
also function as ~nhlbitors of prograinlned 
cell death. A large fraction of cells are lost 
through apoptosls during 111 vitro inyogen- 
esls. M ~ t o t i c  cells colnlnitted to terminal 
dlffere~ltiation (mvoren in -~ i~s i t ive  and , , "  
p21-negative) and ~ l o l ~ c o i n ~ n ~ t t e d  cells are 
susceptible to  apoptosis. However, the  sub- 
sequent induction of p2lCLr'  is correlated 
~ v l t h  the  acquisition of the  apoptosis-resis- 
tant phenotype, and the  ectopic expressiol~ 
of p21"" protects differel~tiatl l~g myocytes 
from apoptosis. Slinilarly, ectopic expres- 
sion of ~ 1 6 ' " " ~ "  also protects differentiat- 

nate-conjugated antbody to mouse ~mlnunoglobu- 
i~ns (Dako) Cells were then flxed ~n 70% ethanol, 
stalned with propldluln iodlde and analyzed on a 
Becton-Dcknson FACScan. A gate was set to se- 
lect CD20-positive cells that were more than 20 
times as brlght as the negat~ve untransfected cells. 
Propldlum lodlde stalnlng was silnultaneously re- 
corded on the CD20-posltive and CD20-negative 
subpopulations 

9. M. Serrano, G I Hannon, D Beach. /Nature 366, 704 
(I 993). M Serrano E. Gomez-Lahoz, R. A. DePnho 
D. Beach. D. Bar-Sag), Scrence 267, 249 (1995). 

10. D . A  Haas-Koganetal., ElvlBOJ. 14, 461 (1995) Y 
Haupt, S Rowan, M. Oren Oncogene 10, 1563 
i1995), L. Shi et a/.. Science 263, 11 43 11 994); C. J 
LI. D. J Friedman, C. Wang V Metelev. A. B 
Pardee rbrd. 268, A29 (1 995) 

[DMEM supplemented w ~ t h  horse serum (2%)] For 
~mtnunofluorescence microscopy, cells grown on 
sterle glass cover slips were flxed for 10 lnln with 2% 
paraformaldehyde ( ~ n  phosphate-buffered saline) 
and perlneabilized with 0 5% NP-40. After they were 
blocked for 5 min with bovlne serum albumin 12%). 
cells were stained w ~ t h  a monoclonal antibody to 
skeletal MHC protens (MF20) and rhodamine-con- 
jugated antbody to mouse ~mlnunoglobul~n G. The 
cells were then Incubated wlth digoxlgenin-dUTP 
terminal dloxynucleotide transferase mixture and 
subsequently stalned with fluorescein-conjugated 
antbody to digoxigenin (ApopTag, Oncor), counter- 
stained with Hoechst 33258 and lnounted Speci- 
lnens were examned and photographed with a N -  
kon Daphot fluorescence mcroscope. 

15. Rabblt polyconal antibod\! to p21 was from Santa 

illg myocytes froin death, B~~~~~~ p161xK4.2i 11, A, Giucksmann".~ol. Rev. 26,59(1951); P. Jeffs and Cruz Biotech. Thls ant~body raised to the COOH- 
h4 Osmond, Anar Embr,/ol 185, 589 (1 992). terminal peptide of p2 I cP '  recognizes both fuli- 

is for CDK4 CDK6 Rb 12. H. P Jiang eta! Oncogene 9, 3397 (1995) R. A length p21 and p21 protens truncated at theCOOH- 
kinases (9), these data also suggest that Rb Steinman eta! , rbld., p.  3389. K F. Maceod eta!. termlnus Monoclonal antibody to myogenln antl- 
may mediate the  survival effects of the  Cdk  Genes Dei/. 9,935 (1 995). A. F. Lois. L. T Cooper. Y. bodywasagif tofW Wright PJ'J E Wright, M Blnder, 

Geng. T. Nobor~ D Carson, Cancer Res. 55, A01 0 W Funk.lflol Cel!. Biol. 11 4104(1991)]. 111111bitors. Consistent with this hypothesis (1995) 16 hie thank E. Cosgrove for the CC42 myocytes. A. 
is the observation that differentiated Rh-'- 13, w, p0luha a/,, l401, cell, ~101,  16, 1335 (1 996). Dutta for u c D N A 3 - ~ 2 1  and uCDNA3-u21C. G. 
myotuhes are highly susceptible to apop- 
totlc cell death (7). Though the specific 
links heta,een cell cvcle control and ano- 
ptosis are currently unknonrn, the  data pre- 
sented here are consistellt a,ith ohserva- 
t io t~s  that apoptosis 111 other cell types is 
associated wit11 deregulated Cdk activity or 
can he inhibited by Rb overexpression (10).  
Cdk  inhibitor expression may also i n f l ~ ~ e n c e  
inyocyte survival in embryos, in which it is 
observed that cells in so~nites sholv patterns 
of death that denend o n  their locatloll and 
stage of development (1 1) .  Because man\. 
nonmyocyte cell lines also induce Cdk  ill- 
hibitors as they differentiate (12),  the reg- 
~ l l a t i i l i~  of these molecules dur111e develon- " 

merit may he a mechanism that 
~nfluences whether a cell dies or contiln~es 
with its differentiation program. 

Note added in p ~ o o j  Recently, antisense 
oligo~n~cleotldes to p21flr1 were shown to 
e~ lhance  cell death in differentiating neu- 
rohlastoma cells (1 3 ) .  
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Interaction Between a Putative Mechanosensory 
Membrane Channel and a Collagen 

Jingdong Liu,* Bertold Schrank,-1- Robert H. Waterston 

The degenerin family of proteins in Caenorhabditis elegans is homologous to subunits 
of the mammalian amiloride-sensitive epithelial sodium channels. Mutations in nematode 
degenerins cause cell death, probably because of defects in channel function. Genetic 
evidence was obtained that the unc-105 gene product represents a degenerin homolog 
affecting C. elegans muscles and that this putative channel interacts with type IV collagen 
in the extracellular matrix underlying the muscle cell. This interaction may serve as a 
mechanism of stretch-activated muscle contraction, and this system could provide a 
molecular model for the activation of mechanosensitive ion channels. 

Studies  of inuscles In the nematode C. 
elegnns have identified inally colnpollents 
that are conserved in higher organlslns ( I  ). 
M ~ ~ t a t i o ~ l s  in Inany of the muscle genes 
cause abnormal allinla1 motility and hehav- 
ior. Among these, se inido~nina~l t  inutatio~ls 
in the tmc-105 gene cause muscle disorga- 
nization and hypercontraction, with result- 
ant  severe paralysis of the  animal (2 ) .  T h e  
11y~3ercontracted muscle in unc-i 05 mutants 
can he relieved by lnutations 111 lnany genes 
affecting the  iuyofilalnent lattice, ~ v h i c h  re- 
sults in animals displaying the  phenotypes 
of these secondary ~ l n ~ t a t i o n s  (3 ,  4 ) .  H o w  
ever, rare mutations in a suppressor gene, 
previously knolvn as sup-20, hehave as the  
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only tme suppressors, restoring the  wild- 
tvne inotilitv in unc-105 anltnals (3 ) .  Ge-  , L , , 

netic analyses have s h o ~ v n  that the  suppres- 
sion of unc-105 defects hv sub-20 mutations , ' 

occurs in muscle cells (3 ) .  
W e  clo~led the  unc-105 gene bv T c l  

transposol~ tagging and seGlenced' both 
ge~lolnic and cDNA clones (5)  (Fig. 1). A 
homology search with the predicted amino 
acid sequence revealed that the UNC-105 
protein is silnilar to MEC-4, MEC-10, and 
DEG-1, members of the degenerln protein 
family in C. eiegans (6-8). MEC-4 and 
MEC-10 are postulated to be involved in 
the mechanical sienal transduction In the u 

touch reception system (6, 7). As ~ v i t h  de- 
eenerins. UNC-105 also showed extensive - 
similarity with the a-, p-, and y-subunits of 
the mammalIan amiloride-sensitive epithe- 
lial sodium chan~le l  (ENaC) (9-1 1) .  Re- 
cently, mutations in these subunits that in- 
crease their apical cell-surface exnression in 
renal epithelia were shoivn to  he the cause of 
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Liddle syndrome, an inherited form of hy- 
pertension (12). The similarity between 
UNC-105 and ENaC extends throughout 
the protein and includes all of the conserved 
domains of ENaC (Fig. 1). However, the 
predicted UNC-105 protein contains ap- 
proximately 150 amino acids at the COOH- 
terminus that are not represented in other 
C. ekgans degenerin proteins. 

We identified the mutational changes in 
three dominant alleles of unc-105: n490, 
n506, and n1274 (3,5). All three mutations 
occur in the predicted extracellular loop 
(Fig. l ) ,  with the two stronger alleles (n490 
and n1274) near the first membrane-span- 
ning region and one weaker allele (n506) 
near the second membrane-spanning re- 
gion. Both n490 and n1274 change the 
proline residue at position 134 (to serine 
and threonine, respectively), and n506 sub- 
stitutes glutamic acid for lysine at residue 
677 (E677K). The E677K change is close to 
but not in the predicted P-hairpin region 
where degeneration-causing mutations are 
found in MEC-4 (6), MEC-10 (7), and 
DEG-1 (8). 

Three independent alleles of sup-20 
were isolated that suppressed all three semi- 
dominant alleles of unc-105 (3). Although 

these suppressor mutations had no pheno- 
type in an otherwise wild-type background, 
loss-of-function alleles of this gene were 
lethal and caused an embrvonic arrest   he- 
notype that is similar to, but distinct from, 
that of the pat genes (13-15). We mapped 
n821, one of the suppressor alleles, to a 
small interval on the right arm of linkage 
group X, using chromosomal deficiencies 
and duplications and using three-factor 
crosses. This region contains a previously 
identified gene kt-2, which encodes the a2  
chain of type 1V collagen found in the 
basement membrane between muscle cells 
and the hypodermis (14, 15). 

Because strong mutations in kt-2 caused 
embryonic arrest similar to that observed 
for the lethal allele of sup-20, we examined 
through a complementation test whether 
n821 is an allele of the kt-2 gene. Because 
the suppression by n821 was recessive to the 
wild-type function and dominant over a 
putative null, we first examined the effect 
of n821 over a loss-of-function allele of 
kt-2(g30ts). As shown in Table 1, n821 was 
able to suppress in the presence of kt- 
2(g30ts), which suggests that kt-2(g30ts) 
eliminated the wild-type activity of the sup- 
pressor gene. Thus, kt-2(g30ts) failed to 

Fig. 1. Molecular analysis of B - 
the UNC-105 sequence. (A) n1274 (PI 34T). n490 (P134S) n506 (E677K) 
UNC-105 protein sequence 4 4 

~redicted from the unc- 105 UNC-105- ...-... I ]  

..... cDNA (27). The sequence MEC-4 I- 
contains all the basic fea- DEG-1 -...-" r3zz2~4-b 
tures of the degenerin pro- 

MEC-10 ...--.--- CLE3---* 
tein family, including two po- 

..................... rn tential membrane-spanning - 
................... regions (shaded), three cys- PrENaC EZ E?zz~-d 
.................... I te~ne-rich regions (boldface), rENaC L@L-lzzza-- 

a domain found in all C. el- HlNaCH <I- ...................... { z --I 
egans degenerins but ab- 
sent in the mammalian Similarity 

100 amino acids 

ENaC proteins (underlined), I Membrane-spanning a C. elegans-specific - - Alignment gap 
and several potential N-gly- 
cosylation sites (boxed). UNC-105 also contains a region of about 150 residues at its COOH-terminus 
that is not found in other degenerins. The two residues affected in the three semidominant alleles are 
indicated by small arrowheads. (6) Diagrammatic representation of amino acid sequence alignment of 
the ENaC protein family. Regions with greater than 25% identity are indicated by white boxes, within 
which various sequence features are indicated by shading, as shown in the figure (the two regions of 
similarity between UNC-105 and arENaC, for example, are 34 and 27% identical, respectively). Protein 
sequences were aligned by the Clustal V method (28). Conserved regions are highlighted. Sequences 
were obtained from the following sources: MEC-4 (61, DEG-1 (8). MEC-10 (7),  a-rENaC (9), p-rENaC (91, 
y-rENaC (9), and HlNaCH ( 7  1).  

complement n821, and both affected the 
kt-2 gene. In a second test, we found that 
the kt-2 gene contained the wild-type func- 
tion of the suppressor gene. Independent 
transformation rescue experiments with the 
use of either cosmid C12F7, which contains 
kt-2, or a subclone in which kt-2 is the only 
known C. ekgans gene showed that kt- 
2(+) in extrachromosomal arrays eliminat- 
ed the n821 suppression effect (Table 1 and 
Fig. 2A), which indicates that n821 was a 
mutation in kt-2 (16). 

We identified the mutational change in 
three independently derived suppressor al- 
leles: kt-2(n821) , kt-2(n1168), and kt- 
2(n1169) (17). The identical base substitu- 
tion was found in all three alleles. The 
change resulted in a substitution of lysine 
for arginine at residue 1783 (R1783K), near 
the end of the COOH-terminal NC1 do- 
main of the LET-2 protein (Fig. 2B). This 
arginine residue is conserved in all known 
type IV collagens (Fig. 2C), which suggests 
that it is a critical residue. Because the 
suppressor mutation had no   he no type in 
an otherwise wild-type background, this 
conservative change apparently does not 
disrupt most functions of the LET-2 colla- 
gen. By contrast, all other available muta- 
tions in kt-2 occur in the triple helical 
region of the collagen and cause embryonic 
arrest (13). 

To confirm that the R1783K change con- 
ferred the suppression activity, we intro- 
duced the change into a wild-type kt-2 plas- 
mid and established transformed lines in 
both kt-2(g30ts) and unc-105(n490); kt- 
2(n821) backgrounds. Although this plasmid 
rescued kt-2(g30ts), it did not convert the 

Table 1. Noncomplementation between n827 
and let-2(g30ts) in an unc-105 background (29). 
The suppressor allele n821 suppressed unc- 
105(n490) recessively-that is, the presence of 
the wild-type function eliminated the suppression 
(row 3). However, a previously identified putative 
null allele of the n821 gene had no effect on the 
suppression by n827 [(3), row 41. In the test strain 
(row 5), let-2@30ts) showed no effect on the sup- 
pression, thus behaving as a null allele of the sup- 
pressor gene. By contrast, a wild-- let-2 clone 
in an ext~achromosornal array dirnGated the sup- 
~ression activitv. which demonstrated that it car- 
hed the wild-tyl;;! function of the suppressor gene 
(row 6) (also see Fig. 24. Furthermore, the same 
clone modified to contain the n821 mutation was 
able to rescue let-2@30ts) and suppress unc- 
105(n490) animals (row 7). 

Genotype 

+/+ 
n82 1 /n82 1 
n827/+ 
n821/null 
n827/let-2(g30) 
n82 1/n821; stExl7 [let-2(+)] 
n82 1/n821; stEx36 [let-P(R1783K) ] 

Phenotype 

Unc 
Wild type 
Unc 
Wild type 
Wild type 
Unc 
Wild type 
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phenotypically wild-type unc-105(n490) ; kt- 
Z(n821) animals to an Unc phenotype, and 
it behaved as the suppressor allele. 

Thus, UNC-105 appears to be a new 
member of the deeenerin channel familv 
that affects muscle knction, and defects i i  
this putative channel can be corrected by a 
change in a basement membrane collagen. 
The nature of the functional link, implied 
by the suppression effect, between UNC- 
105 and the LET-2 collagen is currently 
unknown. Because the su~~ression seems to . L 

be caused by specific changes in. the collag- 
en. these two  rotei ins mav interact either 
directly or through other intermediate mol- 
ecules (18). Because the degenerins MEC-4 
and MEC-10 are likely to mediate the 
mechanosensory transduction in the touch- 
reception system, we propose that UNC-105 
is also a mechanosensitive ion channel in 
muscle and that gating of this channel in- 
volves interaction with components in the 
basement membrane underlvine muscle , - 
cells. An interaction between the extracel- 
lular loop of the putative UNC-105 channel 
and the collagen network could provide an 
anchor for the channel, and stretch-induced 
distortion of this network could activate the 
channel, leading to muscle contraction. 

To ex~lain our observations in terms of 
such a model, we suggest that unc-105 dom- 
inant mutations produce a prolonged or 
exaggerated response of the channel to dis- 
tortion of the collagen network, which in 
turn leads to sustained muscle contraction. 
The suppressor mutation in the collagen 

Fig. 2. The n827 mutation 
is in let-2, a type IV colla- 
gen gene. (A) Phenotypes 
of unc-105(n490) and its 
suppressor n827. 1, wild- 
type N2. I I ,  unc-7 05(n490) 
mutant. This animal is hy- 
percontracted and para- 
lyzed. I l l ,  unc- 705(n490); 
let-2(n82 1). n82 1 sup- 
presses unc-7 05(n490), 
restoring wild-type motility 
and morphology. W, unc- 
7 05fn490); let-2fn827); 

disrupts the linkage but not the collagen 
network itself, so that the UNC-105 chan- 
nel is not activated. Control of muscle con- 
traction in unc-105(n490); kt-2(n82 1) an- 
imals is carried out bv the redundant func- 
tions or other mechanisms that also must 
act in unc-105 null mutants. These redun- 
dant functions might represent other sub- 
units of the channel that can function in 
the absence of UNC-105. 

Other available data on these genes are 
also consistent with this model. First. the 
muscle hypercontraction in unc-105 mu- 
tants and their relief by mutations in other 
muscle genes suggest that the UNC-105 
protein is produced in muscle cells. We 
found that the unc-105 promoter is active 
in muscle cells using an unc-105-green flu- 
orescent protein (gfp) promoter fusion con- 
struct (gfp) (19). Moreover, the kt-2 gene 
products are also produced in muscle (20). 
These expression patterns are consistent 
with the earlv observation that n821 SUD- 

pressor activity resides in muscle (3). Sec- 
ond, localization of the unc-105 mutations 
in the extracellular domain suggests that 
this region may be involved in regulating 
the function of the channel. Similarly, 
analyses of mutations in MEC-4 and DEG-1 
also suggested a regulatory role of the extra- 
cellular domain for gating these channels 
(8). Third, the R1783K change in the NC1 
domain of the collagen is unique in both its 
location and functional consequences. Be- 
cause the NC1 domain is involved in inter- 
molecular interactions with collagens and 

5 Triple helical domain NCI 

CAA 8967 

Q 1785 

CAA 

Q 

Length 

C.elegansa2 P E ~ C T L K ~ G N L R T R V S R C Q V C V K S T D G - - - R H  1795 
Dmsophrlanl P Q Q Q T I K A G f R Q s H V s R C Q V C M K N S -  - - - - - S  1769 
Canr~famlBarisuS P C  s E T  L K A G  0 L R  T R  I S R C  754 

stEx~7[l~-~(+)1, This Bmgus'a m a l a r d  P E S E T L K s G s L R T R  V s R  c Q V C I K A T D 5 5 R  P P Y 1802 
~ . ~ ~ ~ ~ a  P E S E T L K A G S L R T R V S R C Q V C I R S P D I ~ Q P Y R G  1763 

tant contains the same Human UI P T P S T L K A G E L R T H V S R C Q V C M P . - - - - - R T  1669 
P T P S T L K A G E L R T H V S R C Q V C H R - - - - - - - A T  1669 

genotype ~ ~ ~ ~ ~ ~ n 0 2  P R K R T T K s a Q L Q s v V s R C p V C Q K ~ I -  - - - - - - N  1747 
as I l l  but carries a let-2(+) 
gene in an extrachromosomal array. The let-2(+) gene reverses the n827 suppression activity, resulting in a 
hypercontracted animal. Bar = 0.1 mm. (B) The sequence change of the suppressor mutation in thelet-2 type 
IV collagen gene (27). The NH,-terminal7S domain, the COOH-terminal NCl domain, and many nonhelical 
interruptions in the triple-helical region are indicated. A single nucleotide change from G to A was found near 
the end of the NCl domain, resulting in an amino acid substitution of lysine for arginine at residue 1783. (C) 
Conservation of the NC1 domain and the arginine residue altered in n827. Sequences of several type IV 
collagens are aligned with regions of identical residues highlighted by shading. The arrow points t0A1-g'~~~ in 
LET-2. Although not all available type IV collagen sequences are included in this alignment, is 
conserved among all type IV collagen sequences in GenBank. The sequences of the type W collagen 
molecules were aligned with the Clustal V method (28). The sources of the sequences are as follows: C. 
elegans a2 (14) (GenBank accession number U22327), C. elegans a1 (X56979), Drosophila melanogaster a1 
(M23704), Canis familiaris a5 (U07888), Ascaris suum a2 (M67507), Brugia malayi a2 (U07224), Strongylo- 
centrotus purpuratus (X76730), human a1 (Y00706), and mouse a1 (J04694). 

other basement membrane comDonents 
(2 1 ), it is conceivable that this region may 
also interact with molecules in the plasma 
membrane, such as UNC-105. Finally, this 
model is also consistent with the existence 
of a stretch receptor that conducts myogen- 
ic, stretch-activated muscle contraction as 
proposed previously (22). Gating of the 
UNC-105 channel by basement membrane 
collagen molecules could fulfill the role of 
such a receptor. 

Mechanical signaling through interac- 
tions between degenerin channels and the 
extracellular matrix might also occur with 
the touch receptors in C. elegans. One of 
the genes involved in touch reception was 
recently found to encode a novel type of 
collagen (23), and a mutation in p-laminin, 
a basement membrane component, appears 
to influence degenerin-induced touch cell 
degeneration (24). The putative connec- 
tion between the extracellular domain of 
UNC-105 and the a2 subunit of type IV 
collagen is similar in concept to the me- 
chanical signal transduction in the auditory 
system, where extracellular tip links physi- 
cally transduce force to the mechanosensi- 
tive channels in the hair cell (25). Our 
model extends this concept by identifying 
the specific molecules involved. 
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Oxygenic Photoautotrophic Growth Without 
Photosystem l 

J. W. Lee, C. V. Tevault, T. G. Owens, E. Greenbaum* 

Contrary to the prediction of the Z-scheme model of photosynthesis, experiments 
demonstrated that mutants of Chlamydomonas containing photosystem II (PSII) but 
lacking photosystem I (PSI) can grow photoautotrophically with 0, evolution, using 
atmospheric CO, as the sole carbon source. Autotrophic photosynthesis by PSI- 
deficient mutants was stable both under anaerobic conditions and in air (21 percent 
0,) at an actinic intensity of 200 microeinsteins per square meter per second. This PSI1 
photosynthesis, which was sufficient to support cell development and mobility, may 
also occur in wild-type green algae and higher plants. The mutants can survive under 
2000 microeinsteins per square meter per second with air, although they have less 
resistance to photoinhibition. 

111 the Z scheme, first proposed by Hill and 
Bendall ( I ) ,  PSlI can split water hut is not 
thought to be able to perforln one of PSI'S 
assigned filnctions: the  r e d ~ ~ c t i o n  of ferre- 
doxin (Fd)/nicotinamide adenine dinucle- 
otide phosphate (NADP") ,  which is essen- 
tial for C02  assimilation. T h e  Z scheme 
therefore reauires that both PSII and PSI 
work in  sequence for complete photosyn- 
thesis, using water as the  source of electrons 
and CO, as the terminal electron acceptor. 
Despite some disagreenlent (2-5), the  Z 
scheme has become the  textbook model of 
photosynthesis (6,  7). Sustained photoas- 
sirnilation of C02 and evolution of Hz and 
0, in minimal ~nediunl  can be achieved by 
the PSII light reaction without involve- 
ment  of PSI in a PSI-deficient mutant of 
Chlamydomonas grown photoheterotrophi- 
cally with the use of a n  organic nutrient 
(acetate) (8). Here we report that PSI- 
deficient lnutants of Chlamydomonns were 
capable of growing photoautotrophically. 
Because the  Z scheme requires both PSI and 
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PSII n~orking in series, it predicts that PSI- 
deficient lnutants of green algae will not  
grow photoa~~totropl~ical ly .  T h e  discovery 
of photoautotrophic growth of PSI-defi- 
cient green algae without any organic nu- 
trients, therefore, suggests the existence of 
PSII photosynthesis that is an  alternative to 
the  Z scheme. Our  discovery may provide 
a n  explanation for Inany reports of anoma- 
lous i l ~ ~ a n t ~ ~ m  requirements that cannot be 
explained by the  Z scheme. 

P h o t o a ~ ~ t o t r o ~ h i c  growth of several PSI- 
deficient mutants of Chhmydomonns, such 
as F8 and B4, was observed when uhotohet- 
erotrophically grown aliquots were inoculat- 
ed into 75 ml of ~ninilllal l n e d i ~ ~ l n  (9)  in 
sterilized Erlenlneyer flasks and incubated 
under continuous actinic illumination [pho- 
tosynthetically active radiation (PAR) of 20 
lnicroeinsteins (/J-E) ~ n ~ " ~ ' ]  provided by 
daylight fluorescent lamps (an  einstein is 
the energy of 1 lnol of photons). T h e  min- 
imal medium contained only water and min- 
eral elements. T h e  flasks that contained the 
liquid culture were capped with phenolic 
screw caps that allowed air ( C 0 2 )  exchange. 
Constant shaking of the  cult~lre flasks with a 
gyratory shaker at a speed of 140 rpm facil- 
itated air exchange for CO, supply. Under 
these conditions, the algal cultures grew for 
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