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Abs t rac t  In order to assess the efficiency of male gamet- 
ophytic selection (MGS) for crop improvement, pollen se- 
lection for tolerance to herbicide was applied in maize. The 
experiment was designed to test the parallel reactivity to 
Alachlor of pollen and plants grown in controlled condi- 
tions or in the field, the response to pollen selection in the 
sporophytic progeny, the response to a second cycle of 
MGS, and the transmission of the selected trait to the fol- 
lowing generations. The results demonstrated that pollen 
assay can be used to predict Alachlor tolerance under field 
conditions and to monitor the response to selection. A pos- 
itive response to selection applied to pollen in the sporo- 
phytic progeny was obtained in diverse genetic back- 
grounds, indicating that the technique can be generally in- 
cluded in standard breeding programs; the analysis of the 
data produced in a second selection cycle indicated that the 
selected trait is maintained in the next generation. 
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Introduction 

In recent years a large number of reports have been pub- 
lished about the role of selection at the male gametophytic 
level under natural conditions and its possible use as a tool 
in plant breeding programs. 

The first, and so far most-abundant, findings involve 
correlations between sporophytic and gametophytic char- 
acters. These concern associations between pollen quality 
and plant fertility and vigour (Mulcahy 1971; Ottaviano et 
al. 1980; Snow 1986; Winsor et al, 1987), and between pol- 
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len and plant responses to different environmental stresses: 
high (Frova et al. 1991) or low temperatures (Zamir and 
Vallejos 1983; Kovacs and Barnabas 1992), metals (Searcy 
and Mulcahy 1985; 1990), pathogens (Laughan and Gabay 
1973; Hodgkin and Mac Donald 1986, 1990; Shivanna and 
Sawhney 1993), and toxic compounds (Feder 1986; Smith 
1986; Bino 1987, 1988; Frascaroli et al. 1992). These re- 
sults are important for the use of pollen as a biological in- 
dicator: in comparison with greenhouse- or field-trials, 
pollen assay allows the evaluation of plant genotypes in a 
short time, limited space, and at a low cost. 

Since a large over!ap in the genetic expression between 
sporophyte and gametophyte has been demonstrated by 
means of transcripts or gene product analyses (for a review 
see Ottaviano and Mulcahy 1989), it is reasonable to as- 
sume that selection applied to pollen can produce a re- 
sponse in the sporophytic progeny. However, phenotypic 
association between pollen and plant features does not nec- 
essarily mean that the same genes are independently ex- 
pressed in both of the two generations. The expression 
(transcription and translation) of the same genes in both 
generations is clearly demonstrated when a response to se- 
lection, applied to pollen of single heterozygous plants, is 
obtained in the resulting sporophytic progeny. Results of 
this type have been described in tomato for tolerance to 
cold (Zamir et ah 1982; Zamir and Gadish 1987) and to 
salt (Sacher et al. 1983; Sari-Gorla et al. 1988), to high 
temperature in cotton (Rodriguez-Garay and Barrow 
1988), for plant fertility and vigour (Ottaviano et al. 1982, 
1988; Landi et al. 1989) and for tolerance to herbicides 
(Sari-Gorla et al. 1989, 1992) in maize. 

Pollen selection can be particularly useful for traits 
whose genetic control is unknown, or which are due to re- 
cessive alleles or rare allelic combinations, as is often the 
case for tolerance to chemical stresses. The use of herbi- 
cides is a well-established necessity in modern agriculture, 
but frequently herbicides having environmentally-desir- 
able characteristics are not able to control weed species 
without harming the crop of interest. Thus, it is important 
to develop genotypes tolerant to specific herbicides (see 
Shultz et al. 1990 for a review). Alachlor (a chloroacetan- 



i l ide)  is a w i d e l y - u s e d  herb ic ide ,  wh o s e  prec ise  m e c h a -  
n i s m  of  ac t ion  is p re sen t ly  u n k n o w n .  Var iab i l i ty  for to ler-  
ance,  m a i n l y  ba se d  on  ab i l i ty  of  p lan ts  to de tox i fy  the m o l e -  
cule,  has b e e n  desc r ibed  in  m a i z e  (Sa r i -Gor l a  et al. 1993). 
The  ana lys i s  o f  s eg rega t ing  gene ra t i ons  sugges ted  that  the 
gene t ic  d e t e r m i n a t i o n  of  the trait  i n v o l v e s  a few d o m i n a n t  
genes ;  however ,  the p e r f o r m a n c e  of  i n b r e d  l ines  and  F l s  
r evea led  that  the exp res s ion  of  to le rance  is af fec ted  by  in-  
c o m p l e t e  p e n e t r a n c e  and /or  va r i ab le  express iv i ty ;  thus the 
trait  appea red  pa r t i cu la r ly  appropr ia te  to be  m a n i p u l a t e d  
by  M G S .  

The  pu rpose  of  the p resen t  w o r k  was  to d e t e rm ine  i f  the 
g a m e t o p h y t i c  phase  can  be  e f f ic ien t ly  used  in  se lec t ion  for 
A lach lo r  to le rance .  Spec i f ic  i ssues  inc lude :  (1) is po l l en  
assay  able  to pred ic t  p lan t  r e sponse  in the f ie ld?  - to our  
k n o w l e d g e ,  the on ly  data  c o n c e r n i n g  the cor re la t ion  
b e t w e e n  r e sponse  o f  po l l en  and  p lan t  to ex te rna l  agents  in  
f ie ld  tr ials  are those o b t a i n e d  for  to le rance  to G l y p h o s a t e  
(Frascaro l i  et al. 1992);  (2) is M G S  a g e n e r a l l y - a p p l i c a b l e  
t echn ique ,  over  d iverse  g e n o t y p e s ?  - some  of  the exper i -  
men t s  d e m o n s t r a t i n g  M G S  have  b e e n  carr ied  out  u s ing  
in te r spec i f i c  crosses ,  and  thus do no t  r ep resen t  the genera l  
s i tua t ion  in  p l an t  b r eed i n g ;  a l te rna t ive ly ,  se lec t ion  has been  
app l ied  to s ing le  F 1 po l l en  sources ,  sources  perhaps  no t  
typ ica l  o f  o ther  gene t ic  c o m b i n a t i o n s ;  (3) is the se lec ted  
trait  t r ansmi t t ed  to the f o l l o w i n g  gene ra t i ons?  - s ince  the 
m o n i t o r i n g  of  M G S  has b e e n  gene ra l l y  m a d e  on  the resu l -  
tant  sporophy t i c  genera t ion ,  it was  neces sa ry  to ver i fy  that  
M G S  p roduces  s table  to le ran t  g e n o t y p es  in  s u b s e q u e n t  
genera t ions .  

Materials and methods 

In-vitro pollen growth and measurement 

Pollen from plants grown under normal field conditions, or from tas- 
sels undergoing anthesis in a controlled environment, was collected 
at flowering on 2 days, each representing a replication. For each col- 
lection, pollen was divided in two lots that were inoculated in two 
Petri dishes containing a solid medium (Cheng and Freeling 1976); 
one was supplemented with the herbicide, (Alachlor, technical prep- 
aration 95.6%, kindly provided by Monsanto Europe) at 0.1 g/l, while 
the other served as the control. All Petri dishes were incubated for 
3 h at 27 ~ fixed with Farmer's liquid, stained with aniline blue 
and used for evaluation of pollen-grain germination (on 500 grains 
per plate) and pollen-tube length (on 50 tubes per plate). 

Pollen tolerance in terms of grain germination was expressed as 
the ratio of germination percent on medium supplemented with the 
herbicide to the same trait on control medium; tolerance for tube el- 
ongation was expressed as the ratio of mean tube length of pollen 
grown in the presence to that of pollen grown in the absence of Ala- 
chlor. 

Seedling treatment and seedling reactivity evaluation 

Seeds soaked for 20 h in an Alachlor solution (1 g/l) were sown in 
pots filled with wet sand and covered with cellophane bags; 12 days 
after sowing the response to the treatment was assessed by means of 
visual ratings from 1 (normal plants) to 5 (completely malformed 
plants). For the data presentation and analyses, the seedlings were 
classified as normal if they fell into class 1 or 2 (normal or only re- 
duced in growth), or as injured if they fell into classes 3, 4, or 5 
(great injury, necrotic areas). 
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Tolerance was expressed as the proportion of normal plants af- 
ter treatment with the herbicide; in controlled environments the pro- 
portion of normal plants in the absence of herbicide is expected to 
be 100%. 

Field trial: treatment and reactivity evaluation 

The field trial was carried out in northern Italy: four inbred lines 
(B73, K55, H99, Ky226) were evaluated in control conditions and 
in the presence of 4 kg a.i. ha -1. The experimental design was a com- 
plete randomized block with eight replications. Each experimental 
unit was one row, 3.4 m long and 0.5 m wide, that was split in two 
equal sub-units, each 1.2 m long, separated by an empty 1-m alley, 
thereby yielding two strips per replications across genotypes. Fifty 
seeds were sown per unit. 

Immediately after sowing, herbicide was sprayed to one random 
strip per replication; the untreated strip acted as control. The same 
day a sprinkler irrigation (150 m 3 h a - ' o f  water) was carried out to 
promote germination and more uniform distribution of the herbicide. 

Eighteen days after sowing the number of emerged and injured 
plants per plot were scored. The plant reactivity was expressed as 
the ratio of the proportion of emerged, normal plants in the presence 
of Alachlor, to that of control plants. 

Pollen selection 

For treatment during microspore development, tassels were cut about 
2 weeks before anthesis, put into an artificial liquid medium (Polow- 
ick and Greyson 1982) to which the herbicide was added (1 g/l), and 
grown in a growth chamber. The same procedure, without Alachlor 
treatment, was adopted for control plants. Alternatively, the herbi- 
cide treatment was applied during pollen function: mature pollen 
from hybrid plants grown in the field was used to pollinate female 
plants of the susceptible genotype, the silks of which were sprayed 
with a solution containing the herbicide (1 g/l). The same pollina- 
tion procedure, except for the presence of the chemical in the solu- 
tion, was applied to the control plants. 

In order to test the response to pollen selection in the sporophyt- 
ic progeny, the response to a second selection cycle, and the trans- 
mission of the selected trait, the following cross design was adopt- 
ed. 

Two parental lines, one susceptible, H99 or Ky226 inbred lines, 
and the other tolerant to Alachlor, B73 or K55, were crossed, and the 
pollen from the resultant F 1 plants was submitted to selective treat- 
ment or used as a control. In the case of selection during microspore 
development, pollen of the herbicide-treated F 1 plants was used to 
pollinate female plants of the susceptible genotype; in the experi- 
ment involving selection during pollen function, pollen of the F 1 
plants was used to pollinate herbicide-treated female plants of the 
susceptible genotype. Thus, in both cases, two backcross (BC) prog- 
enies were produced: one by selected pollen, BC(S), and the other 
by control pollen, BC(C). The comparison of tolerance to the herbi- 
cide in the two populations allows the evaluation of the response to 
pollen selection. Three hybrid combinations and their reciprocal 
crosses were tested: H99• H99• Ky226• 

The BC(S) progenies derived from five of the treated F 1 plants, 
each represented by seven plants, were submitted to a second cycle 
of selection and used to pollinate a susceptible inbred female, thus 
producing a BC(SS) progeny; untreated plants of the same BC(S) 
generation were used as a control to produce BC(SC) progeny. Fi- 
nally, plants from a BC(C) population were used, without any treat- 
ment, to pollinate female plants of the susceptible genotype, in this 
way producing a BC(CC), the true control population, never submit- 
ted to selection. The comparison between Alachlor tolerance in the 
BC(SS) and the BC(SC) progenies allows the evaluation of the re- 
sponse to selection in the second cycle, whereas the comparison 
between BC(SC) and BC(CC), i.e., between the population produced 
by pollen selected only in the first generation and that from pollen 
never treated, gives information about the transmission of the select- 
ed trait in the next generations, despite the cessation of selection for 
herbicide tolerance. This second part of the experiment was carried 
out on the hybrid combination H99• and its reciprocal. 
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In the Results section the pooled data from the two reciprocal 
crosses are presented for all the experiments. 

Statistical analysis 

Correlations between pollen and seedling traits were estimated by 
the Pearson coefficient of correlation. 

The analysis of proportions was performed by a )r test of inde- 
pendence, i.e., testing the hypothesis of equality between the pro- 
portions of normal or injured plants in the selected and in the con- 
trol populations. 
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Results 

In Table 1 the responses of pollen, seedlings in the green- 
house and in the field are illustrated; the results indicated 
a parallel response to the herbicide at all levels, clearly de- 
scribed by the values of  the coefficients of correlation: 
r=0.77 and 0.57 between pollen reactivity, in terms of ger- 
mination, and the reactivity of plants grown in a controlled 
environment and in the field, respectively; r=0.83 and 0.99 
between pollen-tube elongation and the same two sporo- 
phytic traits. The correlation coefficient between plant re- 
activity expressed in the greenhouse and in the field was 
also high, r=0.85. Although these r values are high and sta- 
tistically significant, we include them only as a general in- 
dication of association, since N is too small to allow a 
meaningful comparison of values. On all aspects, B73 and 
K55 demonstrated more tolerance, H99 and Ky226 more 
susceptibility. 

In order to obtain a response in the sporophytic prog- 
eny to pollen selection, it is necessary that the selective 
pressure be applied at a stage in which the genes confer- 
ring tolerance are expressed. Since this information was 
not available, the selective treatment was applied either 
during microspore development or during pollen function. 
Mature pollen grains are, to a large extent, genetically si- 
lent, whereas the expression of a large amount of the ge- 
nome has been demonstrated both during microspore mat- 
uration and during pollen germination and growth (Mas- 
carenhas 1992). 

In Fig. 1 the effect of gametophytic selection, accord- 
ing to the gametophytic stage at which the treatment was 
applied, is illustrated. The experiment was carried out on 
the H99xB73 genetic combination. The response to selec- 
tion was evaluated by comparing the proportion of normal 
or injured plants after herbicide treatment in the sporo- 
phytic BC progeny obtained from unselected pollen (A), 
from pollen selected during its function (B), and from pol- 
len treated during microspore development (C). The data 
revealed a significant trend in the proportion of normal 
plants from the control BC progeny to the BC produced by 
pollen selected during microspore development. On the ba- 
sis of these results, the selection was applied during mi- 
crospore development in all further selection experiments. 

Table 2 indicates the response to selection obtained in 
the BC sporophytic progeny after treatment of microspores 
from three Fls between tolerant and susceptible parental 
lines: H99xB73, H99xK55, and Ky226xK55. A positive 
response was obtained in all three genetic combinations: 

Fig. 1 Response to selection according to the stage of gametophyt- 
ic phase when treatment was applied. Percentage of normal seed- 
lings produced in the backcross progeny from control pollen (A), 
from pollen selected during its function (B) or during microspore de- 
velopment (C). The standard error is indicated in each case 

Table 1 Reaction to Alachlor, expressed as a percent of the control, 
of pollen, and of seedlings grown in a controlled environment and 
in a field trial, using four inbred lines 

Lines Pollen reactivity Seedlings reactivity in 

Germina- Tube length Green- Field 
tion house 

K55 76.7 62.6 85.2 91.1 
B73 126.3 58.1 80.9 81.4 
H99 48.3 50.0 10.1 59.6 
Ky226 57.6 55.2 2.0 72.7 

SE 1.6 3.5 2.1 4.4 

Table 2 Response to gametophytic selection in the sporophytic pro- 
geny 

Backcross H99 • B73 H99 x K55 Ky226 x K55 

Percent N Percent N Percent N 
of normal of normal of normal 
plants plants plants 

BC(C) 29.3 526 20.8 183 31.7 240 
BC(S) 45.5 747 41.1 937 43.3 120 

Za[i] 37.4** 26.8** 4.8* 

H99xB73, H99 xK55, Ky226 xK55: Fis from which pollen to pro- 
duce BC progenies was used 
N, total number of plants 
BC(C), BC progeny from unselected pollen 
BC(S), BC progeny from selected pollen 
)~11,: Z2 test of independence, with 1 degree of freedom 
**:P<0.01; *:P<0.05 

the proportion of normal plants after herbicide treatment 
was significantly greater in the selected BC progenies than 
in the control progeny, as indicated by the resulting )~2 val- 
ues. A significant increase in the proportion of normal 
plants in the population produced by selected pollen, indi- 
cates a non-random transmission of male gametes to the 
progeny, and the expression of the genes conferring toler- 
ance in both the gametophytic and the sporophytic phases. 

In order to verify the transmission of the selected trait 
in the following generations, the BC progeny produced by 



Table 3. Transmission of the selected trait and response to the 
second cycle of selection 

Progeny Percent of N Z~ll 
normal seedlings 

BC(CC) 29.2 480 } 9.53** 

BC(SC) 39.8 301 } 0.15 ns 

BC(SS) 41.0 3300 

BC(CC), Backcross progeny from unselected pollen 
BC(SC), Backcross progeny from pollen selected in the first gener- 
ation only 
BC(SS), Backcross progeny from pollen selected in both the first and 
the second generation 
N, total number of plants 
Z~ll, Z 2 test of independence, with 1 degree of freedom 
**: P<0.01; ns, not significant 

selected pollen and that from unselected pollen were back- 
crossed again with the susceptible parental line (see Ma- 
terials and methods section). Tolerance to Alachlor was 
evaluated in the sporophytic population derived by pollen 
selected in the first generation, BC(SC), and in that never 
submitted to selection pressure, BC(CC). In this case, 
again, the former resulted in more tolerance to the herbi- 
cide than did the latter (Table 3), thus indicating that tol- 
erance is maintained also in the next sporophytic genera- 
tion. 

The evaluation of the response to a second selection cy- 
cle was made on the basis of the comparison between the 
performance in the presence of Alachlor of BC(SS) v e r s u s  

BC(SC) seedlings. The average data, reported in Table 3 
as the percentage of BC(SS) normal seedlings, indicated a 
slight, but not significant, increase in the proportion of tol- 
erant plants by comparison with the BC(SC) progeny; how- 
ever, when considering the performance of the progenies 
produced from five of the plants submitted to the first cy- 
cle of MGS, they revealed a non-homogeneous behaviour: 
3 out of 5 gave positive results, two did not (Table 4). This 
could be expected, due to the adopted cross design: from 
each of the original five F I plants, a backcross-segregat- 
ing population was obtained; thus the plants whose imma- 
ture tassels were submitted to the second cycle of selec- 
tion (5-7 plants p e r  BC, for a total of 33) were genetically 
heterogeneous. This is reflected in the rather high values 
of the mean SE within groups of families, reported in Ta- 
ble 4, indicating a differential behaviour within the BC(SS) 
progenies. 

A parallel response was observed on pollen. Tolerant 
pollen produced BC seedlings showing better tolerance to 
the herbicide: the coefficients of correlation, computed on 
33 pollen-plant associated data, between the reactivity of 
pollen in terms of grain germination, in terms of mean tube 
length and the plant reactivity, revealed a significant asso- 
ciation between the two pollen traits (r=0.40*) and between 
pollen-tube elongation and plant reaction (r=0.43"). The 
data also revealed a positive, though not significant, asso- 
ciation between pollen germinability and seedling behavi- 
our (r=0.29). 
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Table 4. Plant and pollen response to Alachlor in BC(SS) progenies 
derived from five plants (P1, P2 .... Ps) submitted to the first selec- 
tion cycle 

Progeny Percent of Pollen reaction 
BC(SS) normal seedlings 

Germination Tube length 

P1 43.5 82.3 35.5 
P2 44.2 101.2 55.9 
P3 41.8 100.8 62.4 
P4 38.7 52.5 40.0 
P5 33.6 62.8 36.6 

SE 4.8 11.7 6.7 

Discussion 

The data support the utility of MGS application in plant 
breeding, and also clarify some points essential for com- 
bining MGS with traditional selection methods. 

The usefulness of pollen assay was demonstrated in pre- 
dicting plant performance under field conditions and in 
monitoring the selection response. Furthermore, since the 
response of pollen from plants produced by selected pol- 
len is indicative of plant performance, pollen performance 
can be used to choose the plant material to be included in 
the following generation of selection. 

The observation of a positive response to selection ap- 
plied to pollen from different FlS, indicates that it can be 
obtained in diverse genetic backgrounds, provided, of 
course, that the genes controlling the trait are segregating 
in the pollen population. Thus, the technique can be eas- 
ily included in a standard (i.e., sporophytic) breeding 
scheme. The main advantages of this integrated procedure 
(selection in both 1N and 2N) would be a greater effective- 
ness due to the large population size and the haploidy which 
characterizes the male gametophyte. To some extent, MGS 
resembles cell selection; MGS, however, does not require 
plant  regeneration. Furthermore, somaclonal variation, 
sometimes common in regenerative processes and which, 
in elite material, represents another drawback to cell se- 
lection, is avoided in MGS. 

MGS has advantages also in regard to other biotechnol- 
ogies, namely direct gene transfer. MGS is suitable for se- 
lecting traits which are controlled by genes not yet isolated, 
and, in particular, quantitative traits (Vasil 1990). 

The main limitation of MGS is that it is applicable only 
for traits which are expressed at the cellular level. How- 
ever, many traits of agronomical importance are expressed, 
at least as a trait component, at cellular and pollen levels, 
as demonstrated by the large number of cases of gameto- 
phytic-sporophytic correlation described in the recent 
years (for reviews see Hormaza and Herrero 1992; Searcy 
1992). Indeed, the evaluation of the response to selection 
can suffer in these cases from the fact that the selection ap- 
plied operates on cellular components, whereas its re- 
sponse is evaluated on the plant, where more complex 
interactions take place at different levels of plant organ- 
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ization. This problem can be overcome by the use of  mo-  
lecular markers: isozymes were used to monitor  pollen seg- 
regation after selection for low temperature (Zamir et al. 
1982) and salt (Sari-Gorla et al. 1988) tolerance. It is now 
possible to obtain a much higher resolving power by using 
polymorphisms at the D N A  level, such as those identified 
using RFLP or RAPD markers. 

An aspect that will have to be improved for a better ex- 
ploitation of  MGS concerns the technique of  selection ap- 
plication. Theoretically, due to the peculiar features of  the 
pollen population, a very high pressure of  selection can be 
applied, at a relatively low cost. But, since mature pollen 
grains are frequently not sensitive to selective treatment, 
it has to be applied either to the plant producing the pol- 
len or to the female plant where the pollen-tube grows. 
Thus the selection pressure that can actually be applied is 
limited by the necessity of  not injuring the plant. New tech- 
nologies, however,  such as microspore maturation under 
artificial conditions, allow pollen treatment independent 
of  the mother plant (Stauffer et al. 1991; Barnabas and Ko- 
vacs 1992). These, however,  will not be routinely avail- 
able for some time. On the basis of  data f rom the present 
study, we suggest that a high level of  tolerance could be 
attained by using backcrosses to elite lines. 

The last, very important, result o f  this work is the ex- 
perimental demonstrat ion that, even in the second genera- 
tion after MGS, BC(SC),  the resultant plants still exhibit 
a significantly greater tolerance to Alachlor  than do the 
BC(CC) (unselected) plants. This demonstrates that the re- 
sponse to the first selection was a genetic response. Previ- 
ously, only two studies have examined a second genera- 
tion: one, on Petunia hybrida (Mulcahy et al. 1978), indi- 
cated a persistent effect, while the other, on Cucurbita pepo 
(Schlichting et al. 1990) did not. The present study thus 
suggests the utility of  MGS in selecting for resistance in 
crop species. 

Finally, it is worth noting that, in the present work, se- 
lection has been applied exclusively at the gametophyt ic  
level, since our purpose was to demonstrate that MGS can 
be effectively used for crop improvement.  However,  on the 
basis of  earlier data (Ottaviano and Sari-Gorla 1979; Sari- 
Gorla 1992; Pfahler 1983) and those presented here, we 
conclude that the maximum effectiveness would be ob- 
tained when selection is applied in the same direction in 
both the gametophytic  and the sporophytic generations. An 
experiment specifically designed to compare the efficiency 
of  MGS and of  gametophyt ic  plus sporophytic selection is 
now in progress. 
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