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Genetics of Lupinus 
IV. Colonizat ion  and Genetic  Variability in Lupinus succulentus ~ 

JAMES HARDING and C. B. MANKINEN 2 

Depar tment  of Envi ronmenta l  Hort icul ture Universi ty of California, Davis, California (USA) 

Summary. Preliminary surveys indicate that most populations of Lupinus succulentus are genetically monomorphic 
for three flower color loci, viz., BB P P  DD. In one small geographic area, a number of populations were polymorphic 
for the D/d locus. In this case, clinal variation and seasonal variation were found. The S/s locus, affecting seed coat 
pattern, was polymorphic in a large majority of populations and genetic variation at this locus is present in all but 
a very few colonies. When subdivisions of five large populations were studied, genetic differentiation was found 
within two of these populations. Gene frequencies tended toward the limits of zero or one in populations from re- 
latively undisturbed sites but tended toward intermediate values in the more disturbed ruderal populations presumed 
to be recently colonized. I t  is concluded that recently colonized populations are not always genetically uniform. 

Genetic variabi l i ty has been studied in the recently 
introduced species, Bromus mollis (Knowles, t943), 
Ricinus communis (Harland, 1947), Tri/olium sub- 
terraneum (Morley, 1958), Arena /atua ( Imam and 
Allard, t965), and Avena/atua  and A. barbara (Jain 
and Marshall, 1967). Genetic variabi l i ty has also 
been studied in the relatively non-colonizing species, 
Linanthus parryae (Epling and Dobzhansky,  1942), 
Collinsia heterophylla (Weil and Allard, 1965) and 
Festuca microstachys (Kannenberg and Allard, t967). 
These studies do not support  the general theory tha t  
colonization is accompanied by  a marked loss of 
genetic variabili ty.  

Some California natives have become weedy agres- 
tals after the agricultural revolution drastically chang- 
ed the ecology of the Central Valley of California 
(Stebbins, t965). Others have become roadside weeds 
(ruderals) throughout  the foothills and mountains of 
California. Lupinus succulentus Dougl. (Fabaceae) is 
an annual  California nat ive which has become ruderal 
in m a n y  areas. This species m a y  have been pread- 
apted for colonization since natural  populations tend 
to occur in habi ta ts  with a considerable degree of 
disturbance. In the present s tudy surveys of geno- 
typic  frequencies in natural  and ruderal populations 
were made over a large geographic area. This paper  
reports the results of an investigation of genetic 
variabi l i ty associated with four loci in L. succulentus. 

Genetics 

The papilionaceous flowers of L. succulentus are 
predominant ly  dark blue except for the white sulcus 
of the banner.  Rarely, there occurs an entirely white 
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flowered variant .  Crosses between wild type (blue) 
and white have given acceptable fits to Mendelian 
expectat ions based on the assumption tha t  this color 
difference is conditioned by  a single locus with two 
alleles, blue dominant  to white. Pink-flowered plants 
occur rarely and when crossed to wild type  also fit 
single-locus expectations. This is in accord with the 
inheritance of white and pink in Lupinus nanus 
Dougl. (Harding and Mankinen, t967); hence ana- 
logous genetic symbols will be assigned, viz. bb for 
white and pp for pink. Light-blue flowered plants  
are observed more frequently and crosses to wild 
type also fit single locus Mendelian ratios; the light- 
blue allele is designated d. The absence of a band 
of dark pigmentat ion across the seed coat was found 
to segregate as a Mendelian recessive and is designat- 
ed ss (Fig. 1). 

Since some populations are polymorphic for D/d 
and S/s, the linkage relationship was tested. The F, 
coupling phase dihybrid ratio was 8 5 : 4 : 0 : 2 6  for 
D-S- : D-ss : ddS- : ddss, which deviates significantly 

Fig. I. Seed from dominant (S-) and recessive (ss) plants 
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from the expected 9:3 : 3 : 1. The maximum likeli- 
hood estimate of the recombination fraction, r, is 
given by the solution of (2r )r  
85 @ ~ r 2 _ 2 r l +  26 = 0 .  

Use of Allard's tables (Allard, t956) results in an 
estimate of ~ = .04 with a standard error of .02. 
Thus, Did and Sis are very closely linked. 

coastal taxon and interior taxon will be used to 
avoid problems regarding possible sub-specific epi- 
thets. The present study is based on the coastal 
group, including populations from the North and 
South Coast Ranges, the Transverse and Peninsular 
Ranges, and the Central Valley. Collection areas are 
given by the letters A through F in Fig. 2 and by 
the letters G through P in Fig. 3. 

G e o g r a p h y  

The distribution of L. succulentus is disjunct with 
the largest concentration along the Pacific Coast of 
California. This coastal group is represented by many 
populations from Mendocino County, California, to 
northernmost Baja California, Mexico (Munz, 1959). 
These populations occur in the foothills of the North 
Coast, South Coast, Transverse, and Peninsular 
Ranges and on the off-shore islands of San Clemente 
(Raven, 1963), Santa Catalina (Thorne, /967), Ana- 
capa, San Miguel, Santa Cruz and Santa Rosa 
(Philbrick and Emery, pers. comm.). The interior 
group occurs in the Pinal and Mazatzal Mountains 
(Gila and Maricopa Counties) of Arizona (Kearney 
and Peebles, 1951). Since differences between these 
groups are not yet understood, the loose terms 

G e n o t y p i c  F r e q u e n c i e s  

The surveys indicate that nearly all populations 
are fixed for BBPP.  There were three questionable 
exceptions: there were numerous bb plants in a small 
colony in Cowell Valley (Area C), there were three bb 
plants in Davis-I (Area D), and there were several pp 
plants in a small colony near Winters (Area D). The 
Did locus is monomorphic for DD in nearly all 
populations; notable exceptions are the Lower Putah 
Populations (Table 1) which have varying frequen- 
cies of dark and light blue flowered individuals. The 
relatively infrequent occurrence of polymorphisms 
for loci affecting flower color may result from natural 
selection favoring the dark-blue color through polli- 
nator preference. In contrast, the Sis locus is poly- 
morphic in nearly all populations sampled (Tables I 

Fig. 2~ N o r t h e r n  ha l f  of California showing  collection Areas  A 
t h r o u g h  G~ Area  A inc ludes  the  n o r t h  end  of t he  Sac r amen to  
Valley.  Area  B is n o r t h w e s t  of L ake  Ber ryessa  be tween  P u t a h  
Creek and  Pope  Creek. Area  C inc ludes  P u t a h  Canyon  f rom 
Monticel lo D a m  to t he  va l ley  floor and  t he  foothil ls  be tween  
P u t a h  Canyon  and  Cache Canyon .  T he  val ley  floor in t he  
c iv in i ty  of Dav i s  is des igna ted  Area  D. Area E inc ludes  t he  
foothil ls  in t he  v ic in i ty  of Vacavil le  and  Vallejo. Area  F inclu- 
des  the  coasta l  fogbel t  a long t he  Pacific Ocean be tween  San  

Francisco  and  S a n t a  Cruz 

Fig. 3. S o u t h e r n  ha l f  of California showing  collection=areas (;  
t h r o u g h  P.  The  d ry  foothil ls  of the  South  Coast  R a n g e s  f rom 
Coal inga  to T a f t  are des igna ted  Area  G. Area  H inc ludes  t h e  
coas ta l  a rea  f rom Atascade ro  to S a n t a  Maria.  In  the  T r a n s -  
verse  2Ranges, Area  J inc ludes  t he  n o r t h w e s t e r n  ha l f  of the  
S a n t a  Ynez  Range .  Area  L inc ludes  the  in te r ior*Ranges  be- 
tween  Newhal l  and  the  Te jon  Pass .  I n  the  Pen in su l a r  Ranges ,  
Area  M inc ludes  t he  area  f rom Lake  Els inore to Fal lbrook.  
Area  N inc ludes  t he  coas ta l  s t r ip  be tween  Del Mar  an d  San  
Clemente .  T h e  s o u t h e r n m o s t  popu la t ions ,  inc lud ing  t h e  San  

Diego and  T i j u a n a  areas  are des igna ted  Area  P 
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Table 1. Frequencies and binomial standard errors for dominants at the S/s and D/d loci from 1962, 1963, 1966 and 1967 
collections. These populations were monomorphic B B P P  

Pop,:latiou Frequency Population Frequency 

A r e a  B Year S- D- A r e a  C Year S- D- 

Upper Putah  --1 1967 .26 + .0.36 Mono DD Lower Putah -- I 1962 .38 + 0.69 Poly D/d 
- -2  1967 .10 + .025 Mono DD -- 2 1962 .46 + .094 Poly D/d 
--3 1967 .41 + . 0 4 2  MonoDD -- I 1963 .76 i - 0 5 1  .03 + .025 
--4  1967 .7O + . 0 1 9  MonoDD -- 2 1963 .36 + . 0 6 3  .4O + .O36 

Area D -- 2 1966 .42 + .047 .49 ~+ .058 
E1Macero --1 1962 .05 i .026 Mono DD --  3 1966 .14 + .035 .95 + .022 

--3 1962 .02 + .0t6 MonoDD -- 4 1966 .14 + .031 .87 + . 0 3 0  
Area E -- 5 1966 .10 _+ .028 .95 + .021 
Vacaville --1 1963 .33 • .023 Mono DD - 2 t967 .42 • .046 .30 + .040 

- -2  1963 .03 + .0t6 M o n o D D  -- 3 1967 .18 + 0 . 3 9  .95 + 0.26 
Area F -- 4 1967 .14 + O.34 .91 + .025 
San Gregorio - - t  1967 Mono ss Mono DD -- 5 t967 .t4 + 0.26 .94 + .013 
Area G Mace -- 11 1962 Mono ss Mono DD 
Tar Canyon - -2  1967 .81 + .038 Mono DD --30 1967 .01 + .008 Mono DD 

Table 2. Frequencies and binomial standard errors 
for S/s locus from 1968 collections 

Population Population Frequency S- 
A r e a  A Frequency S- A r e a  D 

Red Bluff --1 .47 i .043 Davis - -1  .03 + .019 
Tehema - - !  ,79 • .035 Area K 

Santa 
Corning --1 .13 + .031 Barbara  - - I  .62 • .056 
Orland --1 .77 +_.037 - -2  .7O _+.069 

- -2  .77 • .062 Area L 
Castaie - - I  ,36 + 0.55 

--1 .17 + .059 --2  .7O + O.44 
Area G 

Reef City 
Area H 

San Luis 
Obispo 

Area J 
Lompoc 

Solvang 

Area M 

- 1  .27 + .036 Murrieta - - I  .52 ! 0.96 
Area N 

--1 .85 + . 0 6 8  Vista --1 .32 + 0.39 
- -2  .46 + .040 Area P 
--1 .71 + .099 Miss ionBay--I  Mono ss 

and  2). The  on ly  excep t ions  are  Mace- l  l ,  San 
Gregor io- I  (based on a smal l  s ample  of 34 ind iv idua l s ,  
i. e. 68 s alleles) and  Mission B a y - t .  Popu la t ions ,  
therefore ,  are  gene ra l ly  homozygous  B B P P D D  and  
p o l y m o r p h i c  for the  alleles S and  s. The  ma in  ex- 
cep t ions  are  the  Lower  P u t a h  P o p u l a t i o n s  which  are 
p o l y m o r p h i c  for D and  d. These  p o p u l a t i o n s  were 
chosen for s t u d y  because  t h e y  were p o l y m o r p h i c  for 
D/d. However ,  seed coat  v a r i a t i o n  for S/s  was not  
obse rved  un t i l  a f te r  the  select ion of p o p u l a t i o n s  to  be 
s a m p l e d  was made .  Consequent ly ,  the  p o p u l a t i o n s  
s t ud i ed  are  a r a n d o m  sample  of L.  succulenlus popu-  
l a t ions  wi th  respec t  to  the  S/s  locus and  the  obse rved  
u b i q u i t y  of th is  p o l y m o r p h i s m  is no t  b iased  b y  the  
choice of popu la t ions .  

l.O0 

.2s 
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Fig. 4. Frequency or D- and S- in Lower Putah Canyon Popu- 
lations, plotted against distance in miles from an arbitrary 

point near the mouth of the canyon 

of dd falls off r a p i d l y  to low frequencies .  The  five 
Lower  P u t a h  Popu la t i ons  were se lec ted  a t  more  or 
less equa l ly  spaced  in te rva ls .  The  frequencies ,  p l o t t e d  
in Fig.  4, r ep resen t  means  for each popu l a t i on  t a k e n  
over  the  yea r s  s a mp le d  (see also Table  t) .  The  miles  
are measu red  f rom a road  in te rsec t ion .  Fig.  4 shows 
the  p r e d o m i n a n c e  of D-ss at  bo th  ends  of the  a rea  
wi th  sha rp  increases  of dd and  S-  in a segment  less 
t h a n  one-hal f  mile in length .  The  as soc ia t ed  increase  
of d and  S m a y  resul t  f rom the i r  close l inkage.  This  
change  occurs  over  a v e r y  shor t  d is tance ,  well  w i th in  
the  rad ius  of a c t i v i t y  of the  p r e d o m i n a n t  polJ ina t ing  
agen t  A pis  rnelli/era L.  

Clinical Variation 

In  the  Lower  P u t a h  P o p u l a t i o n s  the  f r equency  of 
l ight  b lue  f lowered p l a n t s  is low a t  the  base  of the  
c a n y o n  and  increases  in f r equency  as the  canyon  is 
ascended.  Af t e r  r each ing  a f r equency  of more  t h a n  
50 per  cent  in the  midd le  of the  canyon ,  the  f r equency  

Seasonal Variation 

Gene f requencies  in P u t a h  Canyon  p o p u l a t i o n s  
a p p e a r e d  to  be fa i r ly  s tab le  over  the  pe r iod  1962 to 
1970. Those p o p u l a t i o n s  which  were s a m p l e d  in 
more  t h a n  one y e a r  are s u m m a r i z e d  in Fig.  5. The  
p o p u l a t i o n s  could  no t  be s a mp le d  in 1964 and  t968 
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Fig. 5. Frequency of D- and S- in Lower Putah Canyon 
Populations for the years sampled 1964, 1965 and 1968 were 

not sampled (see text) 

because there were very few plants, presumably due 
to very  low rainfall in those years. Their immediat~ 
return to large numbers in 1965 suggests that  many 
seeds remain hard and overwinter during years of low 
winter rainfall. Considering the seasonal fluctuations 
in gene frequency which may be expected in plant 
populations (e. g. Allard and Workman, 1963) the 
fluctuations are not great with the exception of Sis 
in Lower Putah- t  in 1962 and 1963. This population 
occurred on such a highly disturbed slope that  it was 
abandoned after t963. 

Fig. 6. Schematic representat ion of the sub-division of Vaca- 
ville -t and -2 in t963. The h ighway was U.S. H ighway  40, 

now In te rs ta te  80 

Intra-Population Variation 
The Vacaville-I Population occupied a very large 

road-cut, t16 feet across, with population size more 
than 3,000 individuals in 1963. For convenience of 
collection the population was arbitrarily subdivided 
into four sub-populations according to the schematic 
representation in Fig. 6. Although the frequency of 
S- in the population as a whole was .33, the fre- 
quencies in the sub-populations were 

IC- .47 4- .047, tD- .t8 4- .039, 
tB- .50 4- .050, and IA- .t7 4- .036 

The frequencies and standard errors show clearly 
that  tA and tD can be taken as one group and IB 
and IC as another group. Topographically, the 
difference is between the two sides of the population. 
The possibility that  further vertical subdivision might 
have revealed a continuous gradation could not be 
investigated because the population was subse- 
quently destroyed by highway construction. 

Another large population, Upper Putah-4, was 
chosen for further studies on intra-population diffe- 
rentiation. This population occupies a large highly- 
disturbed hillside site of approximately two acres; 
variation in topography and population density are 
very large. The size of the population was estimated 
to be more than 30,000 individuals. The site was 
subdivided into four parts according to gulleys and 
density gradients, but  these subdivisions are con- 
sidered fairly arbi trary because the population ap- 
proached one large continuum. The frequency of S- 
in the population was .70 and the frequencies in the 
sub-populations were 

4A- .79 4- .033, 4C- .74 4- .036, 
4B- .75 4- .034, and 4D- .53 -r 

The three sub-populations, 4A, 4B and 4C, are not 
significantly different, but  sub-population 4D differs 
significantly from the rest. The frequency of S- is 
high in all sub-populations compared to the fre- 
quencies from other populations within Geographic 
Area-B, viz..26, .10 and .41 (see Table t). 

Population differentiation was not observed in all 
cases. Frequency estimates for the three subdivisions 
of Lower Putah-5 were .10, .t3, and .16 for banded 
individuals (S-). Estimates for the four subdivisions 
of Mace-30 were 0, 0, .02 and .04, and estimates for 
the two subdivisions of Castaic-2 were .72 and .69. 
The extent  of population differentiation cannot be 
determined from these samples. However, intra- 
populational differences for the S/s locus were found 
in two of five populations studied. 

Discussion 
The populations under s tudy all occupy habitats 

with varying degrees of disturbance. Attempts were 
made to locate populations in habitats with a mini- 
mum of disturbance. The populations with the least 
apparent disturbance were the Mace Populations, 
Vacaville-2, San Gregorio-I and Tar  Canyon-2. The 
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Fig. 7. Frequency of S- in all populations sampled, divided 
into those appearing natural and those ruderals appearing to 

be recently colonized 

r e m a i n i n g  p o p u l a t i o n s  o c c u p y  si tes which  were 
p r o b a b l y  colonized recen t ly .  This  c lass i f ica t ion  of 
p o p u l a t i o n s  as to  r e l a t i ve ly  d i s t u r b e d  vs. r e l a t i ve ly  
u n d i s t u r b e d  is necessa r i ly  sub j ec t i ve  and  based  on 
l imi t ed  n u m b e r s  of obse rva t ions .  The  differences  
(Fig.  7) suggest ,  however ,  t h a t  p o l y m o r p h i s m s  a t  the  
S/s locus are more  f r equen t  in d i s t u r b e d  roads ide  
h a b i t a t s  t h a n  in less d i s t u r b e d  si tes.  F u r t h e r m o r e  
the  D/d p o l y m o r p h i s m s  a n d  the  poss ible  Bib and  
P/p p o l y m o r p h i s m s  were found  on ly  in d i s t u r b e d  
si tes and  these  are  no t  i nc luded  in Fig.  7. 

T h e o r y  has  he ld  t h a t  as a new co lony  is f ounde d  
b y  a l imi t ed  n u m b e r  of i m m i g r a n t s ,  genet ic  d r i f t  is 
e x p e c t e d  to  reduce  the  genet ic  va r i ance  to  an e x t e n t  
i nve r se ly  p r o p o r t i o n a l  to  t he  n u m b e r  of founders  and  
subsequen t  effect ive p o p u l a t i o n  size. However ,  gene t -  
ic va r i ance  appea r s  to  have  inc reased  wi th  coloni-  
za t ion  in the  p o p u l a t i o n s  of the  p resen t  s t udy .  This  
inc reased  genet ic  v a r i a t i o n  in r ecen t ly  colonized 
p o p u l a t i o n s  m a y  resul t  f rom severa l  causes.  F i r s t ,  
as new e n v i r o n m e n t s  are  encoun te red ,  new select ive  
forces m a y  also be encoun te red .  Unoccup i e d  h a b i t a t s  
p re sen t  a m u c h  less c o m p e t i t i v e  s i t ua t i on  t h a n  na-  
t u r a l  hab i t a t s .  F o r  alleles a t  a n y  p a r t i c u l a r  locus 
th is  cou ld  resu l t  in a change  in t he  d i rec t ion  of 
select ion.  In  add i t ion ,  obse rva t ion  suggests  t h a t  the  
more  d i s t u r b e d  h a b i t a t s  of ten exh ib i t  more  env i ron-  
m e n t a l  v a r i a t i o n  t h a n  u n d i s t u r b e d  hab i t a t s .  This  
wou ld  be e x p e c t e d  to  increase  the  e x t e n t  of i n t r a -  
p o p u l a t i o n  d i f fe ren t i a t ion .  

In  t he  case of the  VacaviUe P o p u l a t i o n  i t  a p p e a r s  
t h a t  Vacav i l l e - l ,  on a h igh ly  d i s t u r b e d  cut ,  was 
founded  b y  i m m i g r a n t s  f rom Vacavi l le -2  (see Fig.  6). 
The  road  cut  is deep  in to  r e l a t i ve ly  u n d e c o m p o s e d  
p a r e n t  ma te r i a l ,  p r e s u m a b l y  low in n i t rogen .  The  
n i t rogen  f ixing legume,  L. succulentus, was a p p a r e n t l y  
su i t ed  to  colonize such an e n v i r o n m e n t  r e l a t i ve ly  free 
f rom the  c o m p e t i t i o n  of grasses,  a t  leas t  in t he  ea r ly  

stages of colonization. With the colonization of 
Vacaville-i the frequency of S- increased. If this 
were a purely random process, the majority of 
r u d e r a l  p o p u l a t i o n s  would  be ss wi th  occas iona l  
p o p u l a t i o n s  p r e d o m i n a n t l y  S-. But ,  as th is  is no t  
the  case, i t  a ppe a r s  t h a t  select ion m u s t  have  been  
invo lved .  These  hypo the se s  c lear ly  need  t e s t ing  in 
situ dur ing  the  ea r ly  s tages  of colonizing episodes  
and  such episodes  are  p r e s e n t l y  be ing  sought .  
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