
Heliotropism in Modern Stromatolites 

Modern microbial mats and stromatolites exhibiting a preferred orientation toward 
specular sunlight were found at two sites. In Hamelin Pool of Shark Bay, Western 
Australia, subtidal decimeter-sized columns and intertidal centimeter-sized tufts were 
found pointing north. In thermal spring effluents and pools of Yellowstone National 
Park, mats were found with columnar and conical centimeter-sized structures inclined 
to the south. These examples of heliotropism in modern stromatolites are each built by 
a Werent community of photosynthetic microbes under markedly Werent environ- 
mental conditions. These new observations support the proposal that stromatolites can 
orient themselves toward the sun. 

S TROMATOLITES, ORGANOSEDIMEN- 

tary constructions produced by pho- 
tosynthetic microorganisms that trap, 

bind, or precipitate sediment (I) ,  require 
sunlight to form. Most researchers stress the 
interaction of sediment with the stromato- 
lite-building microbes (2). A complete as- 
sessment of stromatolite morphogenesis 
should include the biological response to 
sunlight in a sediment-accumulating envi- 
ronment. In most stromatolites, photosyn- 
thetic microorganisms live at or near a sedi- 
ment-fluid interface in an environment that 
favors sediment accumulation rather than 
sediment removal. Microorganisms position 
themselves at discrete levels for optimal ex- 
posure to sunlight. Phototropism and pho- 
totaxis are requisite responses (3) or the 
microorganisms will be buried. Filamentous 
stromatolite-building oscillatoriacean cyan- 
obacteria have these attributes and are the 
most widespread and successful microbes 
involved in stromatolite construction (4). 
The interaction of these photoresponsive 
microbes with an environmental mosaic of 
sediment, light, temperature, chemistry, 
other organisms, and time results in stromat- 
olites. 

Inclined fossil stromatolite columns and 
domes have been described by a number of 
investigators (5, 6). Two explanations are 
commonly offered: (i) stromatolites grow 
toward specular sunlight and (ii) inclination 
is caused by other physical factors such as 
waves, currents, or position near a migrating 
shoreline, with sediment supply or wind 
direction forming the orientation factor. 

Nordeng and Vologdin (5)  found in- 
clined Proterozoic stromatolite columns and 
proposed that inclination was due to helio- 
tropism. They deduced that this information 
could be used to determine paleolatitudes. 

They did not, however, have independent 
evidence to support their proposal. 

Others working on fossil (7) and recent 
stromatolites (8) found inclinations that 
were a response by the structure to waves 
and currents. Stromatolites commonly ori- 
ent and incline in the upcurrent direction 
toward the sediment supply (9)  and, under 
these conditions, local environmental condi- 
tions exercise greater influence on morphol- 
ogy than does sunlight. It was also conclud- 
ed that the microorganisms that build stro- 
matolites have no control over shape (10). 
In one occurrence, inclined fossil lacustrine 
stromatolites apparently were produced as a 
result of rising water level (1 1 ) . 

In a study of the Late Proterozoic colum- 
nar stromatolite Anabaria juvensis from the 
Bitter Springs Formation, we found evi- 
dence that the columns grew toward the sun 
(12). The evidence, a conspicuous columnar 
sine wave growth pattern, led us to propose 
that the stromatolites, built by photorespon- 
sive microbes growing in clear, shallow, 
quiet water at low latitude, tracked the sun 
over the seasons. Well-preserved laminae 
when counted and extrapolated to one sine 
wave, yielded a best estimate of 435 laminae 

per sine wave. An assumption that laminae 
were dailv features and that one sine wave 
was completed in a year, led to a paleonto- 
logical estimate of approximately 435 days 
in the Late Proterozoic year-a figure that is 
in accordance with theoretical estimates of 
deceleration of spin rate (13) and paleonto- 
logically extrapolated estimates from Phan- 
eromic invertebrate fossils (14). 

\ ,  

The model required that the microorga- 
nisms influencing stromatolite shape re- 
sponded to specular sunlight and tracked the 
seasonal inclination of the sun. This assump- 
tion was a motivating factor in a systematic 
search for heliotropism in modern stromato- 
lites. 

Abundant microbial mats and decimeter- 
to meter-sized columns built by photosyn- 
thetic microorganisms occur in Hamelin 
Pool, Western Australia (Fig. lA), a hyper- 
saline marine embayment. Two types of 
stromatolitic growths exhibiting heliotro- 
pism were located at this site. 

A field of several tens of northerly inclined 
(21" average zenith angles) columnar stro- 
matolites was found in the subtidal region 
about 15 m off the northwest corner of 
Carbla Point in about 2 m of water (Fig. 
2A) (15). Inclination is normal to water 
current and sediment supply. Such northerly 
inclined columns are not ubiquitous; others 
in the same general area are vertical to " 
westerly oversteepened (in the direction of 
sediment supply). Playford and Cockbain 
(16) looked for but did not find any north- 
erly inclined columns (17). Unlike most 
known recent stromatolites, these subtidal 
forms have a surface community dominated 
by motile diatoms (18). 

Tufts of a high intertidal mat were found 
inclined to the north at two sites (Fig. 1A). 
The first occurs in the northeastern corner 
of Gladstone Embayment, where isolated 
patches (less than 2 m2 in size) of inclined 
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subtidal columns off Carbla Point, Harnelin Pool, looking duc east. Note 
inclined rays (lines highlight niro rays) of specular sunlight in the slightly 
turbid water that approsimately parallel column margins (indicated bv 
small arrows). ( R )  Northerly inclined tufts (some indicated bv small 
arrows) from thc high intertidal zone of Gladstone Ernbayrnent, Harnelin 
Pool, looking east. (C) Southerly inclined conical strornatolites (indicat- 
ed by small arrows) from "Column Spouter" (informal name) runoff 
area, Yellowstonc National Park. looking west. White-painted metal rods 
are inserted parallel to axes of cones. 

tufrs were found (Fig. 2B). Tufts here are 
less than 1 cm high, less than 0.75 cm in 
diameter at the base, with rounded tips, and 
inclined to the north at zenith angles of 27" 
(seven tufts measured). Tidal water move- 
ment is normal to tilt. Prevailing winds are 
from the southeast to south (19). Winds , , 
during the period of study were light easter- 
ly in the morning and strong west southwest 
in the afternoon. The second site is located 
about 30 m south of an unnamed point 2 
km north of Carbla Point (Fig. 1A). This 
high intertidal area is shoreward of well- 
developed decimeter-sized stromatolitic 
ridges produced by the cyanobacterium 
Gardnerula mymbosa. Tufts are the same 
general size &d shape as the Gladstone 
tufts, are patchily distributed, and zenith 
angles average 33" to the north (seven tufts 
were measured). Inclination here is also 
normal to water flow and at high angle to 
wind directions. A major difference between 
this occurrence and that at Gladstone is the 
steep shoreline. Tufts are subjected to wave 
turbulence during high tide. Both occur- 
rences of inclined tufts are built bv a com- 
munity dominated by the cyanobacterium 
Lyn~bya aestuarii. 

In six thermal springs at Yellowstone Na- 
tional Park, conical to pillar-shaped microbi- 
al growths were found inclined to the south 
(20) (Fig. 2C). Southerly zenith angles 7.3" 

to 26.5" were observed in fields containing 
hundreds of columns. Inclination is not 
related to wind or water current direction. 
The Yellowstone growths are produced by a 
combination of the cyanobacterium Phormi- 
dium tenue var.granulifffm and the anoxy- 
genic photosynthetic bacterium C h l m $ m  
aurantianrs often in the presence of Synecho- 
coccus lividus and S. minervae (21). 

Heliotropically oriented stromatolites are 
not ubiquitous at all sites. Apparently simi- 
larly behaving microbes sometimes produce 
heliotropically oriented columns when the 
environmental conditions allow for the max- 
imum expression of heliotropic responses. 
Less than optimal conditions apparently re- 
sult in nonheliotropic construction. 

Tips of tufts and small columns are the 
most active sites of tropic activity, increasing 
the probability of heliotropic response. He- 
liotropism in decimeter-sized columnar stro- 
matolites, on the other hand, is probably 
decoupled from tropisms and taxes operat- 
ing at the microorganism level. In large 
structures there is no concentrated, active 
locus of growth activity; microbial growth 
must be distributed over a large surface area 
for columnar morphogenesis. The ability of 
this broad growth surface to express an 
orientation directly toward specular sunlight 
may be suppressed easily by other environ- 
mental factors. Sediment accretion and mi- 

crobial interaction with sediment are impor- 
tant aspects of large column growth, while 
the genesis of tufts and minicolumns is 
predominantly microbiological. We con- 
clude that in the few localities known where 
large modern columnar stromatolites occur, 
heliotropism may be an uncommon phe- 
nomenon. However, with the large number 
of Proterozoic columnar stromatolites 
known and the numerous fossil lacustrine 
columnar stromatolites being found, we ex- 
pect more examples of heliotropism. 

Extrapolation of these columnar heliotro- 
pic stromatolites to fossil examples supports 
the paleolatitude proposal of Nordeng and 
of Vologdin (who use columnar average 
inclination) and the days per year proposal 
of Vanyo and Awramik (who use seasonal 
variation of inclination). Taken together, 
and especially when combined with paleo- 
magnetic analyses, the procedures yield an 
impressive array of data on the early Earth 
and Earth-sun-moon histories (12,20). 
Our discovery of recent stromatolitic col- 

umns inclined toward the sun in both hemi- 
spheres, occurring in widely different envi- 
ronments and built by very different photo- 
synthetic microorganisms, indicates that 
heliotropism in stromatolites may be wide- 
spread. Sunlight must be considered as a 
major driving force in stromatolite morpho- 
genesis. 
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Human Melanoma Proteoglycan: Expression in 
Hybrids Controlled by Intrinsic and Extrinsic Signals 

Human malignant melanoma cells express specific chondroitin sulfate proteoglycans 
(mel-CSPG) on the surface, both in vivo and in vitro. Melanocytes in normal skin show 
no detectable mel-CSPG but can be induced to express the antigen when cultured in 
the presence of cholera toxin and the tumor promoter 12-O-tetradecanoylphorbol-13- 
acetate. Most other cell types do not express mel-CSPG either in vivo or in vitro. A 
study was designed to examine regulatory signals controlling mel-CSPG expression. 
The gene encoding mel-CSPG was mapped to human chromosome 15, and this 
chromosome was Ltroduced into rodent-cells derived from distinct differentiation 
lineages. Three types of mel-CSPG-expressing hybrids were found: (i) hybrids derived 
from human melanomas; (ii) hybrids derived from human cells that do not express 
mel-CSPG; and (iii) hybrids derived from human cells expressing mel-CSPG that are 
antigen-negative but that are induced to express ~ ~ L C S P G  when cultured on 
extracellular matrix instead of plastic surfaces. Thus, mel-CSPG expression can be 
controlled both through intrinsic signals, provided by the differentiation program of 
the rodent fusion partner, and through extrinsic signals, provided by specific cell- 
matrix interactions. 

M ONOCLONAL ANTIBODIES HAVE 

been used to identify a large num- 
ber of surface antigens on human 

melanoma cells (1) .  One of these antigens, a 
high molecular weight glycoconjugate, 
shows a highly restricted distribution on 
cultured cells and in tissues (2-6). Biochem- 
ical analysis has shown that the antigen is a 
chondroitin sulfate proteoglycan (mel- 
CSPG), consisting of a 250-kD core glyco- 

protein and a number of characteristic gly- 
cosaminoglycan side chains (7 ) .  The molec- 
ular basis for the expression of this proteo- 
glycan in melanomas is not known. Since 
normal skin melanocytes do not express 
detectable levels of mel-CSPG in vivo, anti- 
gen expression in melanomas may be part of 
their transformed phenotype. However, 
nevi, which are benign disorders of melano- 
cytic cells, and skin melanocytes cultured in 

of north-south tilt is enhanced when the observer 
looks due east or west at about ground level especial- 
ly in conjunction with precise vertical and north- 
south reference instruments. Southerly inclined, des- 
iccated, Lyngbya-dominated tufts were found (July 
1985) in Bonaire, Netherland Antilles, employing 
this method. 

18. Dominant diatoms are Mast&oia spp., Nitvchia sp., 
Diplonk sp., Anomoeonk s Navi- 
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Holmes]. 
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vitro in the presence of cholera toxin and the 
tumor promoter 12-0-tetradecanoylphor- 
bol-13-acetate also express mel-CSPG (3- 
5). Hence, antigen expression is not restrict- 
ed to malignant tumors. The extracellular 
and cell membrane localization of proteogly- 
cans in other cell types suggests -that these 
molecules have a role in cell-matrix interac- 
tions and tissue organization. Because mel- 
CSPG may have a similar role in cells ex- 
pressing this antigen (7) ,  we investigated the 
relation between mel-CSPG expression and 
cell lineage and cell-matrix interaction " 
through analysis of rodent-human somatic 
cell hybrids. 

~odent-human hybrid clones were gener- 
ated by fusing different types of human cells 
(melanoma, neuroblastoma, lymphocytes, 
and kidney epithelial cells) with rodent cells 
(L-cell and A9 mouse fibroblasts, N4TG-1 
and NS20TG11E mouse neuroblastomas, 
RAG mouse renal cancer cells, and YH21 
Chinese hamster ovary fibroblasts). The hu- 
man chromosomes retained in the hybrid 
clones were determined by karyotype analy- 
sis and typing for human isozyme and cell 
surface markers (8, 9) .  Expression of mel- 
CSPG in hybrid cells was tested with mono- 
clonal antibodies in mixed hemadsorotion 

L 

(MHA) assays and radioimmunoprecipita- 
tion tests. Six monoclonal antibodies recog- 
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