solution before and after autoclaving,
are shown in table I. The orthosilicate concentrations
and growth of diatoms in media prepared using such
treated Ludox samples are illustrated graphically in
figure 4 and figure 5, respectively.

From these data it can be concluded that the more
extensively the colloidal silica has been hydrolyzed by
alkali, the greater is the resulting growth.

Growth of N. pelliculosa on other silicon com-
pounds: Other compounds tested in various concen-
trations as sources of silicon for N. pelliculosa are
listed in table II. Apparently only those compounds
which in solution yield silicon in a form available to
react with ammonium molybdate, presumably ortho-
silicic acid, can serve as sources of silicon for N. pelli-
culosa. The cells are not able to extract silicon from
large colloidal particles such as those of Ludox, nor

too

z lm tole

,0

o I I I I
0 A7 .04 .26 At .56 .70 .64

KON : SiO2

FiG. 5. Growth (cell density) of N. pelliculosa after
12 days in media supplemented with alkali-treated
Ludox employed to give a total silicon concentration of
3, 10 and 30 mg/l. KOH: SiO2 represents molar ratios.

are they able to use a substituted orthosilicic acid in
which one hydroxyl group has been replaced by a

methyl group.

DISCUSSION
Virtually all species of diatoms cultured in the

laboratory on synthetic media have been reported to
exhibit an absolute requirement of silicon for growth.
Certainly this is true for all those investigated in this
laboratory, in which 60 pure strains, representing at
least 6 genera and 15 species, have been tested. Hy-

3LE II
COMPOUNDS TESTED AS SOURCES OF SILICON FOR NAVICULA PELLICULOSA

COMPOUND CONC SOLUBLE SI 10DAYT-S

mg dry wt/l mg/l Klett units
Orthosilicate, K20: SiO2= 2: 1 (Fisher, 423990/F33) ..... ..... 200 20 150
Mixture of K2Si205, and K2Si3O7 (Fisher "K2SiO3," C.P.,
P-298/510740) ............................................ 200 1.4 10

"Metasilicate," K20: SiO2 = 1: 1.5 (Fisher) ...... ............ 200 18 99
Potassium silicate, K20: SiO2 = 1: 3.3 (Sylvania, PS-4, TT-Q-3)
32.7% SiO2 found ................ ........................ 60 11 93

Ludox colloidal silica, Si02: Na2O = 285: 1, 29.2 % SiO2; found
32.7 % SiO2 (du Pont) 38.6 % SiO2 found ...... .......... 260, 26 0 0

Sodium methyl siliconate, CHaSiO1.5-20 %, Na20-9.5 % (Ca-
nadian Gen. Elec. Co., SC-50) ................. 200, 70, 20 0 0

Sodium methyl siliconate powder, CHaSiO1.5-60 %, Na20
25.5 %o (Canadian Gen. Elee. Co., 81362) .................. 200, 70, 20 0 0
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(drated silica exists in a nuimber of different forms,
from large colloidal l)articles to the simpler dissolved
silicic acid and orthosilicate ioins. Although a few
investigators have tested various souirces of silicon for
their avail'ability to diatoms (2, 8 ), no attempt has
been miade to determiine more lprecisely the form of
silicon uitilized for diatom growth. This is in part
aittribuitable to the falet that pure silicon compound(s
of kInownA-1 cheinical compositioin are Inot rea(lildv avail-

able. Somiie of the published restults are suminmarized
in talblc III. It will be seen that there are mlany dis-
crepancies, somle of which can be explaine(l by the
various concel)t of "good" growth in terms of the
rate of cell (livision and final- cell dlensitv.

At the p)H of medlia eml)loyed in these investiga-
tiolns the li.-solvcdl silicon wotul(d be lpre(lomiiantly inI
tlhe formii of orthosilicic acid, or lhydrated SiO.,, somle
of whicl inight be slightly aggregated. The equilib-
ritlln would( be shifted toward the monomer as the

orthosilicate is removed from solution by- diatolls.
The large colloidal particles of Ludlox are free neitlher
to react with ammonium molvbdate nor to be uitilize(d
for (liatomii grosth. However, uintreate(d Ludox (le-
polymerized slightly in the alkaline medium (fig 4, 5)
and this breakdown might be expected to continue
,slowly at room temperatures until finally (liatom
,growth couild occur even in media supplementecl itl
uitreate(l Ludlox.

The aimount of silicate in the mediuim is a, vital
factor controlling the dlensitv of a (liatom cultuire
whlien other nutrilites are present in sufficient quanti-

ties (14). Although silicon in natural waters is pres-
ent at concentrations ranging from about 0.1 to 3.0
ing Si/l, it was found that very dense cultures of N.
pelliculosa. containing approximately 1010 cells/l,
couldl only be obtained when the concentration of sili-
con added to the medium was of the order of 15 to 30

In most recent studies of diatom physiology,
it would appear that adequate amounts of silicon
have been incorl)orated in the nutrient media, al-
though some of these may not have been sufficient for
maximiiumi growth. Examples of the concentrations,
given mg Si/l, employed by various workers are:

4.7 for Navicula distan.s (16), 2.3 for Navicula iniima
atomoides (25), 10, 14, 23 for Aitzschia palea (6, 13,
28), 4.5 for Nitzschia linearis (20), and 12 for Asterio-
nella formosa (19).

Bacto-Difco agar is stated to contain 0.9 % SiO2,,
equivalent to 4.2 mg silicon per gran. In the original
mlaterial the silica may be present largely in the form

of frusttules of ep)iphvtic aInd other associated diatoms.
Tlhe process of incineration leaves ai quantity of free
a-lkali in thie ash, wh-lichi aidls in the solution of these
fruistules. Virtually all of the silica in ag;ar is thereby
lib)erated in ;l soltuble form.

Althougfl it has beei dlemoistratedl tlhatt the stimulll-
latorv action of agar ash is to be attributedl to its
content of silicon in a soluible formll, s-ome residual
efflet in the case of agar itself (0.1 %) remlins to be

explaiine(l. Though agar hals been shown to cont.ai
small quantities of vitamins (23, 24), it lhas not been

possible to demonstrate any stimulating effect of vita-
min mixtures on the growtth of N. pelliculosa. Some
-Authors (10, 28) have suggested that plarticles of stuch
suibstances as agar or gla-ss wool may promote dliatom
gfrowth in liquid culture by providing a solid sub-
stratum, but it is diffictult to understand how this
woul( be beneficial. Agar may also act ais a btuffer
(26) and this property may contribuite to its fav%or-
ab)le action whlieni added to suilch weakly buifferedl mnedial
ais those customiarily empil)loedl for the cultivation of

TABLE III
GCROWTH STUDI)iE OF DIATON1.Is

SPECIES SOURCE OF SI GROW'TH

Cosciluodi-scus

cXcco tricu.s

A-itzscl in

li cil(1 ris

elliptica
Nanicula sp.
Nitzschia palea
Rhopalodia

gibba
Mlelosira

Nitzschia1 p)nlcn
Nitzschia

SigfllO(ldc J

NAaviculca sp.

Frnqilan ia
cllilptiecn

Aitzschin p)alnca

CaSi2,O
K2Si.O5

-Na25i205
Glass walls of cul-

ture flasks onlv
Glass walls of cul-

tture flasks only
K silicate frag-
ments

Precipitatedi Ca
silicate

IPure dialyzed silica
Washed katolin
Powder-ed orthlo-

cla(se feldspar
Ptur e pulverized(

potter's clay
itr eous silica

Silica gel
Powdered glass
K or1 Na silicate

K2Si-20Z

Silica gel

Silica gel

Glass walls of cuil-
ture flIasks only

Agar
P'reci)it atedl SiO2
Po-vdered (qlIartz 1

Powd(eeid(l Op)al fI
.\'itzxschla I)(1('I
Aaicula0( Nacrite crystals

milln .sc la

N .iz c/ l(n pdec(iN, 12SiO: t( iIIpm).M r)
Na2SiO, (pure)

Best
Goodl

Sonie

So111c

Sollle

Sonic
Sone

I
Excellent

S None

None (possi-
bly conc.
oCr pH in-
hibitory),
(3))

Good

REF

(22)

(1)

(8)

(4)

CGoo(l (Ino pit
forniation)

Good (pit
formation
noted)

Poor
E1x(el lent

Goo(d

Some

G,oo(l. (liss(-
lu,tion of
crystals
n1o e(

None

Excellent

(2)

(27)

(13)
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algae. Finally, the favorable effect of small quantities
of agar on the growth of diatoms may be attributable
in part to its action as a dispersing agent. Wetter
(29) has found that 0.1 % agar promotes growth of
Aspergillus niger owing to better nutrient conditions
for the conidia resulting from their homogeneous dis-
persion in a medium of higher viscosity.

SUMMARY
Navicula pelliculosa (Breb.) Hilse has an obligate

requirement for silicon. Growth is proportional to
soluble silicon at low concentrations, and is most dense
in media containing about 35 mg Si/l. Since the
addition of 1.0 % agar supplies 1.5 mg soluble Si/l to
the nutrient medium, such media can support some
diatom growth in the absence of any other source of
silicon. The ash of agar, employed at a concentration
equivalent to 0.1 % agar, supplies 24 mg soluble Si/l
and thus supports good diatom growth. By treat-
ment with HF this silicon can be removed from agar
ash, which thereby loses its essential growth factor.
When 0.1 % agar is added in the presence of adequate
amounts of silicon, there is some acceleration of
growth, possibly attributable to its action as a dis-
persing agent.

Orthosilicates, which react with ammonium molyb-
date, serve as suitable sources of silicon for growth of
N. pelliculosa. Colloidal silica (Ludox) neither reacts
with ammonium molybdate nor supports diatom
growth unless it hals first been depolymerized with
alkali.

E. A. Wynne, Fisher Scientific Co.; Joseph M.

Rule, E. I. du Pont de Nemours and Co.; W. S. Eber-
hard, Sylvania Electric Products Inc.; and L. M.
Mahon, Canadian General Electric Co. Ltd., kindly
supplied samples and information. Dr. Ralph A.
Lewin, Maritime Regional Laboratory, has made
many useful suggestions in the course of this work,
and Dr. E. G. Young offered helpful criticism in the
preparation of the manuscript.
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