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Genetic Aspects of Herbicide-Resistant Weed Management!' |

MICHAEL J. CHRISTOFFERS? i

Abstract: Weed populations dwelo;; herbicide resistance when they evolve due to selection pressure.
Mutations and gene flow contribuite (o genetic variability and provide resistant alleles. The speed of
resistance gene frequency increase is determined by the inheritance of resistance alleles relauve to
wild- -type susceplibility and is influenced by the interaction between gene expression and selection.
The goal of herbicide resistance management is to minimize selection pressure while maintaining
adequate weed control. However, the specific nature of each herbicide, weed, and resistance com-
bination determines the practices that optimize undesirable selection pressure. Therefore, generalized

~ thorough evaluation on a case-by-case basis.
Additional index words: Evolution, selection.
Abbreviations: DNA, deoxyribonucleic acid.

INTRODUCTION

The development of an herbicide-resistant weed pop-
ulation is an example of evolution. Evolution occurs
when gene frequencies within a population change as a
result of selection, mutation, migration, or random drift.
The driving force behind evolution toward herbicide re-
“sistance is typically selection pressure imparted by fre-
quent use of one or more herbicides with the same site
of action. Plant scientists have experience in using evo-
lution to benefit humanity (e.g., plant breeding) but are
not as experienced in stopping or slowing the process
when it is detrimedlal. The management of herbicide re-
sistance in weeds is an example where genetic theories,
often used to study or enhance evolution, must now be
applied in an effort to hinder evolution (i.e., keep weeds
susceptible to practical control measures for as long as
possible). This paper discusses the relationship between
genetics and herbicide resistance management, both po-
tential and realized. It is not a review of specific herbi-
cide resistance cases.

Genetics is the study of variation and heritability.
Both play major roles in the evolution of herbicide-re-
sistant weeds and must be considered when developing
management strategies. Variation is essential in the ini-
tial stages of selection, because at least one resistant
plant must exist within a population before selection can
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management strategies sliould be recommended with caution and must not be mandated without

i
|
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acl. Subsequently, the heritability of resnstance influences
the rate at which selection will increase the frequency of
resistance, These genelic aspects remain important after
a resistant population develops, as Lhey determine the
likelihood of reversion to susceptibility. Genetic tech-
niques may also be used (o identify and characterize a
resistant population for effective management.
Evolution toward resistance in response to herbicide
selection is influenced by several factors. The specific
genetic aspects of each herbicide, weed, and resistance
combination will greatly influence the effectiveness of
management strategies. Often these specifics are un-
known, so a fair amount of extrapolation is required to
make management recommendations. However, the ge-
netics of weed populations are likely to be as complex
as genetic phenomena documented in other systems.
Therefore, caution is warranted when making general-
ized management recommendations. I

|
|

GENETIC VARIABILITY

Herbicide resistance alleles are first reqmred within a
weed population before selection can increase their fre-
quency. These alleles may enter a population either as
new mutations or may immigrate throﬁgh seed, .pollen,’
or other propagules, Although either mutallon or immi-
gration is capable of increasing the genenc variability
within one field, the ultimate source of this variation is
mutagenesis. l

JMutations are considered random and not directed to-
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~ ward specific goals, so the amount of raw diversity they

- produce is lmportant in determining adaptability. Be-
‘cause only a small portion of all mutations will provide

positive adaptive value, the rate at which they occur is

_acritical factor in determining the likelihood of creating

a resistance al-leleJ‘ Mutation rates may differ among and

_ within species; m;ay be influenced by plant age, tissue
. type, and pcrhaps' environment; and also may vary de-

pending on the genome and locus involved. For example,
mutations in the chloroplast genome are believed to oc-
cur about half as frequently as in the nucleus, and mi-

" lochondrial mutation rates are less than a third of that

- for the chloroplas "A(Wolfe et al. 1987). In some cases,

the presence of a Mutator gene may increase the rate of
mutation (Prina 1992; Taddei et al. 1997).
The frequency of conservation for these mutations is

- also an important factor because they may be reduced or

lost from a population through genetic drift, selection,

- or reversion to susceptible forms. In particular, mutations

within structural genes that already are optimized for a
specific function may be deleterious and selected against,
perhaps leading to low diversity at that locus.

The specific nature of the mutation necessary to con-

' fer a particular type of resistance is also an important

consideration. Is one specific amino acid within a protein
responsible for susceptibility, with any deviation from it
providing resistance? Or is the situation reversed so that
resistance requires a mutation coding for a specific ami-
no acid among the 20 possibilities? Is the point mutation
of a single base s'ufﬁcient to creale resistance (i.e., the
codons for the amino acids differ minimally by a single

' base) or are two or three base substitutions necessary?

e

o

. Even the rate of d1fferent point mutations at the same
- ~locus may wvary, a:s transitions (purine to purine or py-

rimidine to pyrimidine) are more likely than transver-
sions (purine to (pyrimidine or vice versa) (Kimura

1980).
. It is conceivable that alterations other than point mu-

- tations may impaﬂ resistance, and if so, their frequency

- of occurrence jis also important to resistance evolution.
" Possible allerahons include translocations, duplications,

: deletions, epimutations such as changes in deoxyribon-

' " ucleic acid (DNA) methylation, and other phenomena

not easily class:ﬁed including the activity of transpos-

| able elements. Mulhgemc resistance is also possible, as

! alleles carried at different gene loci may contribute to

4
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overall resistance.| The polyploid nature of some weed
species also complicates resistance because specific mu-
tations would have the opportunity to occur in two or

more genomes. |

Mutations conferring resistance need not originate
within the weed population of concern but may enter by
gene flow via seed, pollen, or vegetative parts from an
external population. This will increase in importance as
more resistant populations evolve, thereby providing a
source of these alleles. A further consideration is the
possible introgression of resistance genes from other spe-
cies, including genctically engincered crops. Whatever
the source of alleles, the importance of gene flow is best
judged by comparing its frequency to the rate of spon-
taneous mutations giving rise to similar alleles within a
population. Good estimates of gene flow and mutation
rates are oflen difficult to obtain and must be made on
a case-by-case basis.

How do these genetic variabilily concepts affect man-
agement decisions? Is it possible to limit the presence of
resistance alleles within a population? Although muta-
tion rates are mostly out of the control of managers,
certainly good weed control practices that keep popula-
tions low will minimize the presence of individual plants
that either produce a resistance mutation or that carry a
resistance allele descendant [rom a previous event.

Can mutation rates themselves be affécted by man-
agement practices? For the most part it is assumed that
management does not influence mutation. But basic ge-
netic research has suggested that stresses may increase
mutation rates (Bridges 1997; Mikula 1995), and herbi-
cide treatment is certainly a stress to target weeds. Of
course, induced mutations are not important if weeds are
killed prior to reproducing. However, the possible effects
of nonlethal herbicide treatments on classical genetic and
epigenetic mutation rates should not be discounted and
are topics for future study.

Good herbicide resistance management includes lim-.
iting gene flow into a field. Restricting the introduction
of seeds and vegetative propagules is recommended, al-
though restricting the imnmigration of pollen is difficult
to manage. There may be some risk with the intentional
introduction of resistant crops (both engineered for re-
sistance and naturally tolerant), either through subse-
quent resistanl volunteer plants or the introgression of
resistance into weed species. Bul these risks must be
weighed against the benefits of resistant and ' tolerant
crops in an overall weed management strategy. Not uli-
lizing all available weed control and cropping options
may carry a weed management risk as well,

GENE EXPRESSION, HERITABILITY, AND
SELECTION

The baseline gene frequencies within a population
may be altered by herbicide selection through preferen-:

Volume 13, Issue 3 (July-Scptember) 1999




.7.\. .

Dominant Resistance

Before treatment After treatment Before treatment

WEED TECIINOLOGY

Recessive Resistance

Semi-dominan"t Resistance

After treatment i After treatment

Before treatment

0997
X
'W%@
999

?
¥
?

¢ !

~«®
@@

\
?

\

~«®
~®
~®

? = Highly resistant
RR =

9 = Moderately resistant

Homozygous resistant RS = Heterozygous

Q = Susceptible

SS = Homozygous susceptible o

Figure 1. Herbicide selection with single-gene dominant, recessive, and semidominant resistance gene expression; hypothetical examples illustrating how
dominance, recessivity, and semidominance affect selection within cach category. All highly resistant plants and half of moderately reslsum plants are shown
as surviving treatment, and a few susceptible plants escape control in these examples. |

tial survival and inheritance of resistance alleles. A pre-
requisite to inheritance is that resistance alleles must be
present within germ cells. Secondl, resistance must be
expressed during the time of herbicide application. Al-
though neutralist theory may discount the importance of
gene expression to evolution at many loci (Kimura
1983), a selectionist view (see reviews by Gillespie
1991; Li 1997) is more relevant here because the ex-
pression of resistance is fundamental (o the evolution of
a resistant weed population. Third, the herbicide rate
must be selective and reveal susceptible and resistant
phenotypes. For example, a relatively low herbicide rate
that does not control susceptible plants will not prefer-
entially eliminate susceptible alleles. Likewise, a rela-
tively high herbicide rate might not be selective if it
succeeds in controlling both susceptible and resistant
plants.

Resistance may be expressed as a qualitative or quan-
titative difference in herbicide absorption, translocation,
metabolism, or affinity at the site of action when com-
pared to wild-type susceptibility. Various cross- and mul-
tiple-resistance patterns are also pessible. Although the
attributes of the specific alleles involved are major de-
terminants of these features, other factors of genotype
and environment may influence the expression of resis-
tance and therefore its inheritance and response (o selec-
tion.

The level of dominance dssm.nted with the resistance
trait is one of these factors (Figure 1), although typically
not applicable when resistance is maternally inherited. In
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its simplest form, dominant resistance coded by a single
nuclear gene is expressed regardless of homozygosity or
heterozygosity so that selection may always act. Con-
versely, a recessive trait will not be expressed in a het-
erozygous state. A plant may carry an allele for recessive
resistance while not displaying a resiétant phenotype,
which negates any . potential selection.| Resistance may
also be expressed in a semidominant fashion, where het-
erozygous plants may display a level of resistance inter-
mediate between homozygous genolypes

The level of dominance is often a function of the gene
itself, depending on whether survival under herbicide
pressure is the result of a gain of resistance (likely to be
dominant) or a loss of susceptibility (likely to be reces-
sive) (see reviews by Gould 1995; Keightley 1996).
However, dominance may also be influenced by the en-
vironment and, most importantly for this discussion, by

the herbicide treatment itself. For example, a relatively

low herbicide rate may succeed in controllmg susceptible,
weeds, and perhaps a single copy of a resistance allele
would be sufficient for survival. In thls case, resistance
is at least partially dominant. Hovycvcrl, a higher herbi-
cide rate may necessilate two copies of a resistance allele
for survival, which means resistance i expressed as a /
recessive (rait. 4
Because the level of dominance i§| most important
when a plant is heterozygous for resistpnee, the frequen-
cy of heterozygosity within a weed population is a crit- ,
ical component of its response to selection. Heterozygote -

frequency is largely determined by the breeding system °

|
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of the weed as measured by its level of outcrossing. The
difference between dominant and recessive resistance is

* minimized in populations of primarily inbred weeds be-
. cause heterozygates are rare, Dominance and recessivity

are most important in populations of weeds with signif-
icant levels of o'utcrossmg, especially self-incompaltible
and dioecious spemes such as wild mustard [Brassica
kaber (DC.) L. C Wheeler # SINAR] and common wa-
terhemp (Amaranthus rudis Sauer # AMATA), respec-
tively. '

+ An additional Jevel of complexity is added when two
Or more -genes are involved in resistance. The multiple
gene comblnauohs possible may result in a quantitative
trait with continuous variation whereby common inter-
mediate phenotypes cannot easily be classified as either
susceptible or re§istant. Because environmental influenc-
es can also result in similar continuous variation, the
inheritance of thege traits is best measured by their “her-
itability,” here linfited to ‘narrow-sense heritability’ (Fal-
coner 1989). Thls is a statistical measure of the contri-
bution that parental alleles make to the overall variation
of progeny. Trait"s with high heritabilities are most likely
to respond to selection.

Resistant wee'ds that are treated wilh herbicide are
more fit, with 4 hlgher fecundity, than susceptible plants.
However, mutauons conferring resistance may result in
'decreased fitness compared to susceptible types when the
relevant herbicide is not applied; therefore, selection fa-
vors suscepubllﬁy Under selectionist theory, decreased
fitness with resistance would typlcally be the case be-
cause if the resistance allele were most fit, it would al-
ready be the wild-type allele. Neutralist theory, however,
argues that there may be little difference in fitness be-
tween allcles (aéain without herbicide application) and
that wild-type susceptlbxllty may be by chance. Equal
fitness might partlcularly be true if the site-of-action en-
zyme does not represent a rate-limiting step in a meta-
bolic function that contributes to fitness.

It is also wor}h noting that genes for resistance may

be genetically linked to genes coding for traits unrelated
' to resistance, resulting in cosegregation. A particular trait
" 'may appear to be the result of resistance, when perhaps

its gene is only| genetically linked to resistance. Other
plants with similar resistance may by chance carry al-
ternative alleles!at the linked gene, so caution is war-
ranted when using small plant numbers to draw conclu-
sions about traits associated with resistance.

Successful herbicide resistance management requires

? Leuers fnllowmg llus symbol are a WSSA-approved computer code from
Composite List of Weedt, Revised 1989. Available only on computer disk
from WSSA, 810 East 10th Street, Lawrence, KS 66044-8897.

Herbicide-
resistant

. Herbicide-
*, susceptible

Fecundity —»

,

Herbicide rate —»

|

None High None
. Selection pressure '

Figure 2. An example of herbicide-susceptible and -resistant weeds with par-
allel dose-responses as measared by fecundity. Selection pressure is positively
corrclated with the difference in fecundity hetween susceptible and resistant
weeds.

the use of these genetic concepts to prevent or more !
likely reduce the overall selection for resistance. Al-
though resistance management is simply a matter of us-
ing practices that keep selection pressure to a minimum,
knowing what these practices are in each individual sit-
uyation and implementing them while still obtaining ad-
equa(e weed control is difficult. A good estimate of se-
lection pressure is also necessary to predict the speed at
which resistance, if present within a population, may
evolve to economically important levels.

Any weed control practice that controls susceptible
and resistant phenotypes equally eliminates selection
pressure (Figure 2). Therefore, managers should not au-
tomatically reduce treatments such as herbicide rates and
adjuvants that enhance herbicide efficacy in an effort to
reduce resistance evolution. Practices that represent the
minimum inputs to control susceptible weeds are more
likely than higher levels of control to select for. resis-
tance. This concept is used in medicine to manage an-
tibiotic resistance by recommending that dosages always
be taken in full (see review by Levy 1998). Of course,
when it takes impractical herbicide raltes to control re-
sistant weeds, this concept is not applicable.

Recessive resistance within an outbreeding weed spe-
cies may be slow to evolve when compared to dominant
resistance because the trait is not expressed in hetero-
zygotes. This means that recessive resistance alleles can
be removed from a population when in the heterozygous
state. Therefore, an advantage may be gained from a
resistance management standpoint by leaving a certain
number of susceptible outcrossed plants uncontrolled.
This is similar to the management recommendations for
insect resistance lo Bacillus thuringiensis toxin (Mc-
Gaughey et al. 1998). However, the adverse effect of this

y
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approach must be considered, including the economic
consequences of purposefully not controlling weeds and
the increased chance of an undesired resistance mutation
or fertilization with immigrating resistant pollen. Again,
‘this strategy would not be effective if the weed is pri-
marily inbred (few heterozygoles in the first place) or if
resistance is dominant (the heterozygotes will survive
anyway). ‘

For outcrossing weeds having semidominant resis-
lance expression and initially low resistance gene fre-
quencies, most resistant plants would be heterozygotes
with moderate resistance. Herbicide rates that would al-
low for‘survival of these moderately resistant plants
would increase the likelihood of crosses between them,
thereby increasing the frequency of weeds homozygous
for resistance at high levels. A similar situation may ex-
ist if resistance is multigenic or the weed is polyploid,
such as wild oat (Avena farua I.. # AVEFA). In these
cases, plants carrying resistance alleles at only a few of
several possible gene loci may have intermediate resis-
tance and survive low herbicide pressure. A polyploid
carrying resistance in only one genome may also be in-
termediately resistant compared to a weed carrying re-
sistance in multiple genomes (this assumes the increased
gene dosage results in increased resistance).

Thus, moderately resistant plants carrying some but
not all resistance alleles may eventually recombine to
create a weed with a higher level of resistance than pre-
viously. In a worst case scenario, this weed would CEll’ll”y
all possible resistance alleles for quantitative resistance
or carry resistance alleles in all genomes. This type of
recombination is minimized in inbreeding weeds but can
still occur, especially after selection has increased the
frequency of plants with intermediate resistance. Once
again, decreased weed control that allows moderately re-
sistant plants to survive may be detrimental to resistance
management. ‘

Resistance evolution may occur more slowly but
probably will not be prevented by yearly rotation of
weed control methods with different mechanisms of re-
sistance, including the use of herbicides with different
sites of action. Different weed control strategies may
also be used within the same year, but they must com-
plement each other so that weeds missed due to resis-
tance to one of the treatments are tirgeted and controlled
by the other treatment. A tank-mix using herbicides with
different resistance mechanisms is a good way (o reduce
selection pressure for resistance. However, combinations
of weed control methods will still select for multiple-
resistant types if they exist within a population. The use
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of relatively low rates of individual herbicides within a
tank-mix may also be a concern for reasons discussed
previously. .

MANAGEMENT OF RESISTANT POPULATIONS

|
The first course of action when a resistant population

evolves into an economic problem is to find an alterna-
tive means of weed control. As previously discussed,
classification of the specific nature of resistance within
a population is important. This is particularly meaningful
when considering alternative herbicides because cross-
and multiple-resistance might be involved.

However, successful control of resistant weeds does
not in itself reverse the evolution of resistance; it only
halts selection so that the resistant gene frequency in a
population remains the same rather than increasing. Is it
possible to reduce the frequency of resistance alleles?

One way is to remove resistant plants in small patches '

by hand or other means. Alternativelyir reducing the fre-
quency of resistance requires selection for susceptibility
by providing an environment whereby;susceplible plants
are more fit than those carrying resistance. Any lack of
fitness directly related to the resistance mutation, such
as the reduced photosynthetic capability of many tri-
azine-resistant weeds, would be most useful. Fitness dif-
ferences may be large or subtle, so the rate at which a
population shifts back to susceptibility may vary. Of
course there is no guarantee a mutant resistance allele
will be less fit than the wild-type. Resistance mutations
may also revert to susceptible in individual plants, es-
pecially if the mutation is not particularly stable.

A resistant weed population may be susceptible to al-
ternative control measures, but may begin to evolve re-
sistance when the alternatives are used. Genetic vari-
ability is again important to the adaptat?ility of a resistant
weed population to alternative control'measures. In the-
ory, however, variability may be compromised as a result
of selection. During the initial stages of selection for a
particular type of resistance, only a fe plants or perhaps
just one might be resistant. Evolutionﬁ)f'a resistant pop-
ulation descending from these few plaxils might decrease
genetic diversity. In outcrossed species, selection for re-
sistance might also lead to an atypical level of deleteri-
ous inbreeding between relatives wilh%a negative effect
on fitness. Therefore, a resistant population may have
unpredictable weaknesses that might be exploited, es-
pecially if these weaknesses are genetically linked to the
resistance gene.
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INFORMATION‘ AND MANAGEMENT DECISIONS

What genetic fnformalion is helpful toward making
good herbicide resxstance management decisions? First,
consideration should be given to the ‘resistant gene fre-
quency in the w%ed population of concern and lo the
possibility of new, resistance allele introductions. Resis-
tant gene frequency information is useful in judging both
potential and rcalm:d resistance problems and in deter-
mining possible managcmcnl regimes. Although resis-
tant gene flequcnclm may be measured by sampling,
they may also be estimated by roughly predicting mu-
tation rates based on the molecular nature of resistance
alleles. Weeds scréened by herbicide (reatment allow the
estimation of resistant gene frequencres only when the
expression of the |resistance trait is understood (domi-
nant, recessive, quantitative, etc.) and the frequencies of
heterozygotes are known.

Here it is lmpolrt'mt to reiterate the poqq:blhly that a
wide variety of molecular events may provide resistance
o a given herbicide. Each molecular event may need to
be considered independently due to different frequencies
of occurrence, cross- and multiple-resistance patterns, and
other genetic characteristics. Therefore, identification of
the specific resistance allele or alleles of concern may be
helpful and perhaps crucial in some instances. Other dis-
ciplines, esnema]ly those in the medical field, have suc-
cessfully used DNA technologies such as genetic testing
to classify disease alleles (Holtzman et al. 1997). Genetic
testing holds tremendous potential as a tool for herbicide
resistance managefnenl by allowing quick identification
and classification of resistance alleles.

The expression and inheritance of resistance and the
fitness of resistant weeds are critical to predicting selec-
tion pressure and evolution under various management
schemes. The many complex genelic, biological, and en-
vironmental factors discussed above will influence resis-
tance develo;:mentl Thus, effective management systems
may need tc be specific to each weed, herbicide, envi-
ronment, and resistance type. The information important
to management decisions is often lacking. The particular
circumstances are not known that will provide the opti-
mum, undesired resistance selection pressure in each sit-
uation. Nor is identification of specific resistance alleles
always possible. |

Although most generalized strategies to reduce, not
prevent, selection pressure (rotation of herbicides with
different sites of action, tank-mixes, etc.) are sound, we
must realize that these strategies are not the final answer.
Researchers throughout science are coming to grips with
the complexities of managing biological systems. *“Fail-

'
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ure isn’l what it used to be ... but necither is success™
has been used (o describe acquired immune deficiency
syndrome research when the limitations of new treat-
ments are realized (Cohen 1998). Sociely is bettered by
the current arsenal of weed control technologies, includ-
ing herbicides. But management practices designed to
delay or remedy herbicide resistance will' be influenced
by unforeseen complexities. It is important that the com-
plex and variable genetic aspects of weed populations
and herbicide resistance be considered when recom-
mending management strategies. It is even more critical
that management praclices not be mandated without am-
ple evidence that they will be helpful in specific resis-
tance scenarios. Poteniially harmful or needless burdens
on growers must be avoided.

ACKNOWLEDGMENTS

I thank J. D. Nalewaia and C. G. Messersmith for many
helpful discussions and editorial suggestions. This male-
rial includes work supported by the Cooperative State Re-
search Education and Extension Service, U.S. Department
of Agriculture, under agreement 94-34330-00430.

il

LITERATURE CITED

Bridges, B. A. 1997, Hypermutatjon under stress. Nature 387:557-558.

Cohen, J. 1998. Failure isnt what it used to be .. but neither 'is success.
Science 279:1133-1134.

Falconer, . S. 1989, Introducticn 1o Quantitative Genetics. Longman House,
U.K.: Longman Scientific and Technical. 438 p.

Gillespic, J. H. 1991. The Causes of Molecular Evolution, New York: Oxford
University Press. 336 p.

Gould, E 1995, Comparisons between resistance management strategies lor
insects and weeds. Weed Technol. 9:830-839.

Holtzman, N. A., . D. Murphy, M. §. Watson, and P A. Barr. 1997. Predictive
genetic testing: from basic research 1o clinical practice. Science 278:602-
605.

Keightley, P D. 1996. A metabalic basis for dominance and recessivity. Ge-
netics 143:621-625.

Kimura, M. 1980. A simple method for estimating evolutionary rates of base !

substitutions through comparative siudies of nucleotide sequences. J.
Mol. Evol. 16:111-120.

Kimura, M. 1983. The Neutral Theory of Molecular Evolution. Cambridge,
U.K.: Cambridge University Press. 367 p.

Levy. S. B. 1998, The challenge of antibiotic resistance. Sci. Am. 278(3):46-53.

Li, W.-I1. 1997, Molecular Evolution. Sunderland, MA: Sinauer Associates.
487 p.

McGaughey, W. H., I Gould, and W. Gelernter. 1998, Bt resistance manage-

ment. Nal. Biotechnol. 16:144-146.

Mikula, B, C. 1995. Environmental programming of heritable epigenctic
changes in paramutant r-gene expression using temperature and light at
a specific stage of early development in maize seedlings. Genetics 140:
1379-1387.

Prina, A. R. 1992. A mutator nuciear gene inducing a wide spectrum of cy-
toplasmically inherited chloraphyll deficiencies in barley. Theor. Appl.
Genet. 85:245-251. /

Taddei, E, M. Radman, 1. Maynmid-Smith, B. Toupance, P H. Gouyon, and
B. Godelle. 1997. Role of mutator allcles in adaptive evolution. Nature
IR7:700-702,

Wolle, K. H., WL Li, and P2 M. Sharp. 1987, Rates of nucleatide substitution
vary greatly among plant mitachondrial, chloroplast, and nuclear DNAs.
Proc. Natl. Acad. Sci. USA 84:9054-9058.

Volume 13, Issue 3 (July-September) 1999




