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ABSTRACT 
A mutation at  the PFlO locus of the unicellular green alga Chlamydomonas reinhardtii leads to 

abnormal cell motility. The asymmetric form of the ciliary beat stroke characteristic of wild-type 
flagella is modified by this mutation to a nearly  symmetric beat. We report  here  that this abnormal 
motility is a conditional phenotype that depends on  light intensity. In the absence of light or under 
low light intensities, the motility is more severely impaired than at higher light intensities. By UV 
mutagenesis we obtained 11 intragenic and 70 extragenic strains that show reversion of the pflO 
motility phenotype observed in low light. The intragenic events reverted the motility phenotype of 
the p f l 0  mutation completely. The extragenic events define at least  seven suppressor loci; these map 
to linkage groups IV,  VII, IX, XI, XI1 and XVII. Suppressor mutations at two of the seven loci (LIS1 
and LIS2) require light for  their suppressor activity. Forty-eight of the 70 extragenic suppressors were 
examined in heterozygous diploid cells; 47 of these mutants were recessive to  the wild-type allele and 
one mutant (bop5-I) was dominant to  the wild-type allele. Complementation analysis  of the 47  recessive 
mutants showed unusual patterns. Most mutants within a recombinationally defined group failed to 
complement one  another, although there were pairs that showed  intra-allelic complementation. 
Additionally, some of the mutants at each recombinationally defined locus failed to complement 
mutants at other loci. They define dominant enhancers of one  another. 

T HE structure  and  function  of  the  eukaryotic 
flagellum  are  complex (GIBBONS 1981). Histor- 

ically, two  complementary  genetic  approaches  have 
been  used  to dissect  complex systems. T h e  first is 
pseudoreversion or suppressor analysis,  in  which ex- 
tragenic  mutations  that  relieve or suppress  the  mutant 
phenotype  are  isolated (HARTMAN and ROTH 1973; 
JARVIK and BOTSTEIN 1975;  HALL and GREENSPAN 
1979; BOTSTEIN and MAUER 1982; LAKIN-THOMAS 
and BRODY 1985). Extragenic  suppressors fall into 
two broad classes based  on  the  interaction  between 
the  mutant  and  the  suppressor.  Interactive  suppres- 
sors  act by changing  proteins  that  normally  form 
complexes  and bypass  suppressors  act by circumvent- 
ing  the  actual  defect. T h e  second  approach is enhance- 
ment analysis,  in  which extragenic  mutations  that 
accentuate or enhance  the  original  mutant  phenotype 
are isolated (LEWIS  1945; WELSHONS 1971; SATO, 
RUSSELL and DENELL  1983;  ATKINSON  1985; KUSCH 
and EDGAR 1986; RINE and HERSKOWITZ  1987; 
STEARNS and BOTSTEIN 1988). Previous  studies  have 
demonstrated  that  these  types  of  genetic analyses are 
powerful  tools  in  understanding  flagellar  assembly 
(LUCK 1984) and  function (HUANG, RAMANIS and 
LUCK 1982;  SEGAL et al. 1984; HOOPS et al. 1984; 
MITCHELL and ROSENBAUM 1985;  JAMES et al. 1988). 

T h e  PFlO (paralyzed flagella) gene  product  of 
Chlamydomonas  reinhardtii is required  for wild-type 
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flagellar  motility (LEWIN  1954). Only a  single mutant 
allele, which  displays an ineffective  flagellar  beat and 
abnormal  swimming (RANDALL and STARLING  1971; 
INWOOD 1985), has  been isolated a t  this  locus. Con- 
sequently, cells  with the pfl0 mutation  settle  to  form 
a pellet  in  liquid  culture.  This  mutation  maps  to  an 
unusual  linkage  group (HUANG et al. 1982), which was 
recently  described  genetically by DUTCHER ( 1  986) and 
RAMANIS and LUCK (1986). All mutations  that  map  to 
linkage  group XIX were identified  because  they  affect 
flagellar assembly,  function or microtubules. 

To approach  the  question of the role of  the PFlO 
gene  product  in flagellar function,  we  isolated  revert- 
ants  of  the  mutant pfl0. These  revertants  define seven 
loci that  can  be  mutated  to  act  as  extragenic  suppres- 
sors  of pfl0. Two of the  extragenic  suppressor  muta- 
tions  define a light-dependent  pathway  of  suppression. 
We found  that a subset  of  the  mutants  act  as  dominant 
enhancers  of  each  other  in  diploid  strains. 

MATERIALS AND METHODS 

Mutant strains: The original p f l 0  mutant was isolated by 
LEWIN (1 954) using the techniques he reported  for isolating 
motility mutants in Chlamydomonas moewusii. The original 
pfl0 strain has been backcrossed to  a wild-type strain (1 37c 
mt-) three times to remove modifiers of the pflO phenotype 
and to assure that  the pflO phenotype segregated in a 
Mendelian  fashion  as a single gene mutation. Single  colonies 
of the p f l 0  isolate p f l 0  1-1 mt+ were used  in  this reversion 
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analysis. Strains  for mapping were provided by HARRIS 
(1982) of the Chlamydomonas Stock Center. Several of 
these strains were found to contain two mutations that each 
have a  phenotype. Strains that contain single scorable mu- 
tations were recovered through backcrosses  of the mutant 
strains to wild-type  cells (1 37 mt+ and 137 mt-).  The ac3l 
strain (cc977) contained two mutations, each conferring an 
acetate requirement.  The ac31 mutation was identified by 
phenotypic analysis and linkage to p f l .  The ac6 strain 
(cc665) also contained two mutations, each conferring an 
acetate  requirement. The ac6 mutation was identified by 
linkage to pf l7 .  The crl strain (cc40) contained two muta- 
tions and  the crl mutation was identified by a cold-sensitive, 
acetate-requiring  phenotype. The y l  mutation (ccl168) was 
assayed after  the following sequence of growth conditions; 
seven days in the  dark,  one day in the light, and two days in 
the  dark.  The arg2 and arg7 strains were obtained  from F. 
LUX. The meiotic viability  of the strains used for construc- 
tion of the diploid strains in Figure  1 is between 90  and 
98%. 

Culture  media: General  growth medium is medium I 
described by SAGER and GRANICK (1953) except that  the 
K2HP04 concentration has been raised to 1.0 mM. Strains 
with arg mutations are grown on medium I that contains 
200 pg/ml of arginine and has one-tenth  the concentration 
of ammonium nitrate  that is present in medium I. 

Genetic  analysis: Standard techniques were used for 
mating and for tetrad analysis (LEVINE and EBERSOLD 1960). 
The methods of WHITEHOUSE (1 950)  and PERKINS (1 952) 
were used for determination of centromere distances and 
for linkage analysis, respectively. Only complete tetrads are 
included in this analysis; between 90-95% of the dissected 
tetrads were complete. Diploid strains were selected as de- 
scribed by EBERSOLD (1967). 

The reliability of scoring of tetrads  from backcrosses and 
mapping crosses that involve the suppressors of PflO was 
insured in several ways. First, the phenotypes of some sup- 
pressed strains change with increasing cell density; there- 
fore, all  crosses were scored on several consecutive days at 
densities of less than  5 X lo5 cells/ml. Whenever  data were 
questionable, the tetrads were transferred to new medium 
and rescored. Sensitivity to cell density makes  it  possible to 
identify the double  mutant ( p f l 0 ;  suppressor) in liquid cul- 
ture as well as by microscopic examination. The double 
mutant, in  all  cases examined and tested, will form  a pellet 
before wild-type  cells or suppressor cells will. Second, some 
of the suppressors are affected by illumination conditions. 
All crosses reported in this paper were performed  under 
constant light conditions (3100 ergs/cm* sec) in a  tempera- 
ture-controlled walk-in incubator. Light intensities were 
measured by a Minolta light intensity meter. 

During the initial backcrosses, the isolates bopl-1 and lisl- 
22 produced significantly unequal numbers of parental and 
nonparental ditype tetrads. This increase in the PD:NPD 
ratio could result from the presence of two, unlinked sup- 
pressor mutations in the original strains. We have tested this 
hypothesis by crossing the original isolate to a PflO strain to 
ask if suppression segregates 2+:2-,  where + designates 
suppression and - designates the lack  of suppression. More 
than one functional suppressor in the original isolate would 
produce 4+:0- and 3+:1- tetrads, as well  as 2+:2- tetrads. 
For each isolate only 2+:2- segregation was observed (see 
Table 2). 

The  number of extragenic suppressor isolates mapped in 
RESULTS is only 69 not 70. The suppressor in strain 58 has 
not been mapped with respect to the seven  loci discussed. 
Strain J8 proved  refractory  to analysis;  most matings involv- 
ing JS cells, whether from  the original isolate or  from  the 

progeny of the first backcross of the isolate failed to  sporu- 
late. The results of the initial backcross are shown at  the 
end of Table 1. In  the cross to lis2-1 pf l0 ,  the ratio of tetrad 
types was 6:  10: 10. In the  other fifteen attempted crosses, 
matings appeared  to  proceed normally. Quadriflagellate 
cells were produced; these cells became zygotes that ap- 
peared  normal, but did not  sporulate.  Complementation 
results were not conclusive because of the noncomplemen- 
tation seen for many  of the mutations; it is  likely that J8 is 
an allele of l i s l .  

Complementation analysis was performed in stable dip- 
loids that were selected by arginine  prototrophy using arg2 
and arg7 mutations. In general, for each suppressor that 
was tested,  a  strain  containing arg2 and a  strain  containing 
arg7 was constructed. Both arg  sup pf l0  strains were tested 
for  dominance of the suppression phenotype in heterozy- 
gotes. In  the complementation analysis  all the pairwise 
crosses were performed with both sets of parents  except  for 
lisl-4, and lis2-7 where only one arg strain was constructed. 
UV mutagenesis: The procedure  for mutagenesis of pf l0  

cells  with UV light and selection for reversion to a motile 
phenotype was that of LUCK et al. (1 977) with the following 
modifications. Single colonies of pfl0 1-1 cells were selected 
for consistency of the pflO  phenotype;  cultures showed 
nearly 100% nonmotile cells at low density. Cells were 
irradiated under a  General Electric 30 W germicidal lamp 
(G3T08) for 45 sec at  9 cm from the UV source. The 
concentration of irradiated cells varied between 5 X 1 O6 and 
lo’ cells/ml. Survival rates varied from  20%  to 80%. En- 
richment  for motile cells following mutagenesis was carried 
out  four times by selectively transferring cells  in the  upper 
one-sixth of liquid cultures. Following the last transfer, 
diluted samples were plated onto solid medium and 12-20 
single colonies were picked from each plate for examination 
of phenotype. Only about one-half of the colonies picked 
from each independent culture contained motile cells; the 
remainder still showed the pflO  phenotype.  Where  differ- 
ences in swimming behavior were observed between colo- 
nies derived from a single irradiated culture, colonies exhib- 
iting these differences were saved as potentially independent 
events. Where  more than  one colony was saved, the  one 
containing the best suppressor, as measured by the closest 
approach  to wild-type behavior, was designated by an “A” 
following the  culture  number.  The  other colonies saved 
from the same culture were designated “B” or “C.” In 16 of 
22 cases where more  than one isolate was saved from the 
same culture,  the isolates mapped to  different recombina- 
tion groups. In the remaining six  cases,  two additional 
arguments  for independence of the l i s l  alleles from the 
same culture  are presented. First, because at least 42 of the 
55 original cultures  contained lisl suppressors, calculations 
based on the Poisson distribution suggest that  at least 23 of 
these tubes should have contained  a second, independent 
lisl suppressor mutation and ten should have contained two 
or  more additional lisl suppressor mutations. Therefore, 
the finding of  two lisl suppressors in  five tubes and  three 
in one  tube is certainly a likely occurrence.  Second, in each 
of the cases  in  which  two or more lisl isolates were chosen 
from  a single original culture, this choice was based on 
distinct swimming patterns. 

The method used to screen for suppressors of PflO does 
not  permit  a  determination of the  number of reversion 
events represented in the original irradiated  cultures.  HOW- 
ever, some measure of the reversion frequency can be 
gleaned from the  number of original isolation tubes that 
produced no revertant cells.  If one assumes that distinct 
reversion events are divided among the original isolation 
tubes  according to a Poisson distribution, the mean number 
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of events per  irradiated  culture was calculated to be 4.04 
based on 1/57 of the  cultures that produced no revertants. 
The average  number of cells  surviving  mutagenesis  in each 
test tube culture was, on the  average, 4.7 X lo6 and  there- 
fore the reversion frequency was about Because the 
number of tubes  that  have  mutations is so high, it is likely 
that  this estimate is poor. No spontaneous  revertants  were 
recovered in a parallel  experiment  involving 3 X 10' cells. 

Microscopic techniques: Samples  for  observation  were 
taken from  logarithmically  growing  cultures  and were ob- 
served at a low cell concentration ( lo4 cells/ml). Microscope 
slides  and  coverslips were prepared by  washing with 7X 
detergent, rinsing with deionized  distilled  water,  air-drying, 
and wiping  with 95% ethanol on lens paper. A 15-111 sample 
of suspended cells was placed on a clean slide  and a streak 
of vacuum grease was placed to either side of the  drop. A 
coverslip was gently  placed over the drop and  sealed.  Ob- 
servations of gross  swimming  behavior  were carried out 
using a Zeiss Universal  microscope, with a xenon lamp  and 
with 16X or 40X Plan  objectives. 

RESULTS 

Observations on the original isolates: The muta- 
genesis of the pf10 strain by ultraviolet  irradiation 
produced  a high reversion  frequency and a  great 
variety of swimming phenotypes among  the  reverted 
cells. 81 revertant strains were chosen for  further 
study as described in MATERIALS AND METHODS. A 
number of different swimming behaviors was ob- 
served  among  those  original isolates (INWOOD  1985), 
but will not  be  described in this work in detail. Swim- 
ming  phenotypes of the  revertant strains  could be 
distinguished even before  the  number  and  identity of 
loci were known; these classifications correspond 
roughly to genetically determined loci. A number of 
revertants  were indistinguishable from wild-type 
swimming; all these  mutants by genetic analysis are 
intragenic  reversion  events. All suppressed strains 
were analyzed for temperature-sensitivity of the re- 
verted  phenotype at  16"  or  32"  and all were  found 
to be  nonconditional  revertants with respect to tem- 
perature. Before analyzing the phenotypes of these 
isolates extensively, we wanted to  determine  that  the 
phenotypes  were the result of a single gene  mutation 
and  to identify representative alleles of different loci. 

Initial backcross of revertants: In cultures of  the 
parent PflO strain less than 3% of the cells are in the 
supernatant,  the  remainder  form  a pellet in liquid 
cultures. Each of the original  revertants can be distin- 
guished  from PflO cultures by an increase in the 
percentage of  cells  in the  supernatant  compared  to 
the pellet (see Table 9). It is possible to distinguish 
three phenotypes macroscopically (pflo Sup; pf10 
SUP; and PFlO SUP or PFlO sup) and  therefore  to 
score the  three classes of tetrads  derived  from back- 
crosses to a wild-type strain. The results of the initial 
backcrosses ofpflO revertant  strains  to wild-type strain 
1 3 7 ~  are given in Table 1. The strains are  grouped 
by locus for  the  convenience of the  reader  and  data 

are  presented in the following section to  support  these 
groupings. The centromere distance for each locus is 
given as the average calculated for all alleles at  the 
locus. 

To verify that only a single suppressor  mutation 
was present,  representative  original isolates at each 
locus were crossed to a pfl0 strain to ask  if suppression 
segregates 2+:2-, where + indicates suppression and 
- indicates the lack of suppression. In all  cases, 
suppression appears  to  result  from  a single mutation 
(Table  2). 

Determination of number of suppressor loci by 
recombinational  analysis: Based on  the  data  from 
backcrosses, 70 of the 81 revertant  strains  contain 
extragenic  suppressors of the PflO mutation. To de- 
termine  the  number of  loci among  these  strains we 
have relied primarily on linkage data  rather  than 
complementation  data (see below). The production of 
only parental  ditype  tetrads  from pairwise crosses of 
mutants suggests that they are closely linked to  one 
another  and may be alleles at a single locus. We can 
not  exclude by this type of analysis the possibility that 
isolates that do not show recombination are mutations 
in  closely linked loci, which produce similar pheno- 
types. Therefore,  the  number of  loci determined by 
this analysis represents  a minimum estimate  for the 
number of  loci that we have identified by mutation. 

We have identified at least seven loci that can act as 
suppressors of the pfl0 mutation (Table 3). Based on 
phenotypic  differences  described  later, two classes of 
suppressor loci were found. One class  is identified by 
the acronym BOP for bypass of paralysis and  the  other 
class  is identified by the acronym LIS for light influ- 
enced  suppressor.  A single allele has been  identified 
at  the BOP2,  BOP3, BOP4 and BOP5 loci. There  are 
eight  independent isolates that  are recombinationally 
linked to  the isolate K2, which defines the BOP1 locus 
(Table 4); all these  mutants show a similar swimming 
phenotype. There  are six independent isolates that 
are recombinationally linked to the isolate 53, which 
defines the LIS2 locus (Table 4); all these  mutants 
show similar suppressed swimming phenotypes. 

Forty-nine isolates are linked to lis1 isolates. We 
have used eight  strains to assay this linkage. Linkage 
among  these  eight  tester  strains is shown in Table 5. 
All 40 of the remaining isolates showed linkage to  one 
or  more of the tester  strains (Table 6). We suggest 
that all these isolates may be alleles of the LISl locus 
as  defined by the isolate 54. The remaining isolate 58 
was refractory to analysis and has not been assigned 
to any locus by this recombinational analysis (see MA- 

T o  strengthen  the  recombination  argument  at  the 
LISl locus, we crossed two proposed alleles, ZisI-22 
and Zisl-I, with the consistently most different swim- 
ming  phenotypes  as  monitored by velocity, to each 

TERIALS AND METHODS). 
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TABLE 1 

Initial backcrosses of suppressed pfl0 strains to 137c 

Strain 

J2C 
JlOA 
G4A 
G5A 
G7A 
2H2A 
K I A  
M3A 
M5A 
NIB 
N4A 

K2 
KlB 
K4 
K8B 
K9A 
M6B 
M 8  
M10 

N7B 

J2A 
N10 

G7B 

G7C 

J4 
J1 
J2B 
J 5  
J6A 
J6B 
J6C 
57 
J 9  
JlOB 
1H1 
1 H3 
1 H4 
1 H7 
G1 
G2A 

Locus  and  Segregation  Centromere 
allele PD:NPD:TT" Percent SDSb distance' 

~ 

P W d  
Pfl0 
Pf10 
Pfl0 
Pfl0 
Pfl0 
Pfl0 
PflO 
Pfl0 
Pfl0 
Pfl0 
bopl-1 
bop 1-2 
bopl-3 

bopl-5 
bop 1-6 

bop 1-8 

bopl-9 

bop2-1 

bop3-1 

bopl-4 

bopl-7 

b0p4-I 

b0p5-1 

lisl-1 
lisl-2 
l is l -3  
lis  1-4 
lisl-5 
l is l -6  
lisl-7 
lisl-8 
lisl-9 
lisl-IO 
lisl-1 I 
l i s l - I2  
l is l -13 
lisl-14 
l i s l - I5  
lisl-16 

30:O:O 
34:O:O 
29:O:O 
23:O:O 
18:O:O 
25:O:O 
34:O:O 
29:O:O 
29:O:O 
32:O:O 
30:O:O 

28:14:4 
9:11:8 
9:9: 1  1 
10:12:2 
7: 1 5 5  
3:  12:6 
8:5:4 
11:10:6 

11:17:3 

20:23: 13 

13:10:4 

7:2:14 

4:9: 1  1 

18:22:18 
9: 12:6 
20:17:16 
17:15:19 
7:8:9 
15:13:11 
12:10:9 
16:18:21 
18:14:17 
3:2: 1 
17:23: 18 
5:7:3 
7:10:7 
6:7:9 
9:6:3 
7:7:9 

0 NA 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

9 3.5 
29 
38 
8 

21 
29 
23 
22 
10 

23 5.0 

15 1 .o 
61 24 

46 16 

31 10 
22 
30 
37 
38 
30 
29 
38 
35 
16 
31 
20 
29 
41 
16 
39 

Each revertant strain was backcrossed to wild-type strain 137c. ~ 

Tables 2, 3,  4,  5 and 6. 

Strain allele  PD:NPD:TT" 
Locus  and  Segregation 

G3A 
G3B 
G5B 
G6 
G8 
G9 
G10 
2H2B 
2H3A 
2H3B 
K3A 

K3B 
K5 
K6 
K7A 
K7B 
K8A 
K9B 
M1 

M2A 

M2B 

M4 

M5B 

M6A 

M7 
M9 
NlA 
N2 
N3 
N4B 
N6 
N7A 
N8 
J3 
G2B 
G4B 
2H1 
M3B 
N5 
N9 
JS 

lisl-17 
l is l -18 
l is l -19 
lisl-20 
lisl-21 
l is l -22 
lis 1-23 
lisl-24 
lisl-25 
lisl-26 
lisl-27 

lis 1-28 
l is l -29 
l is l -30 
Eisl-31 
l is l -32 
l is l -33 
lisl-34 
lis 1-35 

lisl-36 

lisl-37 

l is l -38 

lis 1-39 

lisl-40 

lisl-41 
l is l -42 
l i ~ l - 4 3  
lisl-44 
lisl-45 
lisl-46 
lisl-47 
l is l -48 
l is l -49 
lis2-I 
lis2-2 
lis2-3 
lis2-4 
lis2-5 
lis2-6 
lis2-7 

ND' 

7:5:7 
6:3:4 
1O:Y:lO 
7:5:2 
9:5:2 
23:16:18 
9:9:8 
7:12:12 
6:9: 1 1 
12:9: 1 1 
8:10:13 

9:7:16 
9:6: 14 
9:7:11 
9:7: 13 
6:3:9 
6:9: 10 
5:9: 1 1 
13:10:7 

12:9:11 

5:9:8 

13:6: 10 

10:5:8 

8:6:5 

3:15:8 
16:11:13 
3:9: 1  1 
8:7:8 
6: 12:9 
10:6:7 
7:11:8 
9:9: 13 
7:8:16 
8:14:27 
9:7: 12 
6:6:17 
10:4:11 
13:7:24 
8:7:12 
12:6:7 
13:4:7 

Percent SDSb distance' 
Centromere 

37 
31 
35 
14 
13 
32 
31 
39 
42 
34 
42 

50 
48 
41 
45 
50 
40 
44 
23 

34 

36 

35 

35 

26 

31 
33 
48 
35 
33  
30 
31 
42 
52 
55  17.5 
43 
59 
44 
55 
44 
28 
30 8.5 

I strains are grouped by suppressor locus,  which is documented in 

PD, parental ditype; NPD, nonparental ditype; TT,  tetratype. 
Second division segregation of p f l 0  from suppressor. 
The p f l 0  mutation is 6.5 map units from its centromere; suppressor to centromere distance = 1/2(%SDS - 2(6.5)). Values shown are 

Intragenic  revertant of pfIO. 
averages of all  alleles  of a locus. NA, n o t  applicable. 

e Not determined. see MATERIALS AND METHODS. 

other. A total of 365 tetrads were dissected and ana- 
lyzed for  segregation of l i s l - 2 2  and l i s l - l  from  one 
another. No recombination was found. l i s l -1  and l i s l -  
22 appear to either  represent alleles or loci within 
0.13 cM of each other. 

Complementation analysis: Complementation is a 
more  rigorous  proof of  allelism between linked iso- 
lates, and complementation in Chlamydomonas is 

commonly assayed  in dikaryons (STARLING and RAN- 
DALL 1971). However,  the  phenotypes of  only bop2, 
bop3 and bop5 could be  scored unambiguously in 
quadriflagellate  dikaryons (W. B. INWOOD and S. K.  
DUTCHER, unpublished  data). We have identified only 
a single allele at each of these loci; these loci are  not 
linked to any other isolate (see below). 

So instead we analyzed 48 of the 70 extragenic 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/120/4/965/5997823 by guest on 25 M

ay 2023



Light-Conditional Mutations 969 

TABLE 2 

Crosses of suppressed p f l 0  strains to p f l 0  

Segregation  pattern 

Strain Locus 4:O 3:l 2 2  1:3 0:4 

K2 bopl-1 0 0 3 1 0 0  
K9A bopl-5 0 0 3 4 0 0  
M6B bopl-6 0 0 3 8 0 0  
N7B bopl-9 0 0 3 8 0 0  
J2A b0p2-1 0 0 3 1 0 0  
N10 b0p3-1 0 0 3 4 0 0  

G7C bop5-I 0 0 4 3 0 0  
1H1 l is l -11 0 0 3 0 0 0  
G9 lis 1-22 0 0 4 7 0 0  
M4 lis 1-38 0 0 3 2 0 0  
M7 lisl-41 0 0 1 7 0 0  
N3 l is l -45 0 0 4 5 0 0  
53 lis2-1 0 0 4 9 0 0  
2H1 lis2-4 0 0 3 1 0 0  
M3B lis2-5 0 0 4 9 0 0  
N9 l i ~ 2 - 7  0 0 2 0 0 0  

G7B b0p4-1 0 0 3 5 0 0  

Each revertant strain that produced unequal numbers of parental 
and nonparental ditype tetrads from backcrosses to 137c was 
crossed to a pf10 SUP tester strain. If a single suppressor mutation 
is present, then 2:2 segregation is expected.  Segregation patterns 
refer to the number of suppressed spores to the number of nonsup- 
pressed or pelleting spores. 

TABLE 3 

Recombination  matrix of pfZ0 suppressors 

bop2-1  bopjr-1  bop4-l  bop5-1  lisl-1  lis2-1 

bopl-1 13:12:4 11:7:10 12:10:9 13:10:7 4:13:13 
bop2- 1 13:8:4 1:5:8 3:7:5  23:12:16 6:12:8 
bop3-l 3:5:17 -b 6:4:5 3:3:10 
bop4-I 5:2:19 3:4:9 1:0:28 
bop5- I 5:5:3 6:5:19 
l i s l - l  4:4: 17 

Strains containing representative alleles of each suppressor locus 
are shown.  These crosses demonstrate absence of linkage or weak 
linkage as is the case for the lis2-1 to bop4-1 cross. 

a Eleven incomplete tetrads analyzed; suppressors segregate in at 
least five of these tetrads. 

Twenty  incomplete tetrads analyzed; suppressors segregate in 
at  least eight of these tetrads. 

suppressor  mutations by constructing  stable diploid 
strains using the complementing  arginine  auxotrophic 
mutations, arg2 and arg7 (EBERSOLD 1967). Domi- 
nance was tested in strains  that  were homozygous for 
the pfl0 mutation and heterozygous  for various sup- 
pressor  mutations. Only the bop5-1 mutation was dom- 
inant  for its ability to suppress the pfl0 mutation 
(Figure 1). 

Based on the recombinational data,  three of the 
postulated loci are  represented by multiple alleles. 
Twenty-eight  mutants  that are linked to l i s l ,  nine 
mutants  that  are linked to b o p l ,  and seven mutants 
that  are linked to lis2 were tested  for  their ability to 
complement one  another. Most of the  mutants  that 
are linked to lisl show a pattern  that is consistent with 

TABLE 4 

Pairwise  crosses of bop1 and lis2 alleles 

bopl-I  lis2-1 
Alleles ( W  03)  U W  

b0p2-1 

BOP1 alleles 
KlB 13:O:O 7:5: 1 
K4 8:O:O 3:2:2 3:8: 1 
K8B 18:O:O 6:7:2 
K9A 26:O:O 
M6B  28:O:O 5:5:0 
M8 17:O:O 7:7: 1 1 11:10:5 
M10 24:O:O 3:2:2 
N7B 13:O:O 5:4:3 

LIS2 alleles 
G2B 32:O:O 
G4B 29:O:O 
2H1 30:O:O 8: 10: 10 
M3B 17:O:O 
N5 15:O:O 
N9 28:O:O 

Revertant strains each containing a suppressor and  the p f l 0  
mutation were crossed to  one  another as shown.  Segregation of the 
suppressors from one  another is measured by the ratio of 
PD:NPD:TT for each cross. 

TABLE 5 

Recombination analysis of eight lisl isolates 

Pairwise 
cross PD:NPD:TT” 

54 X J9 26:O:O 
54 X G9 365:O:O 
54 X N6 28:O:O 
J2B X 57 27:O:O 
J2B X J9 23:O:O 

C8 X N6 28:O:O 
G9 X N2 2 1 :o:o 
57 X J 9  52:O:O 

PD, parental ditype; NPD, nonparental ditype; TT, tetratype. 

a single complementation  group.  However, three pair- 
wise combinations in diploids complemented one  an- 
other; we believe that these  observations  represent 
intra-allelic complementation between these alleles 
(Figure 1). All mutations linked to lis2 fail to comple- 
ment  one  another.  Mutants linked to bop1 fail to 
complement in all but  three of the diploid strains 
tested. Again, we believe that this observation repre- 
sents intra-allelic complementation  (Figure 1). Intra- 
allelic complementation is thought  to  indicate poly- 
peptides  that are involved in multimeric complexes 
(KAPULER and BERNSTEIN 1963; CRICK and ORCEL 
1964). 

We have also performed  complementation tests be- 
tween unlinked loci. Complementation would pro- 
duce cells  with the  pflO  phenotype and a  failure to 
complement would produce cells  with a swimming 
phenotype. Given that  the  mutants were recessive, we 
expected to observe  complementation between mu- 
tants in different genes. We found  a complicated 
pattern of interactions between the  mutants  at differ- 
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TABLE 6 

Pairwise crosses of lis1 alleles 

Isolate 
name 528 54 G8 G9 N2 N6 

Tester  alleles 

- 
51 
5 5  
J6A 
J6B 
J6C 
JlOB 
1H1 
1 H3 
1 H4 
1 H7 
G1 
G3A 
G3B 
G5B 
G6 
G10 
2H2B 
2H3B 
K3A 
K3B 
K5 
K6 
K7A 
K7B 
K8A 
K9B 
MI 
M2A 
M2B 
M4 
M5B 
M6A 
M7 
M9 
N l A  
N 3  
N4B 
N7A 
N 8  

33:O:O  56:O:O 
3 1 :O:O 

30:O:O 
17:O:O 

53:O:O 
29:O:O 48:O:O 
31:O:O 59:O:O 

32:O:O 

33:O:O 

13:O:O  12:O:O 

26:O:O  29:O:O 

15:O:O 

31:O:O 

29:O:O 
14:O:O 

32:O:O 
16:O:O 
15:O:O 
30:O:O 
17:O:O 
22:o:o 
34:O:O 
29:O:O 
30:O:O 
28:O:O 
16:O:O 
27:O:O 
24:O:O 
15:O:O 
17:O:O 
16:O:O 
16:O:O 
16:O:O 
17:O:O 
16:O:O 

23:O:O  16:O:O 
14:O:O 
17:O:O 

16:O:O 

ent loci. Some pairwise combinations showed comple- 
mentation while others failed to complement one  an- 
other  although they define unlinked loci. This failure 
to complement will be referred  to as dominant  en- 
hancement (LEWIS 1945). Two statements  can  be 
made  about  these results. First, the phenotype of the 
diploid strain is dependent  on  the alleles contributed 
by the two parents  (Figure 1). Different alleles of the 
three loci that have multiple representatives ( t i s f ,  lis2 
and b o p l )  show different  phenotypes in combination 
with other  mutants;  enhancement in double  hetero- 
zygotes is allele-specific. Second, there  are  trends in 
the  pattern of complementation  for loci with multiple 
alleles. Most lisl and lis2 alleles fail to complement 
one  another (73 out of 96 tested failed to comple- 
ment). Most lisl and bopl  alleles complement one 
another  (42  out of 147 tested failed to complement), 

as do most lis2 and bop1 alleles (12 out of 49  tested 
failed to complement). As these three examples illus- 
trate,  the phenotypes are allele-specific but  particular 
pairs of  loci are  more likely to show enhancement 
than  other pairs. 

Interaction of the  suppressors  in  triple  mutants: 
T o  evaluate  interactions between suppressors in an- 
other way, triple  mutants comprised of the pfl0 mu- 
tation with each combination of two suppressors were 
recovered  from meiotic products  and analyzed for 
swimming behavior in liquid cultures. Triple  mutant 
combinations  that  were  ambiguous were backcrossed 
to a pfl0 strain to verify the genotype  before analysis. 
Interactions of the suppressors in the absence of p f l 0  
were not  examined. Table 7 shows the matrix of 
interactions  among  the suppressors and defines  four 
different types of microscopic swimming behavior that 
were observed. Combinations  designated “N” for  non- 
suppressed and “P” for paralyzed form  a pellet in 
liquid cultures and were distinguished by microscopic 
examination.  Combinations  designated “C” for com- 
bination and “S” for  additional suppression fail to 
form  a pellet in liquid cultures; they were also distin- 
guished by microscopic examination  (Table 7). Six 
different  triple  mutant combinations show paralyzed 
(P) or pflO-like (N) motility. Seven different  triple 
mutant  combinations showed more suppression (S) 
than  the  double  mutant combinations. T w o  triple 
mutant  combinations involving the bop5 mutation  re- 
semble the  bop5  pflO  phenotype. The remaining 
triple  mutants show a combination (C) of the  double 
mutant phenotypes. 

Mapping of suppressor  loci: The seven suppressor 
loci were each mapped to a linkage group using the 
linkage analysis methods of PERKINS (1 952). The map- 
ping was accomplished by crossing representative al- 
leles of each locus to strains  carrying  mutations with 
known map locations (HARRIS 1982). None of the 
suppressors obtained in this study has an easily scora- 
ble phenotype in the absence of the pf l0  mutation. 
Therefore,  the mapping of suppressors with respect 
to markers in mapping stocks required  either crossing 
pf l0  into each mapping stock or analyzing only a 
subset of the  tetrads  obtained  from  a  mapping cross. 
For initial linkage determinations, the latter scheme 
was utilized with the  understanding  that several classes 
of tetrads were unscorable. These unscorable classes 
of tetrads were ones in  which the suppressor segre- 
gated with the pfl0 mutation in  only one  spore of the 
tetrad, which  leaves the genotypes of two spores am- 
biguous. The proportion of unscorable tetrads in a 
cross is inversely proportional to  the sum of  the dis- 
tances of the suppressor, the  marker  mutation,  and 
the pfl0 mutation  from  their respective centromeres. 
Once linkage was established for a  suppressor,  marker 
mutations on the  appropriate linkage group were 
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- SUP' 
J4  
J I  
J 28 
55 
J6A 
J 7  
JlOB 
I H3 
I H 4  
I H 7  
GI 
G2A 
G 3 A  

G8  
G IO 
2H2B 
2 H3A 
2 H3B 
K 3A 
K 7A 
M6A 
M7 
M 9  
N 2  
N4B 
J 8  - M5B 
J 3  

/ i s  I 66 

G2B 
G 4  B 

M3B 
/iS 2 2HI 

N5  
N 9  
K2 

- 
KI B 
K 4  
K8B 

bop I M 6 8  
M8 
M 10 
N7B - K9A 

&p2, J2A 
bOp3, NIO 
m4, G7B 

type). Stippled squares indicate complementation  (pflO  phenotype). White squares indicate the combination was not  tested. 
FIGURE 1.-Complementation analysis of pfl0 suppressors. Black squares indicate the lack of complementation (suppressed pflO  pheno- 

crossed into a p f l 0  background so that all tetrads 
derived  from  the subsequent  mapping crosses would 
be scorable. The data  derived  from  these crosses are 
summarized in Table  8.  One reason  for  mapping the 
suppressors of p f l 0  was to  determine  whether any of 
the suppressor loci corresponded  to  a previously iden- 
tified locus that affects cell motility. The lis2-1 sup- 
pressor has been  found  to  map close to p f l 3  (<2 cM). 
This distance is similar to  the map distance between 
p f l 3  and mbo2 (SEGAL et al. 1984). The phenotypes of 
mbo2 and lis2-I are  different,  but  there is the possibil- 
ity that they are alleles. mbo2 and PflO share  a  common 
biochemical defect;  both lack a 220-kD phosphopro- 
tein from  axonemal  preparations (SEGAL et al. 1984; 
W. B. INWOOD and S. K. DUTCHER, unpublished  data). 

Based on  their locations, the  other loci are previously 
undescribed. 

Light  dependence of suppressor  activities: In  the 
absence of light,  neither lisl nor lis2 mutants sup- 
presses the p f l 0  swimming defect, while the  suppres- 
sor activity of bop suppressors is not  affected by the 
presence of light, These observations are summarized 
in Table  9.  These  data give an  approximate indication 
of the  percentage of  cells  in the  supernatant of various 
cultures. Microscopic examination of dark-grown lisl 
p f l 0  and lis2  PflO cells  shows that they have not lost 
their flagella. Dark-grown cultures  that were placed 
in the light recover  suppressor activity within seconds 
of the  exposure  to  light. 

This light dependence of lis suppressors  could result 
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TABLE 9 

Light dependence of suppression 

Percentage of cells in superna- 
tant' 

TABLE 7 

Interactions of suppressors in triple  mutants 

bo@-1  bop3-1  bop+-1  bop5-I l is l -1  lis2-I 

bopl-I N C c bop5 c C 
bop2-1 P S P S S 
bop3-1 S N C N 
bop4- I S S S 
bop5-1 c bop5 
lisl-1 P 

T h e  symbols  indicate  the  swimming  phenotypes  of  the  triple 
mutants  of  the  two  suppressors in a p f l 0  background. T h e  behavior 
of  these  mutants  in  the  pelleting assay is consistent  with the  observed 
swimming  phenotype. N ,  the pfZ0 mutation is not  suppressed in 
these  triple  mutants. Cell movements are  more  lethargic  than 
movements  of  either sup pjZ0 double  mutant; cells show the  pflO 
phenotype.  P, cells have  paralyzed  flagella  that  only  twitch  occa- 
sionally. C, cells exhibit a combination or an  alternation  of  the 
swimming  patterns  characteristic  of  the  parental  double  mutants, 
hut  the  triple  mutant  does  not swim better  than  either  double 
mutant. S, the p f l 0  mutation is suppressed  more  completely  than 
in either sup p f l 0  double  mutant  and  more closely resembles wild- 
type cells. 

TABLE 8 

Mapping of suppressor  loci 

Locus and  allele" Linkage Tester strainb 
group 

Map dis- 
Segregation'  tanced 

bopl-1 8 cM VI1 pf17 8 cM 68:0:22  12 
ac6 5 cM 1l:O:l 4 
can1 8 cM 23:0:8 13 

bop2-1 5 cM IV pyrl 6 cM 41:0:13  12 
nic l l  4 cM 231:0:32 6 

bop3-1 14 cM XI pj2 2 cM 33:0:4 5 
pf23 28 cM 9:1:20 43 

bop$-l 24 cM IX s r l  10 cM 7:0:6 23 
p f l 3  30cM 19:l:lOl 44 
pa21  40 cM 12:0:19 31 
lis2 18 cM 4:0:63 44 

bop51 16 cM XI1 pj27 0 cM 14:0:4 11 

lisl-1 10 cM XVII y-1 0 cM 45:0:35 22 

lis2-I 17.5 cM IX srl 10 cM 7:2:26 54 
p f l 3  30cM 33:O:l 1.5 
flu2 40 cM 91:10:48 36 

T h e  distance  from  each  locus to its  respective centromere is 
based  on  data  from  Table 1 and  data  obtained  during  mapping 
crosses. Centromere  distance  for bopl-1 and bop3-1 were  based on 
crosses with pj27 and ac17. 

All strains  carry  the p f l 0  mutation. 
' Segregation of the  suppressor  mutation  from  the  tester  muta- 

T h e  distance  between  the  suppressor  locus  and  the  tester  locus 
tion, which is given  as the  ratio  of  PD:NPD:TT. 

as calculated from  the  segregation of the  mutations  at  those loci. 

from  a  defect in photosynthesis. However, this possi- 
bility was excluded because the presence of the pho- 
tosynthetic mutations, ac31 (GOODENOUGH, ARM- 
STRONG and LEVINE 1969) or cr l  (HARRIS, BOYNTON 
and GILLHAM 1974) do not  prevent or produce 
suppression of the pf l0  mutation.  Neither  mutant 
affected  the suppression of pfl0 by lisl or l is2 nor  do 
they suppress P f l O  on  their own. T o  test whether the 

Strain No. of trials  Light  grownb  Dark  grown 

137c 
P f l O  
Pf 10' 
bop1 p f l 0  
bop2 p f l 0  
bop3 p f l 0  
bop4 p f l 0  
bop5 p f l o  
l i s l   p f l0  
lis2 p f l 0  

5 
5 
5 
2 
3 
1 
1 
2 
4 
4 

90 f 2 
3 f 1  

98 f 2 
53 f 4 
31 t+_ 14 

91 
38 

30 f 3 
42 f 2 
48 k 14 

56 f 5 
0.1 f 0.05 
0.1 +- 0.05 
33 f 2 
33 f 10 

84 
29 

21 f 4  
0.3 f 0.1 

2 f 0.5 
~ ~ ~~ 

a Cell concentrations  were  determined  for  the  supernatant  and 
whole  culture  after  vortexing  cultures  with  densities  of  approxi- 
mately 1 X IO6. For  the  measurement of cell concentration  in  the 
supernatant,  an  aliquot of 100 PI from  the  undisturbed  culture was 
withdrawn  from  approximately  0.5  cm  below  the  surface of each 
culture  and  the cell number was determined  using a hemacytometer 
and  appropriate  dilutions.  Cultures  were  grown  in 13 X 100 mm 
tubes.  This  method  provides a measurement  of  a  specific  region  of 
the  culture  tube  and is meant  primarily  as  a  qualitative  not a 
quantitative  measurement  of  the  percentage  of cells in the  super- 
natant. 

Light-grown  cultures  were  placed  at 21 O at a  light  intensity of 
3800-6200 ergs/cm2 sec. T h e  light  source was positioned  above 
the  cultures.  Dark-grown  cultures  were  placed  beside  the  light- 
grown  cultures,  but  they  were  wrapped  in  aluminum foil. 

Light-grown  cultures were placed at 21 O at a light  intensity  of 
3800-6200 ergs/cm2 sec. T h e  light  source was positioned  below 
the  cultures. 

l i s l  and l is2 mutations affect photosynthetic  functions, 
growth  rates of mutant  and wild-type strains  were 
compared on carbon-free medium in the light and 
acetate-containing medium in the light and  the  dark. 
No difference in growth  rates was detected between 
lis and wild-type strains. 

The l i s l  and l is2 alleles are  dependent  on a  narrow 
range of light intensities for suppression of the P f l O  
mutation. The behavior of these suppressors under 
different light intensities is summarized in Table  10. 
Only at  the lower intensities (at 100  and  at  4,000  ergs/ 
cm2 sec) is suppression observed. There is a loss of 
motility with light intensities in  excess of 87,000 ergs/ 
cm2 sec  in l i s l  P f l O  and l is2 pf l0  strains. The loss  of 
suppression at high light intensities results from  the 
paralysis of the flagella, and  not  from  a  restoration of 
the  pflO  phenotype. Wild-type cells are  not affected 
by this light intensity, but exhibit  a similar form of 
paralysis at much high light intensities (5 X lo5 ergs/ 
cm2 sec). 

The action spectra of Chlamydomonas phototactic 
behavior and of photosynthetic  pigments have been 
described (NULTSCH, THROM and VON RIMSCHA 
197 1). The action spectrum  for  phototactic  aggrega- 
tion has a maximum at  500 nm (green);  the response 
curve decreases to about  one-tenth maximum at 400 
nm (blue). Toward  the  longer wavelengths, the re- 
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TABLE 10 

Behavior of suppressor mutations  under  various light 
conditions 

Light intensit levels 
(in ergs/cm Y sec) 

Strain 0 100 4,000 87,000 525,000 
~ 

137c +' + + + 
f + 

bop2pf10 + + + + - 
lis I + +  + 
lis2 + +  - 
lisl pf l0  - + + - 
lis2pflO - + + - 

P f l O  

- 
- - - 

- - 
- - 

- 
- 

a An  indication  of  the  motility  of  the cells in the  culture based 
on microscopic  observations. + indicates  effective  swimming; - 
indicates  ineffective  swimming; f indicates  marginally  effective 
swimming. 

sponse drops sharply at  575 nm to nearly zero at 600 
nm  (red-orange). T o  determine whether the action 
spectrum of the light effect on lis strains was similar 
to  the action  spectrum  for  phototaxis in wild-type 
strains, several behaviors were assayed using differ- 
ently colored light sources. Suppression of the PflO 
motility defect in lis pfl0 cells was greater with green 
light than with blue, yellow, orange  and  red light. 
The paralysis of lisl PflO or lis2 PflO cells by high 
intensity light was also found  to  have  a similar action 
spectrum.  In  both cases, green light and white light 
of equal intensities produced identical results. Each of 
the  mutant  strains  (both bop and lis) was found  to 
exhibit  a  phototactic  response to  different wave- 
lengths of light that was similar to  the response of 
wild-type  cells  with the exception  that  the bopl-1 
mutant  responds  more slowly than wild-type  cells. 
These results are consistent with the hypothesis that 
suppression of PflO by lis mutants, the paralysis in lis 
pfl0 strains at high light intensities, and  the phototac- 
tic response may have the same underlying mecha- 
nism. 

Effect of light on lis1 and Zis2: The motility of lisl 
PFlO and lis2  PFlO cells is light-sensitive even in the 
absence of the pfl0  mutation.  Intense illumination for 
less than  one  minute caused cells to become less active 
and  to swim  in  small circles. After  three  minutes cells 
stopped completely; but they do not lose their flagella. 
Both lisl  and lis2 cells recover if the light source was 
removed. The repetition of these  alternating light 
conditions  produced  a  reiteration of these  reactions 
by lisl and lis2 cells. This phenotype cosegregates 
with the lisl or lis2 mutation in ten  tetrads. 

Suppression of pf l0  by light  alone: Given that  the 
lis mutations  require light for  their  suppressor activity, 
it seemed possible that light could  act directly on the 
PflO mutation. Liquid cultures of PflO cells grown in 
the  dark  and  under several light intensities were as- 
sayed for  the fraction of cells  in the  supernatant 

compared to  the total  number of cells  in the  culture. 
In  dark grown cultures less than  0.1 % of the cells are 
in the  supernatant.  In light grown  cultures,  the  per- 
centage varied depending  on  the position and  the 
intensity of the light source. At 4000 ergs/cm2 sec, if 
the light source was located beneath  the  culture  tubes, 
nearly 100% of the cells were in the  supernatant. If 
the light source was located above the  culture  tubes, 
only 3% of the cells were in the  supernatant.  This 
effect was not  mediated by heat or convection cur- 
rents. At lower light intensities, the  percentage of 
swimming cells is reduced. The light conditionality of 
pfl0 cells  allows for  movement away from  the light 
source,  but  not  toward the source. 

DISCUSSION 

The pfl0 mutation maps to linkage group XIX 
(DUTCHER 1986; RAMANIS and LUCK  1986).  These 
cells have motile flagella with an ineffective beat 
stroke  (INWOOD  1985). Both intragenic  revertants and 
extragenic suppressors were found  that  restore motil- 
ity topfl0 cells. Intragenic  revertants of thepfIO locus 
are potentially useful for identification of the PFlO 
gene  product.  Extragenic suppressors of thepflO locus 
are potentially useful in understanding  both  structural 
and functional  regulation of the flagellar beat.  Extra- 
genic suppression could potentially result  from  a  mod- 
ification of the beat  stroke,  a modification of the 
coordination of the two flagella, or a modification of 
cellular signals involved in taxis to achieve motile cells. 
Preliminary microscopic analysis of these  suppressed 
strains  (data  not shown) suggest all these mechanisms 
are represented as well as  an  unexpected light de- 
pendent pathway of suppression. 

Suppressors of pfl0 were isolated at a high fre- 
quency by using an  enrichment  screen  for motile cells 
after mutagenesis with UV light. The recombination 
data  and  the  complementation  data  presented suggest 
at least seven extragenic  complementation  groups of 
suppressor mutations. The seven loci are designated 
BOPI,  BOP2,  BOP3,  BOP4,  BOP5,  LIS1 and LIS2. 

The number of alleles recovered at a  particular 
locus  may be  an indication of the  target size for 
achieving reversion. The isolation of single alleles for 
the BOP2,  BOP3,  BOP4 and BOP5 loci suggests that 
only specific modifications of a  protein  encoded by 
each of these loci are capable of suppressing the pfl0 
mutation or that specific regulatory  mutations at these 
loci are  required  for suppression. The dominance of 
the bop5-I mutation is consistent with the hypothesis 
of a specific change rather than  a loss-of-function 
mutation. The frequency of alleles at  the BOPI,  LIS1 
and LIS2 loci  is higher and may represent  a wider 
range of modifications that  confer  suppressor activity. 
It is likely that many of the suppressor  mutations are 
not  complete loss-of-function or amorphic alleles. In 
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particular,  not all lis alleles are amorphic based on the 
following three observations. First, there  are alleles 
that show intra-allelic complementation  (Figure 1). 
Second,  different alleles behave differently in the 
double  heterozygous diploids. Finally, not all the al- 
leles have the same phenotype;  different alleles swim 
with different velocities (W. B. INWOOD and S. K.  
DUTCHER,  unpublished  data). 

I t  is likely that most  of the suppressor loci act in 
different pathways based on classical epistasis results. 
This analysis suggests that  the  interactions of the seven 
suppressor loci are complex and  do not fit easily into 
a single discernible pathway. The complexity of the 
interactions may occur, in part, because these sup- 
pressors can act by affecting flagellar motion, flagellar 
orientation, or flagellar coordination, which are dif- 
ferent facets of the complex process of  cell motility. 
For example, one suppressor may change the flagellar 
beat stroke  and  another may  vary the  orientation of 
the basal bodies to  one  another.  Thus,  the triple 
mutant  phenotype is a test of the compatibility of the 
changes. 

Some of the triple mutant combinations swim as 
well or better  than  the  double  mutant (sup pflO),  
which suggests that  the suppressor activities are addi- 
tive, and  the suppressors may act  through  different 
pathways (KING and WOOD 1969; HEREFORD  and 
HARTWELL 1974; LAKIN-THOMAS and BRODY 1985).  
Six  of the  triple  mutant  combinations are worse than 
either  double  mutant.  In two of the cases, the flagella 
become paralyzed (bop2 with either bop3 or bop5) and 
in the  other  four cases, the flagella  show the pflO 
pattern of movement ( b o p l ,  bop2, bop3,  bop5, bop3 
lis2, and lisl Zis2). This worsening may reflect the 
incompatibility of the  alterations in these  mutant com- 
binations. Again, these results suggest that  the sup- 
pressors act in different pathways. 

The second type of analysis for  interactions between 
these  mutants is the  phenotype of diploids heterozy- 
gous  for two  suppressor  mutations and homozygous 
for  the pf lO mutation. The suppressor  mutations, 
except  for bop5-I ,  are recessive when tested in diploids 
that  are homozygous for p f l O .  In  a  number of crosses 
the  presence of two recessive suppressors from  differ- 
ent loci was sufficient to achieve suppression of the 
pflO  phenotype. This type of interaction indicates 
that  these alleles are  dominant  enhancers of one  an- 
other (Figure 1 ) .  The extent of the  enhancement 
between mutants at  different loci was unexpected. 

We suggest that  dominant  enhancement or un- 
linked noncomplementation of the suppressor  phe- 
notype reflects the  importance of the dosage of the 
loci under consideration. Loci that show a  dominant 
enhancer  phenotype  appear to be sensitive to  the 
dosage of the wild-type product.  This dosage sensitiv- 
ity may result  from several different mechanisms. 

First, it could reflect the decreased efficiency of mul- 
tiple pathways that are needed  for  the completion of 
a process. ATKINSON (1985)  has isolated suppressors 
in  yeast  of chol mutants, which affect choline  metab- 
olism. These suppressors define two  loci (earn1 and 
eam2) and  the alleles are recessive. However, sumres- 

' 1 1  

chol earn1 eam2 
chol EAMl EAMP 

sion is observed in strains.  She 

proposes that each of the  mutants causes a  build-up 
in intermediates  that can rescue the chol mutant in 
the  double  heterozygote, but is insufficient in each of 
the single heterozygotes. In this type of model,  en- 
hancement is the culmination of defects in two sepa- 
rate pathways that  are affected by the  dosage of the 
wild-type product.  Second,  dominant  enhancers may 
indicate an alteration in the dosage of interacting 
proteins  that are needed  to  complete  a process. Genes 
involved in macromolecular assemblies are  one class 
of loci that  are sensitive to dosage (FLOOR 1970; 
MEEKS-WAGNER and HARTWELL 1986).  T .  S. HAYS, 
R.  DEURING, B. ROBERTSON, M. PROUT and M. T. 
FULLER  (unpublished  data) have shown that mutations 
in a-tubulin  and @-tubulin in Drosophila act as domi- 
nant  enhancers of one  another.  In this example,  en- 
hancement may be the result of a  decreased  functional 
dosage of the  a-@-tubulin  dimer. Third, dominant 
enhancers may indicate the formation of a  deleterious 
or poisonous complex as with mutations in a-@-tubulin 
genes in S. cerevisiae (STEARNS and BOTSTEIN  in press). 

The pflO mutation is an example of an unusual type 
of conditional mutant. The permissive condition is 
directional high intensity light and  the restrictive con- 
dition is the absence of light or low intensity light. It 
seems unlikely that  the conditionality results from  a 
change in the  protein,  but  rather it results from  a 
change in the physiological conditions within the cell 
that affect the  mutant polypeptide. The suppressor 
loci  fall into two classes based on  their  interaction with 
light. Mutations at  the LZSl and LIS2 loci are also 
conditional  mutants; they require  the  presence of light 
for  their  suppressor activity. However, high intensity 
light results in their paralysis. Mutations at  the BOP 
loci are  not affected by the presence or absence of 
light. 

Based on  the phenotypes of lisl and lis2, we suggest 
that  these  mutants  suppress p f lO  by mimicking the 
physiological effects of directional  high intensity light 
on  the pflO mutation. We postulate that mutations in 
these two genes produce  a hypersensitive reaction to 
light and this reaction may be  mediated through  the 
phototaxis system. This hypothesis is based on three 
observations. First, both  mutants (lisl PFlO and lis2 
P F I O )  are paralyzed by intensities of light that do not 
affect wild-type cells. Second, the triple  mutant (lis1 
lis2 p f l O )  is paralyzed under light conditions  that do 
affect  either single lis mutant.  This paralysis occurs 
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only in the presence of light.  When l is l   l i s2  P f l O  cells 
that have  been  grown in the  dark  are examined mi- 
croscopically with red  light, they show the  pflO phe- 
notype rather  than  the paralyzed phenotype  (data  not 
shown). This suggests that light (or  the cellular phys- 
iology  in the presence of light) is required  for  the 
paralysis phenotype. Third,  the  double heterozygous 

. iisl lis2 pf10 . 
LIS1  LIS2 P f l O  

. -  

diploid 1s suppressed and is not  para- 

lyzed by similar light conditions. This result is consist- 
ent with the hypothesis that  the heterozygous  mutant 
strains show a slight increase in sensitivity that acts to 
suppress pfl0,  but is not sufficient to cause paralysis 
under  the assay conditions. The epistasis result sug- 
gests that these  genes  act in different pathways and 
the  enhancement  result suggests that dosage of the 
gene  products is important. The action  spectrum  for 
the effect of light on Pf lO by itself, on suppression of 
lisl pfl0 and l is2 P f l O ,  and on paralysis of lisl and l is2 
are consistent with a single mechanism. These results 
taken  together suggest that LIS1 and LIS2 may define 
genes involved in the transduction of light signals. 
These  mutants may provide  a new perspective on 
interactions between flagellar function and  the role 
of light in their  regulation. 
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