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In Vitro Germination and Pollen Tube Growth of Maize 
(Zea mays L.) P o l l e n  

vI. Combined Effects of Storage and the Alleles at the Waxy (wx), Sugary (sul) 
and Shrunken (sh~) LocP 

P. L. PFAHLER and H. F. LINSKENS 

D e p a r t m e n t  of A g r o n o m y ,  U n i v e r s i t y  of F lo r ida ,  Gainesvi l le ,  F l o r i d a  (USA), and  D e p a r t m e n t  of B o t a n y ,  
U n i v e r s i t y  of Ni jmegen ,  N i j m e g e n  (The Ne the r l ands )  

Summary. Pollen grains containing either the Wx,  wx, Sul,  su v Sh 2 or sh~ alleles were stored for 0, 1, 2, 3, 4 or 5 
days at  2 ~ After each storage period, a port ion of each genotype was cultured on a 15% sucrose, 0.6% bacto-agar,  
0.03% calcium ni t ra te  and 0.01% boric acid medium, while another port ion was placed on receptive silks, the number 
of kernels produced being a measure of ferti l ization abili ty.  Regardless of the allele present in the pollen grain, I day 
of storage greatly increased the germination percentage and significantly increased pollen tube length. After 4 days 
of storage, there was no in  vitro germination bu t  some fertil ization abi l i ty  was found. The experiment  was designed 
so tha t  comparisons free from genetic background effects could be made between alleles a t  each focus. Significant 
differences a t  each storage period and a differential  response to storage were obtained at  some loci for gernlination 
percentage, ruptured percentage, pollen tube length and ferti l ization abil i ty.  A relationship between dominance 
of the allele and response to storage was detected only for ferti l ization abil i ty.  Since alleles a t  these loci affect the 
biochemical composition of pollen grains containing them, the results suggest tha t  differences in in vitro germination 
characteristics and ferti l ization abi l i ty  may be associated with biochemical composition. 

Introduction 

Prev ious  s tud ies  wi th  alleles a t  va r ious  loci  in ma ize  
have  i n d i c a t e d  t h a t  the  g e n o t y p e  of the  pol len  gra in  
inf luences  i t s  i n  vitro g e r m i n a t i o n  cha rac te r i s t i c s  
(Pfah le r  t 9 7 t ) ,  i t s  f e r t i l i za t ion  a b i l i t y  (Br ink  and  Mac- 
Gi l l i v ray  1924; Jones  t924) and  i ts  b iochemica l  
compos i t i on  (Pfahler  a n d  Linskens  t970 ;  P fah le r  and  
L inskens  t 9 7 t ) .  However ,  no i n f o r m a t i o n  is ava i l ab le  
on the  r e l a t ionsh ip  be tween  pol len  geno type ,  i n  vitro 

g e r m i n a t i o n  cha rac te r i s t i c s  and  fe r t i l i za t ion  abi l i ty �9  
The  use of the  alleles a t  the  w a x y ,  suga ry  and  shrun-  
ken  loci would  a p p e a r  idea l  for a s t u d y  of th is  
r e l a t ionsh ip  since s igni f icant  di f ferences  in the  wa te r -  
soluble  po lysaccha r ide  con ten t  (Pfahlei  and  Linskens  
t971) and  the  amino  ac id  con t en t  and  d i s t r i b u t i o n  
(Pfahler  and  L inskens  t970) in pol len  gra ins  con- 
t a i n ing  t h e m  have  been  r epor t ed .  

Maize pol len  r e m a i n s  v iab le  for on ly  a shor t  pe r iod  
even unde r  o p t i m u m  cond i t ions  (Johr i  and  Vasil  t961 ; 
Jones  and  Newel l  t948;  W a l d e n  t967).  This  suggests  
t h a t  t he  pol len  gra ins  are in a h igh ly  ac t ive  me tabo l i c  
s t a t e  and,  as a resul t ,  b iochemica l  changes  p r o b a b l y  
occur  over  t ime.  Therefore ,  i t  wou ld  be des i rable  to  
a d d  s to rage  as a va r i ab le  in a s t u d y  of the  r e l a t ionsh ip  
be tween  pol len  geno type ,  i n  vitro g e r m i n a t i o n  cha-  
rac te r i s t i cs  and  fe r t i l i za t ion  ab i l i ty ,  to  more  ful ly  
e x a m i n e  the  effect  of these  alleles. 
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The  purpose  of th is  s t u d y  was to  c o m p a l e  t he  
i n  vitro g e r m i n a t i o n  cha rac te r i s t i c s  and  fe r t i l i za t ion  
a b i l i t y  of pol len gra ins  con ta in ing  the  n o r m a l  a n d  
m u t a n t  al leles a t  the  waxy ,  s u g a r y  and  sh runken  
loci, s to red  for va r ious  per iods .  

Material and Methods 

Six homozygous genotypes, W x W x ,  wxwx, SulSu.1 , 
sulsu 1, Sh2Sh 2 and sh2sh 2 were used as pollen sources m 
this study. The homozygous dominant  ( W x W x ,  
S u l S u  1 and Sh2Sh2) and homozygous recessive (wxwx, 
sulsu 1 and sh2sh2) genotypes at  each of the three loci were 
obtained as follows, using the waxy locus as an example. 
A wxwx source was crossed to a single cross Wf9 • H55 
( W x W x )  to produce Wxwx.  This heterozygote was 
crossed to Wf9 X 1-155 to produce progeny in a .5 W x W x :  
�9 5 Wxwx .  At least 40 plants  in this progeny were sel- 
fed. Selfed ears having at  least 200 kernels were examined. 
If no segregation for the recessive allele was observed on 
an ear, all kernels were considered to be W x W x  and 
were p lanted to produce plants  for use as the W x W x  
pollen source. If segregation on an ear approached a 
�9 75 W x - -  : .25 wxwx ratio, the wxwx kernels were 
selected and planted to produce plants  for the wxwx 
pollen source. 

From the above crossing scheme, it  is apparent  tha t  
the homozygous dominant  and the homozygous reces- 
sive genotypes at  the same locus have the same genetic 
background except for the l inkage block surrounding the 
locus involved. Therefore, comparisons within the same 
locus should be relat ively free of genetic background 
effects. All six genotypes are related to the extent  tha t  
Wf9 • H55 was used as the homozygous dominant  parent  
in all crosses with each locus. The relationship between 
the original homozygous recessive sources used as parents  
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to produce the initial heterozygotes cannot be deter- 
mined. 

Pollen grains from at least 40 plants of W x W x ,  w x w x ,  
S u x S u  1, SUlSUl, Sh2Sh~ " and sh2sh 2 were collected (Pfahler 
1965) on each of three dates, May 27, June 8 and June 
17, 197o. Immediately after collection, a portion from 
each genotype was removed for i n  vitro germination and 
fertilization ability tests. The remainder was placed in 
an open container at about 2 ~ with the relative humi- 
dity above the surface approaching t00%. The i n  vitro 
germination medium contained 15% sucrose, 0.6% 
bacto-agar, 0.3% calcium nitrate, Ca(NOz) 2 �9 4 H20 and 
0.01% boric acid, H31303. Six plates were inoculated 
and all activity was stopped on two plates at 1, 2 and 3 
hours after inoculation. Fertilization ability of pollen 
grains from each genotype was estimated by placing 
enough pollen grains to produce maximum numbers of 
kernels on receptive silks of 7 ears. At 1, 2, 3, 4 and 5 
days of storage, a portion of the pollen grains from each 
genotype was removed and identical i n  vitro germination 
and fertilization tests were conducted. 

For the i n  vitro germination portion of this study, 
methods of medium preparation, inoculation procedures, 
killing and preservation, data collection and statistical 
analyses have been presented in previous papers (Pfahler 
1967b, 1968, 1970). 

Fertilization ability was measured by counting the 
number of kernels produced on each pollinated ear. 
Appropriate statistical analysis was then applied. 

Results  
Significant diffelences in germination percentage 

were found among pollen grains containing the 
various alleles at different storage periods (Table t). 
For all alleles, an increase in storage from 0 to I day 
greatly increased the germination percentage. Fur- 
ther increases in storage resulted in a decrease, the 
magnitude of the decrease being associated with the 
allele and locus involved. The effect of storage was 
most pronounced between alleles at the waxy locus. 
At 0 day, W x  was significantly higher than w x ,  while 
at I day, no significant difference was present. In- 
creasing the storage time to 2 days decreased the 

germination to percentage to be consistent of W x  

sharply while that  of w x  decreased only slightly. At 
3 days, no germination was obtained with W x  but 
a substantial percentage was found for w x .  Signifi- 
cant differences between the alleles at the sugary and 
shrunken loci as a result of storage were present but 
were less pronounced. The response patterns result- 
ing from storage were not associated with genetic 
dominance relationships between the alleles at any 
locus. 

A distinctly different pattern was observed for 
ruptured percentage compared with germination 
percentage (Table t). At 0, t and 2 days, the rup- 
tured percentage for all alleles remained low and 
i elatively constant, even though the germination 
percentage fluctuated considerably. After 2 days, 
the ruptured percentage increased, the amount de- 
pending on the allele involved. Rupturing was 
apparently associated with loss of germination. In 
general, for all alleles the first substantial increase 
in ruptured percentage was noted in the storage 
period in which greatly reduced or no germination 
was observed. With further increases in storage 
beyond this period, fulther increases in the ruptured 
percentage were obtained. As with germination per- 
centage, genetic dominance relationships did not alter 
the response to storage of the alleles at any locus. 

Pollen tube length was altered by storage in much 
the same manner as germination percentage (Table t). 
Storage for t day significantly increased length 
regardless of the allele or locus involved but further 
increases in storage reduced the length. Differences 
between alleles at some loci were obtained. At the 
waxy locus, the dominant allele W x  was significantly 
longer at 0 and I day than the recessive allele w x ,  

but at 2 days, no difference was found. At 3 days, 
no germination of W x  was observed but the germi- 

Fig. 1. The effect of storage on the 
pollen tube length of pollen grains con- 
taining various alleles at 1, 2 and 
3 hours after inoculation. Closed circ- 
les, waxy locus; open circles, sugary 
locus; and stars, shrunken locus. Solid 
line, dominant allele (Wx,  Su 1 or Sh2) ; 
broken line, recessive allele (wx, su 1 or 
sh2). Each point represents the mean 
of 120 measurements. Minimum diffe- 
rences for significance (Hatter 1960) 
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Table 1. Storage effects on the in  vitro germinat ion  characteristics and  [ert i l ization abil i ty  o/ 
pollen grains conta in ing  various  alleles at three loci 

Storage (days at 2 ~ 
Category Locus Allele . . . .  

0 1 2 3 4 5 

Germinated waxy 
(%)* 

sugary 

shrunken 

Ruptured (%) * waxy 

sugary 

shrunken 

Pollen tube waxy 
length (~)** 

sugary 

shrunken 

Fert i l izat ion waxy 
abi l i ty  + 

sugary 

shrunken 

W x  44.5 69.3 4t.1 o.o o.0 o.o 
(41.8) (56.5) (39.9) (0.0)  (0.o) (o.o) 

wx 35.1 70.2 65.8 30.8 o.o 0.0 
(36.3) (57.0) (54.2) (33.5) (o.o) (0.0) 

S u  1 30.3 57.1 36.0 22.9 0.0 0.0 
(33.3) (49.1) (35.8) (21.3) (0.0) (0.0) 

su 1 34.1 60.1 57.2 34.t 0.0 0.0 
(35.6) (50.9) (49.2) (35.2) (0.0) (0.0) 

Sh2 35.4 63.9 63.7 40.t 0.o 0.0 
(36.2) (53.3) (53.1) (39.1) (o.o) (o.o) 

sh 2 46.2 69.7 63.2 36.3 0.0 0.0 
(42.8) (56.7) (52.8) (36.7) (0.0) (0.0) 

W x  14.0 t l . 0  13.5 26.0 82.8 84.3 
(21.6) (18.6) (20.6) (30.6) (65.7) (66.8) 

wx  8.1 9.8 t2.8 t6.1 23.7 60.7 
(16.1) (17.7) (20.6) (22.9) (28.9) (51.3) 

S u l  11.6 t5.8 13.0 39.3 50.7 57.t 
(19.6) (22.9) (20.3) (37.1) (45.5) (49.1) 

SU 1 11.3 t4.3 t3.4 t8.2 26.8 49.5 
(19.2) (21.6) (21.1) (24.7) (29.8) (44.7) 

Sh 2 8.8 11.5 11.6 11.2 17.4 52.6 
(16.7) (18.8) (19.6) (18.7) (24.3) (46.5) 

shz 8.9 9.2 11.5 12.9 19.3 42.8 
(I 7.0) (17.0) (19.4) (20.3) (25.6) (40.5) 

W x  437 463 447 
wx  406 437 435 376 
S u  1 420 453 422 400 
SU 1 429 464 450 357 
Sh 2 472 524 495 439 
sh 2 472 512 500 429 

W x  323 37t 361 125 0 0 
w x  381 416 363 61 43 0 
S u  1 287 354 282 127 12 0 

tSU 1 342 377 443 245 80 30 
Sh 2 392 425 413 208 62 0 
sh2 49t 392 498 316 t55 66 

* Each value represents the mean of 36 measurements. Minimum differences for significance (Harter 
t 960) 'among means in parentheses (arcsin transformation) at the 5 and 1% level respectively : germinated 
= 2.3 and 3.0; and ruptured = 2.2 and 2.9. 

** Each value represents the mean of 360 measurements and includes all hours after inoculation. 
Minimum differences for significance (Harter 1960) were 13 and 17 at the 5 and 1% level respectively. 

+ Number of kernels per ear with each value representing the mean of 21 ears. Minimum difference 
for significance (Harter t960) were 75 and 98 at the 5 and 1% level respectively. 

n a t i o n  of w x  was r e l a t i ve ly  high and  s u b s t a n t i a l  t ube  
l eng th  was found.  W i t h  the  suga ry  locus, no signi-  
f icant  di f ferences  were found  a t  0 and  I day ,  b u t  a t  
longer  s to rage  periods,  s igni f icant  differences were 
ob ta ined .  At  th is  locus at  2 days ,  su  I was s ign i f i can t ly  
longer  t h a n  S u l ,  b u t  a t  3 days  Su 1 was s ign i f i can t ly  
longer  t h a n  su  1. No s igni f icant  differences were ob- 
t a i n e d  be tween  the  lengths  of Sh~, and  sh  2 at  a n y  
s to rage  per iod.  As was found  wi th  g e r m i n a t i o n  and  
r u p t u r e d  percen tages ,  genet ic  d o m i n a n c e  re la t ion-  
ships  were no t  a s soc ia t ed  wi th  the  response  to  s to rage  
of the  alleles a t  a n y  locus. 

Differences  be tween  the  alleles a t  the  va r ious  loci 
were found  in r e l a t ion  to  l eng th  a t  t ,  2 a n d  3 h a f te r  

i nocu la t ion  (Fig. t ) .  In  general ,  a t  all  hours  a f te r  
inocu la t ion ,  the  l eng ths  a f te r  t d a y  of s to rage  wele  
inc reased  regard less  of the  allele or locus involved .  
Inc reas ing  s torage  b e y o n d  I d a y  resu l ted  in r educed  
lengths ,  the  size of the  decrease  be ing  assoc ia ted  wi th  
the  allele and  locus invo lved .  Genet ic  dominance  
r e l a t ionsh ips  be tween  alleles a t  t he  same locus were 
no t  a fac tor  in the i r  response  to  s torage.  

Differences be tween  alleles in fe r t i l i za t ion  ab i l i t y  
weie  o b t a i n e d  (Table  t) .  The  resul t s  i n d i c a t e d  t h a t  
fe r t i l i za t ion  a b i l i t y  was no t  c omp le t e ly  r e l a t ed  to  
a b i l i t y  to  g e r m i n a t e  on the  ar t i f ic ia l  m e d i u m  used,  
since r e l a t i ve ly  large numbe r s  of kernels  I were ob- 
t a i n e d  f rom po l l ina t ion  wi th  gra ins  t h a t  d i sp l ayed  no 
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in vitro germination capacity. For fertilization abi- 
lity, genetic dominance relationships affected the 
response of the alleles to storage. At longer storage 
periods, kernels were produced by  pollen grains con- 
taining the recessive allele at all loci, whereas no 
kernels were produced by  grains containing the 
dominant  allele. 

D is cu s s ion  

The results of this s tudy indicate that  pollen 
genotype, represented by  different alleles at certain 
recognized loci, can greatly influence in vitro germi- 
nation characteristics and fertilization ability. The 
waxy, sugary and shrunken loci chosen for this s tudy 
are some of a large number of loci tha t  alter the 
appearance and biochemical composition of the endo- 
sperm. Most studies (Andrew et al. 1944; Cameron 
and Cole 1959; Creech t965; Kramer et al. 1958; 
Laughnan t953; Pfahler et al. t957) of these endo- 
sperm mutants  have emphasized their effect on 
the appearance and/or the carbohydrate character- 
istics of the endosperm. Recently, the opaque-2 
(Mertz et al. t964) and floury-2 (Nelson et al. 1965) 
loci were shown to influence the content and distri- 
bution in the endosperm of amino acids, especially 
lysine and t ryptophan.  The only reported effect of 
the alleles at the waxy locus is the alteration of the 
amylose content of starch, with the recessive allele, 
wx, inhibiting the production of amylose in both 
endosperm and pollen starch (Creech 1965; Demerec 
1924; Kramer  et al. t958). Alleles at the sugary and 
shrunken loci not only drastically change the physical 
appearance of the mature endosperm but also in- 
fluence the carbohydrate content and distribution in 
the endosperm (Andrew et al. t944; Cameron and 
Cole t959; Creech t965; Kramer  et al. t958; Laugh- 
nan t953). No information is available on the effect 
of alleles at the sugary and shrunken loci on the 
amino acid content and distribution in the endo- 
sperm. Recent studies with pollen grains containing 
the alleles at the waxy, sugary and shrunken loci 
have indicated that  these alleles also influence the 
carbohydrate  content (Pfahler and Linskens t97t)  
and amino acid content and distribution (Pfahler and 
Linskens 1970). Therefore, these alleles are known 
to alter the biochemical composition of pollen grains. 

Biochemical and phenotypic studies with alleles at 
these loci indicate that  dominance is complete (An- 
drew et al. 1944; Cameron and Cole t959; Dunn et al. 
1953; Kramer et al. 1958; Neuffer et al. t968). 
Therefore pollen grains containing the dominant 
alleles, Wx, Su 1 and Sh2, should have the same bio- 
chemical pathways intact. In this study, the in vitro 
germination characteristics and fertilization ability 
of Wx, Su 1 and Sh 2 differed greatly. As indicated 
earlier, W f 9 •  was the source of all these domi- 
nant  alleles. As a result of the crossing and selection 
procedures the Wx, Sul and Sh 2 pollen sources should 
contain, on average, about 75~o Wf9•  genetic 

background. Apparently, differences in the genetic 
background among the original sources of the reces- 
sive alleles were a major factor in al teringin vitro ger- 
mination characteristics and fertilization ability. Dif- 
ferences in the amino acid content and distribution in 
pollen grains because of genetic background were re- 
ported for the sugary locus (Pfahler and Linskens 
t970). 

Differences between alleles at each locus were the 
result of two factors: the allele at the locus under 
s tudy and the linkage block surrounding the locus. 
As indicated earlier, the alleles at all three loci alter 
the carbohydrate content (Pfahler and Linskens 197t) 
and amino acid content and distribution (Pfahler 
and Linskens t970) in the pollen grains, and these 
biochemical factors or their interaction may be respon- 
sible for the differences. However, other factors such 
as enzymes which could be directly or indirectly 
associated with these biochemical differences may  
also have an influence. The effect of the linkage 
block surrounding each locus cannot be accurately 
determined since its size or contribution is not known 
for each locus. The waxy and sugary loci are adja- 
cent to the centromere on chromosomes 9 and 4 re- 
spectively (Neuffer et al. 1968). The shrunken locus 
is distal to the centromere on chromosome } (Neuffer 
et al. t968). 

The factors involved in the response to stoiage are 
completely unknown. An unexpected finding in this 
s tudy was the large increase in germination percen- 
tage and pollen tube length after t day of storage. 
The results also suggest that  fertilization ability was 
increased after t day of storage although the method 
used to measure fertilization ability was too impre- 
cise to definitely establish differences. In a previous 
s tudy (Pfahler 1967a), storage was found to alter 
the fertilization ability of pollen grains from a number 
of hybrids. The method of pollen collection used in 
this s tudy (Pfahler 1965) ensures tha t  mature pollen 
grains are obtained such as would be released normal- 
ly. No reports are available on changes in the bioche- 
mical composition of pollen grains as a result of 
storage. However, the suspected increase in fertiliza- 
tion ability as a result of storage may have evolutio- 
nary significance since it would enhance or at least 
allow gene transfer through pollen over distance and 
time. 

Undoubtedly fertilization is a very complex pro- 
cess involving many interactions. Not only the 
biochemical composition of the pollen grains is in- 
volved but  also the conditions that  promote and 
maintain pollen tube growth. These results indicate 
that  /n vitro germination capacity and fertilization 
ability were not completely related, especially as 
the storage period was extended. The measurement 
of fertilization ability is, at best, very difficult and 
the methods used are therefore imprecise. However, 
some fertilization was obtained using pollen grains 
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t h a t  showed no g e r m i n a t i o n  on the  m e d i u m  used in 
this  s tudy .  
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