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Introduction 

Rapid advances in biochemical and molecular genetic technology are 
i^voíutíonizing many fields of biological inquiry. Nowhere is the effect of 
these new tools more keenly felt than in evolutionary biology.* For here, 
the new technology is not merely changing the course of research within a 
discipline; it is merging what were previously unrelated fields. ThuSj mod- 
em systematists must now concern themselves with such unlikely topics as 
protein structure and function, while molecular geneticists must consider 
their data in the fight of evolutionary theory. This melding process can be 
especially difficult for biologists without extensive training in biochemistry 
or molecular genetics who nonetheless find molecular data sufficiently 
compelhng to try to use the techniques themselves. 

Our purpose in this chapter is to give guidance to the newcomer on how 
to organize and equip a laboratory effeaively for comparative molecular 
research. General articles on laboratory setup can be found in molecular 
methodology publications.^ In molecular evolutionary studies, however, 
the focus on comparative analysis dictates special emphasis on streamlin- 
ing repetitive procedures, adapting techniques for a variety of organisms, 
and managing many samples efficiently. We shall endeavor to orient re- 
searchers to the general considerations involved in planning a laboratory 
for molecular evolutionary studies. We briefly describe the techniques 
available and criteria for choosing among them. We suggest rationales for 
selecting equipment and strategies for the physical organization of the 
laboratory. Throughout, we highlight possible problems and solutions. 

Setting Goals 

Starting a molecular laboratory requires both consideration of the ulti- 
mate questions being addressed by the research and evaluation of the 

1 M. Oegg, J, Felsenstein, W. Fitch, M. Goodman, D. Hillis, M. Riley, F. Ruddle, D. Sankoff, 
P. Arzberger, M. Courtney, P. Harriman, C. Lynch, J. Plesseî, M. Weiss, and T. Yates, MoL 
Pkyhgenei Evoi 1, A4 (1992). 

^ D, D-Blum berg, this series, VoL 152, p. 3, 
' C Orrego, in "PCR Protocols" (M. A. Innis, D. H. G0kl^ J. J. Sninsky, and T. J. White, 
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current research environment available to the researcher. The rapid prolif- 
eration and simplification of molecular techniques presents investigators 
with what at times may seem a bewildering array of possible approaches to 
problems. Yet, from the viewpoint of many evolutionary biologists, these 
procedures are still expensive, laborious, and time-consuming. Thus, it is 
important at the outset to assess the resources and support available for the 
contemplated research, and to pay attention to choosing techniques that 
are well suited to the problems at hand. 
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FIG. 1. Flowchart for laboratory plaaoing. The five major stages in planning a laboratory 
facihty are listed to the right. Arrows in the chan indicate the direction of progress through 
stages and how information gleaned at one stage can cause reconsideration of decisions made 
af a previous stage. 
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The following issues will merit consideration: (1) What frequency and 
intensity of laboratory work is expected? Some scientists need to obtain 
molecular data on one or a few specific questions; for others it will be an 
ongoing focus of research. (2) What technique or techniques will be used? 
Success often hinges on choosing a technique well suited to the research 
problem. The scope of the laboratory operation, in turn, will increase with 
the number and complexity of techniques to be implemented. (3) What 
resources already exist? What resources are obtainable? Given the cost and 
complexity of molecular research, it is crucial to assess the physical, tech- 
nical, and human resources of the home institution and the local environ- 
ment, and to be realistic about opportunities for obtaining new resources. 
(4) Can resources be shared? Virtually all molecular investigators share 
some laboratory resources. The extent of sharing may range from a few 
pieces of large equipment in a traditional department comprising many 
single-investigator laboratories to sharing of a single, centralized molecular 
facility among several investigators. Collaboration among research groups 

^ can provide the means to address scientific questions without setting up 
multiple independent research units. 

Careful consideration of these basic issues at the outset will lead to 
more effective planning and a cost-efficient facility better designed to meet 
the needs of the individual and the institution. A flowchart (Fig. 1) helps 
illustrate the interrelationships of these issues and the feedback effects they 
may have on one another. 
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Choosing Techniques 

The physical oiTganization of a laboratory will be dictated by the tech- 
niques to be implemented there. Thus, it is essential to decide what tech- 
niques will be used immediately and what techniques might be attempted 
at a later date. Six major comparative molecular techniques are in com- 
mon use today in evolutionary research. These are isozyme electrophore- 
sis, comparative immunological methods [especially microcomplement 
fixation (MCF)J, DNA-DNA hybridization, restriction enzyme analysis, 
random amplification of polymorphic DNA (RAPD), and DNA sequenc- 
ing. Two other methods, molecular cloning and the polymerase chain 
reaction (PCR), are not inherently comparative, but they provide the 
foundation on which a number of DNA techniques are based. We fim 
consider the major factors involved in choosing among techniques, then 
discuss the advantages and disadvantages of each. Table I summarizes 
information presented below that will be helpful in selecting techniques. 
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TABLE I 

* 

CONSIDERATIONS FOR CHOOSíNG TECHNIQUES^ 

Optimal 

lechnique 
divergence 

range Complexii ty   Cost 
Time and 

labor nature of samples Comparabilit 

Isoïyme electro- U>/Med Lo Lo Lo Multiple tissues Good 

pharesis 
Microcomplement Med Hi Med Med/Hi Purified protein Fair 

fixation 
DNA-DNA hy- Med Hi Med Med/Hi Lai^e quantities of Fair 

bridization 
RestrictioTi enzvme ti> -    Med iU Med/Hi 

UINA 

HMW DNA Good 

analysis 
DNA sequencing 
Random amplifica- 

Lo/Med/Hi 
Lo 

m 
'     Med 

Hi 
Med 

Hi 
Lo 

Any purified DNA 
HMW DNA 

Excellent 
Fair 

tion of poiymor- 
phic DNA 

Polymcrase chain N.A, Med Med Lo Any purified DNA NA. 

reaction 
Molecular cloning N.A. m m Hi Any purified DNA N.A. 

« N.A• Not applicable, îince technique is not a comparative method, but forms the basis for Othe 
HMW, high molecular weight; Lo, low; Med. medium; Hi, high. 

Matching Resolving Power of Techniques to Genetic Divergence of 
Organism^ 
Most research problems in molecular evolutionary genetics ultimately 

involve questions of relationship. However, the degree of relationship may 
vary dramatically, from comparisons of related individuals within a popu- 
lation to comparisons of taxa that diverged early io the history of Ufe on 
Earth. There is a general correlation between degree of relationship among 
organisms and the level of genetic similarity among their genomes. Again, 
the level of similarity can vary widely: the genomes of clonaUy reproducing 
organisms may be nearly 100% identical, whereas those of distantly diver- 
gent taxa may retain sequence similarity only in a few, highly conserved 
genes. The level of genetic similarity among the genes or genomes to be 
compared is the primary determinant of the applicability of the various 
comparative molecular techniques. Each technique is best suited to a 
particular range of divergences among the organisms being compared. 
Each technique probes genetic questions at different levels of resolution, 
from direct DNA sequence comparisons to inferred amino acid sequence 
variation. Some techniques, such as DNA sequencing, can be adapted to a 
broad range of divergences; others are not so versatile. Failure to appreciate 
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the relationship between gene or genome divergence and resolving power 
of a technique can lead to a data set that is largely irrelevant to the original 
research focus. 

Complexity 

To use some methods successfully requires more background and ex- 
perience in biochemistry than others. Most comparative techniques in- 
volve repetitive procedures that seem deceptively simple to learn when all 
is working well. When a technique faüs to work properly, however, consid- 
erable exp>ertise may be required to discover the problem and get the 
research back on track. 

Cost 

It is convenient to think of costs as falhng into three categories, namely, 
overhead costs of setting up and maintaining the laboratory, consumables 
cost of the supplies actually used up in a particular project, and personnel 
costs. At present, initial overhead costs might range from $20,000 or less 
for a laboratory concentrating on isozyme surveys to several hundred 
thousand dollars for a laboratory fully equipped to implement a wide range 
of techniques. Setup costs will vary dramatically depending on preexisting 
resources and physical location, so it is important to explore the local 
environment of the proposed laboratory (see section on assessing environ- 
ment and resources below). The annual cost of consumable supplies will 
range from a few thousand dollars per active researcher for isozyme work 
to $10,000-$15,000 per person for the more expensive techniques. At 
many university laboratories, personnel costs may not be a major factor if 
salaries and stipends come from sources other than research funds. At 
other institutions, however, where all expenditures come from a common 
pool, personnel costs are hkely to be an important budget item. 

Time and Labor 

The major comparative techniques differ substantially in the amount of 
time and effort they require. Some labor-intensive techniques are more 
appropriate when relatively small numbers of comparisons are to be made; 
other techniques can be readily applied to large numbers of samples. 

Nature of Organism and/or Samples 

The techniques differ in the amount and type of sample required. The 
physical size of the organism may Umit the amount of tissue that can be 
obtained from each individual, and may make some techniques difficult or 
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impossible to use. Some techniques work best with certain kinds of tissue. 
Other techniques (e.g., isozyme electrophoresis) benefit from the availabil- 
ity of several tissue types. Most techniques work best with fresh or frozen 
material, but some can be used with samples that are thousands of years 

old. 

Comparability across Studies 

The ease with which a data set can be compared to other studies is an 
important consideration. DNA sequencing provides the greatest advan- 
tages in this regard. Because the method involves the absolute determma- 
tion of nucleotide sequence, the data can be compared to other sequences 
determined completely independently. Some data derived from other 
techniques can be compared in a general way (e.g., isozyme genetic dis- 
tance, sequence divergence estimated from restriction enzyme analysis), 
whereas other comparisons are best made side by side in the same labora- 
tory {e,g., establishing homology of isozyme alíeles or restriction fragment 
bands). 

Techniques: Pros and Cons 

Isozyme Electrophoresis 

The examination of proteins by electrophoreisis has been the single 
most popular technique in molecular evolutionary genetics. It can provide 
useful information for studies at the population and species level.*"* For 
some taxa where genetic distances tend to be low, such as birds, the useful 
range of isozyme electrophoresis extends to the genus and even famüy 
level It is the least expensive technique, both in terms of overhead and cost 
of consumables. Urge sample sizes can be handled readily, and the techni- 
cal demands are relatively minimal. Electrophoresis and staining condi- 
tions are often similar throughout major groups of organisms, although 
some optimization is required for most studies.*"^ In addition, gene ex- 
pression varies by tissue, so having a variety of tissue types available for 
study increases the number of genes that can be assayed. Although data 
from separate studies cannot be directly combined, the large body of 
comparative data available in the literature often provides a helpful back- 
ground for interpretation of isozyme data. 

* C. J. Buît aiid Y.-T. Kiang, this volume [61. 
* J, Brilton-Davidian, this volume [7]. 
^ R. W. Murphy, J- W. Sites, Jr., D. G, Buth, and C H, Haufler. m "Molecular Systematics 

(D. M. HiUis and C. Moritz, eâsX P- 45- Sinauer, Sunderiand, Massachusetts, 1990.   • 
^ D- Goldman and S. J. O'Briea, this volume [8]. 
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An important aspect of isozyme work is that provision must be made 
for the careful handling of tissues to keep them solidly frozen at all times. 
Proteins are particularly sensitive to thawing events. This means that dry 
ice or liquid nitrogen procedures must be used during the collection and 
transportation of the tissues; in addition, at least a -70' freezer is needed 
for the storage of tissues. 

Comparative Immunological Methods 

A number of immunological techniques have been used in comparative 
studies.*-* The most important of these is microcomplement fixation 
(MCT), a quantitative technique that has played a key role in many classic 
studies of molecular evolution and molecular systematics. By selecting 
proteins with different rates of evolution, a broad range of divergences can 
be examined. The cost of the technique is moderate, but biochemical 
expertise is required and the labor involved is substantial. Protein must be 
purified from some or all taxa for antibody production, and, for those taxa, 
a sizable tissue or serum sample is needed. Antibody production itself is 
usually done in rabbits, so an animal care facility must be available. Like 
isozyme electrophoresis, the large body of immunological distance data 
already available ensures the continued value of this technique for certain 
investigations. 

j 

DNA-DNA Hybridization 

Solution hybridization studies of DNA have been used extensively in 
the analysis of genome complexity and organization, and intensively in 
phylogenetic studies of some groups.'*^-" The technique has the attractive 
feature that it ideally allows all (or some significant Enaction) of two ge- 
nomes to be compared at once. It is relatively simple to perform in the 
laboratory, and neither the cost nor the time and labor involved is prohibi- 
tive for smaJl to medium sized numbers of samples. From a physicochemi- 
cal standpoint, however, the technique is much more complicated than it 
appears at first, because what is really taking place in the hybridization 
vessel is many thousands or millions of separate hybridization reactions, 
each with its own kinetics and thermal stability. Careful attention to 
experimental design, laboratory technique, and data interpretation is es- 
sential. Also, pairwise comparisons between all samples are often desirable, 

•'M.H* V. Van Regen mortel, C. Joisson, and C. Wetter, this volume [10], 
* L. R. Maxson and R. D. MaxiOD, in "Molecular Systematics'^ (D. M. Hillis and C, Montz, 

eds-), p. 127. Sinauer, Sunderiandi, Massachusetts, 1990, 
^^ M. S, Springer and R. J. Britten, this volume [17], 
*^ S. D. Werman, M, S. Springer, and R. J. Britten, in "Molecular Systematics" (D. M. Hillis 

and C. Moritz, eds.), p. 204, Sinauer, Sunderland, Massachusetts, 1990. 
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SO the cost and labor involved goes up rapidjy with the number of samples. 
Relatively large quantities of DNA are needed, which may be hard to come 
by for some smaller organisms or those with low DNA content per unit 
mass. Data can be compared to other studies in a general way, but adding 
new taxa to a data set generally will require making pairwise comparisons 
with some or all previously studied taxa. 

Restriction Enzyme Analysis 

The comparative analysis of restriction site maps or restriction frag- 
ment patterns is a powerful tool for evolutionary^ studies at lower taxo- 
nomic levels. The site mapping approach can be extended to somewhat 
higher levels of divergence than fragment comparisons. The fragment : 
comparison approach is much less time-consuming than site mapping, but 
it may lead to difficulty in determining homology for fragments in regions 
that have undergone structural rearrangements or show high degrees of 
variability. Large numbers of samples can be analyzed routinely, and the 
biochemical complexity of the technique is moderate. There are several 
methodological approaches to restriction analysis (end labeling. Southern 
blotting, PCR followed by digestion); all are fairiy expensive to perform. 
Well-purified, high molecular weight DNA is a prerequisite for the end 
labeling and Southern blotting methods. The mitochondrial and chloro- 
plast genomes have been popular targets for restriction analysis; for such 
projects the organellar genome must be extensively purified, or cloned 
probes must be available. In these cases, it is desirable to have tissue 
samples rich in the organelle, For example, vertebrate blood is a poor 
source of mitochondrial DNA; liver or heart samples work much better. 
Similarly, young leaf samples are the best source of chloroplast DNA. 

Random Amplification of Polymorphic DNA 

Random amplification of polymorphic DNA (RAPD) is an in vitro 
amplification technique {see section on potymerase chain reaction below) 
that eiiminates the need for any prior characterization of the genome to be 
analyzed.*^"^'* Based on the random amplification of DNA segments using 
single short primers of arbitrary sequence, RAPD readily detects genetic 
polymorphisms in most organisms. The method is simple and rapid to 

1^ B. M. Bowditch, D. G. Albright, J. Williams, aod M. J. Braun, this volume [21]. 
^^ J. G. Williams, A. R. Kubelik, K. J. Livak, J. A. Rafalski, and S. V. Tingey, Nucleic Adds 

Res, IS, 6531 (1990), 
1^ H. Hadrys, M- Balick, and B= Schierwatcr, AfüA EcoL Ij 55 (1992). 
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perform, and large numbers of individuals can be analyzed at a reasonable 
expense. Only small amounts of DNA are required, and the same set of 
primers can be used on any organism. The method does demand careful 
repHcation of reaction conditions to achieve consistent amphfications, and 
good quality (i.e., high molecular weight) DNA is probably desirable. 
RAPD markers have already been used extensively in gene mapping re- 
search, and they are likely to see regular use in population and species level 
studies, especially if the organisms in question are small, poorly known, or 
otherwise difficult to studyJ* There is some concern at present about then- 
use in DNA typing or öngerprinting studies owing to the occasional ap- 
pearance of nonparental bands in offspring of known parentage.^* In phy- 
logenetics, the method is likely to be useful only among very closely related 
organisms because of the rapid evolution of band patterns. Another limita- 
tion is that the majority of RAPD markers show dominance, so that 
hétérozygotes cannot be distinguished from homozygotes for the dominant 
alíele. 

Nucleic Acid Sequencing 

Nucleic acid sequencing reveals the discrete order of nucleotides that 
encode all genetic information. In principle, sequence data can provide the 
greatest possible resolution for most studies, yet sequencing is the most 
expensive and labor-intensive of the common comparative techniques. 
Therefore, other procedures should be considered first to determine 
whether they could be employed effectively to answer questions of interest. 
A key issue here is whether the sequence of a single gene is adequate to 
answer the question or whether a broader survey of the genome is needed. 
Sequencing should be considered especially when conservative genes need 
to be compared among very divergent organisms, or when the level of 
resolution obtained by other techniques is inadequate. Preparations for 
sequencing prior to the late 1980s typically involved extensive molecular 
cloning procedures, making it impractical for many comparative studies. 
PCR has short-circuited the process of producing purified template for 
sequencing and opened a new era in molecular evolutionary biology by 
making it feasible to determine and compare the exact nucleotide sequence 
of homologous genes for many dozens, even hundreds, of individuals or 
species. An especially attractive feature of sequence data is that, because it 
IS determined absolutely, the sequence can freely be compared to any other 
alignable sequence determined by the same or any other investigator 

'^ R. C. WilkerîOQ, T. Parsons, D. G. Albright, T. A. Kleïn, and M. J. Braun, Insect Moi Bioi 
m press (Í993). 

'* M. R Reidy, W. J, Hamilton III, and C F. Aquadro, Nucleic Acids Res. 2Ô, 918 (1992), 
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An advance in DNA sequencing is the development of automated 
sequencing instruments that replace the traditional radioactive labels with 
laser-activated fluorescent labels and that read sequences from gels directly 
into computer files. The development of automatic sequencers is a prom- 
ising new strategy for DNA sequencing that increases the speed of data 
acquisition, but they are still too expensive for most individual laboratories 
to be able to justify their purchase.*^ 

Pofymerase Chain Reaction 

The polymerase chain reaction technique allows for the direct in miro 
amplification of DNA. It is not itself a comparative technique but forms 
the basis for others. PCR has revolutionized molecular evolutionary stud- 
ies by making it possible to amplify similar segments of DNA from many 
organisms quickly and simply. It is possible to accompUsh in 1 day by PCR 
what would have taken months or years to do by standard cloning tech- 
niques, PCR methods have greatly extended the range of feasibility of 
molecular investigations beyond previous limits on the age, quality, and 
quantity of material available for study.'*^** The technique is relatively 
simple in concept and practice. It requires little time, labor, and cost 
compared to the results achieved. Yet the method is so extraordinaiüy 
versatile that it has affected experimental strategies throughout molecular 
genetics. This is especially true of evolutionary research, where comparison 
of homologous genes is aU-important .. _ 

Beside greatly facilitating techniques such as DNA sequencing ana; 
molecular cloning, PCR technology has spawned a number of new com- 
parative techniques that are providing invaluable information for evolu- 
tionary research. One of these (RAPD) has been mentioned in some detaü 
above. Others include methods for the analysis of polymorphism at hyper- 
variable genetic loci such as variable number tandem repeats (minisatel- 
Utes)^ and di- or trinucleotide repeats (microsatellites).^^ The highly infor- 
mative, single-locus genetic markers provided by these methods are finding 
wide apphcation in studies requiring genetic mapping, individual identifi- 
cation, parentage analysis, or other forms of DNA typing (fingerprinting). 

Despite its versatility, there are some limitations to PCR that should 

"DM Hülis, A. Ureon, S. ÍL Davis, and E, A, Zimmer, in "Molecular Systematics" (D. M. 
Hillis and C Moritz, eds.), p. 3IS. Sinauer, Sunderland, Massachusetts, 1990. 

'« E. M, Golenberg, D. E. Gianasi, M, T, Clçgg, C. J. Smiley, M. Durbm, D. Henderson, and 
G. Zirawski, nature (London) 344, 656 (1990). _ __ 

^^ S Päabo, J. A. Gifford, aïid A. C Wilson, Nucleic Adds Res. 16, 9775 (1988). 
Ï0 A. J. Jefii^ys, R. Neumann, and V. Wilson, Cell (Cambridge, Mass.) 60,473 (1990). 
^' J. W, Weber and P. E, May, Am. J. Hum. Genet. 44, 388 (1989). 
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be noted. For a specific target segment to be amplified, prior knowledge of 
the sequence of its termini must be available so that specific primers can be 
synthesized. With current methods, the enzymatic synthesis of DNA re- 
quired for PCR is relatively inefficient for long molecules. Thus, amphfi- 
cation of segments longer than a few kilobases may be difficult. The 
exquisite sensitivity of the technique makes it particularly vulnerable to 
contamination, especially by previously amplified PCR products.^ For 
this reason, a number of precautions are necessary in order to prevent 
contamination, and it is advisable to physically isolate pre-PCR from 
post-PCR protocols if at all possible (see section on space concerns 
below).^^ Finally, PCR amplifies all viable target molecules in a sample 
more or less indiscriminately. Thus, if the population of target molecules is 
heterogeneous, the PCR product is likely to be heterogeneous as well. This 
feature of PCR is advantageous in some situations'^ but disadvantageous 
in others*^* 

Molecular Cloni^ 

Standard molecular cloning techniques provide a means for the dissec- 
tion of complex genomes and the in vivo amplification of specific se- 
quences.^' In many cases, little or no prior characterization of the sequence 
of interest is necessary. Like PCR, cloning is not in itself a comparative 
technique but provides the foundation on which several of the other 
techniques rest. For example, restriction analysis often involves the use of 
cloned probes. DNA sequencing following cloning is a commonly used 
method that consistently results in high-quality sequencing gels. Cloning of 
PCR amplification products dramatically enhances the efficiency of clon- 
ing and reduces the need for extensive screening efforts to find clones 
containing the desired insert. 

Molecular cloning involves the use of bacteria, bacteriophage, and 
plasmids; thus, attention to sterile technique is imperative, and a working 
knowledge of bacterial and phage genetics is useful Of the techniques 
discussed here, it is the most demanding in terms of molecular genetic 
expertise. Both the cost and the labor involved vary according to the 
method employed, but can be substantial. Now that many genes have been 
well characterized from a variety of organisms, some comparative molecu- 

^ S, Kwok, w "PCR Protocols" (M. A. Innis, D. H. Gelfand, J, J. SniusJty, and T. J. White, 
cdsO, p. 142. Academic Press, New York, 1990. 

" S. PMbo and A. C WQson, Nature (London) 334, 387 (1988). 
^* D. A. Lawlor, C. D. Dicke!, W, W. Hauswirth, and P. Parham, Nature (London) 349, 785 

(1991), 
^ S. L, Martin and H. A. Wichman, this volume [22]. 
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iar labomtories will not find it necessary to attempt de novo cloning. Still, 
the many cloning strategies available today provide such exquisite control 
and flexibility in manipulating DNA that they are sure to remain the 
backbone of mainstream molecular genetics and allow the development of 
new comparative molecular approaches. 

Assessing Environment and Resources 

Once research goals have been set and comparative techniques chosen, 
the next critical step in planning a laboratory is assessing the local environ- 
ment and the resources available for research. As discussed above, the 
comparative molecular techniques now available differ greatly in com- 
plexity as weil as in the type and cost of equipment required. Some can be 
performed vrith minimal laboratory facilities on a modest budget, whereas 
others are likely to be implemented successfully only at institutions where 
a substantial amount of molecular genetics expertise and activity already 
exists. In some instances, a survey of existing resources will cause the 
researcher to reconsider decisions on goals or techniques (Fig. 1). It is 
important to assess resources in several general categories. 

Physical Plant 

The physical space designated to house a new laboratory may vary in its 
state of preparation for laboratory work. Ideally, the space will have been 
originally designed as a laboratory, but in some cases it will be tittle more 
than empty rooms. The space itself and the physical plant it is housed in 
should be viewed with the following questions in mind. Is adequate bench 
space and cabinetry already in place, or will it have to be installed? Are 
sinks and plumbing sufficient to support the contemplated work? Is puri- 
fied water available? Is a fume hood present or available nearby? Does the 
general ventilation of the entire space meet appUcable standards for labo- 
ratories? Is the electrical power supply sufficient? Will the number and 
location of receptacles allow flexibiUty in equipment location? Are appro- 
priate high-capacity circuits available for large equipment? 

Insirumenîaîion 

AU molecular genetic techniques require some amount of specialized 
scientific equipment Because many items of equipment are expensive, it is 
a good idea to determine what instrumentation exists at the department or 
institution level, and to what extent it can be shared. Table II provides 
information on equipment required for the various comparative tech- 
niques and the ease mth which each instrument can be shared. Items that 
typically are shared include large equipment such as high-speed and ultra- 
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TABLE n 
MAJOR EQUIPMENT NEEDED FOR COMPARATIVE MOLECULAR GENETICS LABORATORY** 
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centrifuges, scintillation counters, autoclaves, automatic dishwashers, 
darkrooms and associated photographic equipment, and coldrooms. De- 
pending on the size and needs of both the new and preexisting laboratories, 
it may be convenient to share other items, such as spectrophotometeis, 
thermal cyclers, and ultracold freezers. 
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Core Facilities and Support Services 

Most research institutions offer at least some centralized support ser- 
vices. Common examples include animal care facilities, greenhouses, 
glassware washing, chemical stockrooms, radiation safety support, and 
hazardous waste disposal. It is important to assess not only the existence, 
but the quality and reliability of such services, A central computing facility, 
for example, exists at most institutions, but not all maintain access to 
genetic databases or software for analysis of DNA sequences. Licensing fees 
for the more comprehensive software packages may cost several thousand 
dollars annually. The precise services offered by the institution will often 
determine the extent to which the individual investigator must act inde- 
pendently. 

A trend at larger institutions is to establish a core facility to provide 
access to some of the more expensive molecular genetic technologies on a 
"pay as you go" basis. Such facilities generally perform oligonucleotide 
synthesis to provide primers for PCR and sequencing. They may also offer 
DNA sequencing services, which, for a small project or pilot survey, may 
represent a cost-effective alternative to setting up an independent labora- 
tory. 

Human Resources 

The wide range of molecular techniques available and the rapid pace of 
new developments make it difficult for an individual to stay apprised of all 
aspects of the field that might impinge on the research at hand. For this 
reason, other researchers involved in molecular genetics are a key element 
of the local environment. This may include other members of the same 
research group, scientists who share the laboratory facility, or others doing 
various kinds of molecular genetics research at the same or nearby institu- 
tions. The collective molecular expertise in the local environment (and 
how well one can hope to make use of it) should be carefully assessed, and 
it may influence decisions on the choice of technique and the scope of 
research envisioned. 

In addition to the local intellectual environment, communication 
among researchers via electronic bulletin boards is becoming a common 
route to seeking answers to laboratory technical problems. Electronic mail 
subscription lists include such groups as a Molecular Evolution Discussion 
Group and a Methods and Reagents Discussion Group, Information about 
these bulletin boards can be obtained through standard LISTSERV sub- 
scription lists from B10SC1@NET.BI0,NET or via USENET.^ 

^ K. Hoover and D, Kristoffereon, Fîani Moi Bioi Rep. 10, 228 ( 1992). 
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Selecting Equipment 

The techniques that are to be implemented will determine what equip- 
ment is necessary. Some equipment may already be available in or near the 
laboratory, but it is likely that other items will have to be purchased. Once 
it is clear that a certain instrument must be purchased, there are still many 
factors that will affect selection of the exact make and model best suited to 
a particular laboratory. Some key issues to keep in mind are the following. 
Is the model in question adequate to support the contemplated tech- 
nique{s)? Will other techniques require the same or similar instruments? 
Will the particular model support those techniques as well? Is a more 
versatile model available? Does its versatiUty justiiy any additional cost? 
Can the instrument (and its associated costs) be shared? How reliable is the 
model in question? Are support and maintenance available from the ven- 
dor or other sources? How expensive is maintenance? Will changing tech- 
nology or new research goals make a different model significantly more 
desirable in the near future? 

Organizing the Laboratory 

The physical organization of the laboratory will, of course, depend on 
many factors peculiar to a particular facility and research program. Despite 
the many differences among laboratories, however, some major considera- 
tions are common to alL The location and utilization of equipment need to 
be well thought out in terms of space and facilities available, potential 
technologies to be employed, safety concerns, and efficiency. The following 
discussion assumes that a preexisting laboratory space will be occupied 
with little opportunity for altering the placement of benches, sinks, hoods, 
etc. If the space is to be newly built or renovated for work, then a number 
of design issues come into play; these are briefly treated in the next section. 

Space Concerns 

Within the physical limitations imposed by a preexisting laboratory 
design, much can be done to streamline operations through careful place- 
ment of equipment and designation of dedicated areas for certain proce- 
dures. For example, the space allocated to the laboratory operation may be 
arranged in one or several rooms, If separate rooms are available, it may be 
desirable to dedicate one or more rooms to purposes that, for reasons of 
safety, quality control, or convenience, are logically separated from other 
laboratory functions. Radioisotope work is often carried out in an auxiliary 
room for safety reasons. Large items of equipment may be well placed in a 
separate room, especially if they generate noise or heat or if they need to be 
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shartd. A small room adjoining the main laboratory is a good location for a 
camera stand and light box to record electrophoresis results, because the 
room lights can be turned out without interrupting other workers. Tissue 
collections and associated activities, a major commitment of many molec- 
ular systematics laboratories, can be placed in a room with few laboratory 
accoutrements, as long as precautions are taken to guard against freezer 
failure, 

A growing number of comparative laboratories Isolate pre-PCR and 
post-PCR procedures in separate rooms. Contamination of samples or 
reagents with even minute amounts of a previously amplified PCR product 
can be a serious problem, especially for those working with ancient or 
degraded DNA. Such products are guaranteed to contain perfect pnmer 
binding sites, and they may amplify better than the target DNA in a new 
sample, "Pre-PCR^' protocols include sample storage, genomtc DNA iso- 
lation, and the initial preparation of PCR reactions, 'Tost^PCR" protocols 
include PCR itself, purification and electrophoretic analysis of PCR prod- 
ucts, DNA sequencing, and secondary amplifications.^ 

Another aspect of spatial organization wiU be decisions on allocation of 
personal bench space versus a "workstation" arrangement of laboratory 
bench tops. A sUndard space configuration of a single-investigator labora- 
tory involves the designation of small personal bench spaces and the 
establishment of common bench areas for shared equipment and setup of 
space-consuming operations. However, comparative laboratory work in- 
volves moderate to high degrees of repetition, and sharing of molecular 

i, facilities among many investigators is becoming more common. Under 
;1| these conditions, a workstation arrangement may be desirable, in which 

standardized protocols are performed at workstations which are outfitted 
and maintained for that express purpose. 

i\ 

i 

.j 

Facilities Considerations 

The exact configuration of utilities and services within the laboratory 
will play a role in determining optimal organization. For example, the 
position of a fume hood may be the decisive factor in choosing where DNA 
extractions and other protocols involving organic solvents are carried out. 
This in turn may dictate placement of water baths and centrifuges used in 
DNA extraction. The position and size of sinks should be considered as 
welL Inherentiy messy protocols, such as Southern blotting and DNA 
sequencing, should take place near sinks to minimize problems with spills 
and cleanup. Electrical receptacles and the capacity of circuits will also 
play a role in the positioning of equipment. Equipment requiring voltages 
other than the standard line voltage will need special circuits and recepta- 
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cles. Many pieces of laboratory equipment have significant amperage de- 
mands, so care must be taken not to overload circuits. This may mean that 
apparatuses with heating or coohng elements need to be spaced evenly 
around the laboratory. 

Beyond simple issues of equipment placement, power and plumbing 
can be serious problems within the laboratory infrastructure. With the 
increased use of computer technology and the development of sophisti- 
cated equipment, the quaHty of electrical power needed for laboratory use 
has risen. Power surges and sags will shut down computers and computer- 
operated equipment, and low voltages will stress and wear relay switches 
and solenoids in machinery. Surge protectors can be useful for most elec- 
tric spikes and sags. Some equipment, such as water baths and incubators, 
restart after a short power loss. Other apparatuses, such as ultracentrifuges 
and uhrafreezers, will restart but are vulnerable to damage from voltage 
fluctuations. Electronic alarms, backup cooling systems, and a predeter- 
mined strategy for responding to freezer failure are all highly desirable. It 
is notable that most PCR machines do not restart automatically, and 
interruption of the run may spell a total loss of the reactions and time 
involved. Long computer analysis programs also will be irreversibly in- 
terrupted. Uninterruptable power sources can be purchased that will 
clean the power and switch to a battery backup within nanoseconds if 
necessary. 

Plumbing can become a significan; concern in molecular laboratories, 
and thought must be given to designating sinks for specific purposes. A 
large sink 3 to 5 feet long and 12 to 18 inches deep will be wanted for 
glassware washing and DNA sequencing purposes. On one sink, it may be 
useful to have a second faucet installed so that one of the faucets may be 
permanently connected to an aspirator pump for pulling vacuums. In 
addition, purified water (distilled and/or deionized and charcoal filtered) is 
required for accurate quantification of sensitive reactions. House-distilled 
water in some older installations may not be of the quality required, A 
purification system can be installed at individual sinks to supplement 
house distillation if needed. 

Occasionally, a researcher will be asked to participate in the design of 
npw laboratory facilities or substantial renovation to existing facilities. 
Although a detailed discussion of laboratory design is beyond the scope of 
this chapter, a few crucial issues can be stressed. First, seek architectural, 
engineering, and construction firms with experience in laboratory design 
and construction. This is a highly speciahzed area that presents technical 
problems new to many firms. Second, plan on investing much time and 
effort in the process. Work closely with the architects, engineers, and 
builders to famiharize yourself with the design process from the ground up* 
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Make sure they understand the needs and expectations of the end users of 
the facility. Third, do not assume anything will be automatically "taken 
care of." Ask many questions. Things that seem obvious to you may not be 
obvious to the architect, and minor oversights, especially in the early 
stages, can result in major problems later. Fourth, remember that you will 
have to live with the result. The architects, engineers, and institutional 
administrators will move on to other projects, but you and your colleagues 
will have to work in the resulting facility, good or bad, for years to come. 

Organizing around Techniques 

With multiple operations often occurring simultaneously, the organi- 
zation of laboratory equipment needs to accommodate both the grouping 
of equipment by technique and the sharing of equipment among the 
different technologies. It is often the case in molecular evolutionary labo- 
ratories that several researchers will carry out similar research programs 
using the same molecules (or genes) and similar methods on different 
organisms. This requires multiple users to share similar sets of experimen- 
tal facilities. Laboratory areas are most efficiently organized with desig- 
nated areas for major techniques such as nucleic acid isolations, Southern 
blotting, PCR, and sequencing. This situation lends itself to the worksta- 
tion concept mentioned above. A DNA sequencing workstation, for exam- 
ple, would typically include bench space for pouring gels, one or two gel 
rigs and associated power supplies, a get drying unit and associated vacuum 
pump (aspirator type), and a variety of sequencing paraphernalia, all lo- 
cated near a large sink for washing the large glass plates used for pouring 
gels. Careful organization of stations around the techniques to be per- 
formed there can result in significant streamlining of research. 

Safety 

Safety concerns revolve around general laboratory safety, hazardous 
waste management, and radiation safety. Included in any laboratory oper- 
ation should be the recognition of the potential hazards associated with the 
laboratory work space, and training in safety procedures should be in- 
cluded in the orientation of new laboratory members. Work with organic 
solvents or other noxious materials that are potentially volatile or aerosol- 
forming should be carried out in a fume hood. Emergency showers and 
eyewashes should be available in each section of the laboratory. Working 
with aqueous solutions and electrical equipment presents the constant 
hazard of electrical shock. To minimize this hazard, all electrophoresis 
apparatuses should be fitted with safety shields that cover buffer compart- 
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ments during use, and circuits servicing areas near sinks should have 
ground fault circuit interrupters installed* 

Use and disposal of potentially hazardous chemicals are becoming 
heavily regulated. Proper storage, maintenance of Material Safety Data 
Sheets (MSDS) about each chemical, and the control and documentation 
of hazardous waste disposal are among the required responses to laboratory 
safety. An institution Safety Officer can provide necessary information 
about reporting and disposal requirements. 

Reagents labeled with radioactive isotopes (^^P, ^*S, ^H) are commonly 
used in molecular biology despite recent development of chemilumine- 
scent labeling tech niques. ^^^^"^ Obtaining appropriate licensing, working 
behind shields, monitoring work areas with radiation detectors, and dis- 
posing of radioactive w^aste properly are aspects of this work. Institutions 
with researchers using radioactive materials often employ a Radiation 
Safety Officer who v;^ be cognizant of the local and federal rules and 
regulations. Clearly, close cooperation with this peraon is important and 
will result in the most satisfactory working conditions. 

Planning for the Future 

In attempting to equip and organize a comparative molecular labora- 
tory, one must keep in mind that molecular biology is an extremely 
dynamic field. The rapid pace of technological innovation makes change 
the rule rather than the exception. A well-planned laboratory facility will 
have the capacity for change built into it. Standard features of modem 
design which contribute to flexibility include gridded drop ceilings that 
provide access to utilities and services and modular bench units that can be 
easily rearranged as the need arises. Even quite simple measures^ such as 
buying tables with lockable wheels and installing extra circuits and recep- 
tacles so that electrical power is readily available throughout^ can make the 
laboratory space substantially more adaptable to the demands of new 
technology. 

Change affects not only methodological aspects of laboratory work but 
equipment requirements as well. For example, thermal cyclers are a neces- 
sity in molecular laboratories today but were unheard of before the advent 
of PCR, PCR technology has also made it possible to do a good deal of 
comparative molecular work without the aid of ultracentrifuges or steam 
sterilizers, items that are expensive but irreplaceable components of a 
standard molecular genetics laboratory. Cleariy, it behooves the researcher 

27 P. M. GiUevel, Nature (London) 348,657 (1990). 
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to stay as current as possible with technological developments in order to 
anticipate changing demands on space and equipment. 

Several recent innovations seem ükely to have an impact on compara- 
tive molecular laboratories. Nonradioactive DNA labeling techniques 
promise to reduce the need for radioisotopes and assoaated safety con- 
^e^j, 27.2S New applications of PCR continue to appear at a dizzying rate, 
These methods are sure to increase the need for thermal cyclers. Perhaps 
the most dramatic changes wiU come in laboratory automation. Auto- 
mated instruments for the isolation of nucleic acids from vanous biological 
samples are available from several sources. Automated laboratory work- 
stations equipped with industrial robot systems are also available commer- 
cially Digital scanning systems allow automated capture and mteipreta- 
tion of data from two-dimensional images such as autoradiographs of 
estriction fragment length polymorphism (RFLP) or ^NA ^".«"^^g 

gels. Automated DNA sequencers that combine gel electrophores s w^th 
data capture have been available for several years. It seems likey that 
complete automation of DNA sequencing, from template P^^P^^^o^^^^^^ 
direct data acquisition into computer files, will be possible. The potential 
effect that such extensive automation could have on molecular evolution- 
ary research would be dramatic. Although laboratory automation is m its 
infancy, it is a rapidly growing field to which close attention should be 
given. 

Finally it should be noted that it is possible to overreact to new 
technology The constant onslaught of new techniques and apparatus can 
be fascinating, and the temptation to switch to the latest (and trendiest) 
thing can be strong. However, the ultimate goal of answenng evolutionary 
questions must be kept in mind, and the value of older techniques should 
not be underestimated. The real issue is how weU a particular approach 
addresses the problem at hand. Sometimes an older, more mundane t^ech- 
nique actually provides a better solution than the latest mnovation. Many 
of the currently available techniques are likely to provide rehable. cost-et- 
fective approaches to questions of evolutionary interest for years to come. 
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