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Random amplified polymorphic DNA 
(RAPD) analysis appears to offer a 
cost- and time-effective alternative 
to restriction fragment-length poly- 
morphlsm (RFLP) analysis. However, 
concerns about the ability to com- 
pare RAPD results from one labora- 
tory to another have not been ad- 
dressed effectively. DNA fragments 
that were amplified by five primers 
and shown to be reproducibly poly- 
morphic between two oat cultivars 
(within the Ottawa laboratory) were 
tested in six other laboratories in 
North America. Four of the six partic- 
ipants amplified very few or no frag- 
ments using the Ottawa protocol. 
These same participants were able to 
generate a considerable number of 
amplified fragments by using their 
own protocols. The reproducibility of 
results among laboratories was af- 
fected by two factors. First, different 
laboratories amplified different size 
ranges of DNA fragments, and, con- 
sequently, small and large polymor- 
phic fragments were not always 
reproduced. Second, although repro- 
ducible results were obtained with 
four of the primers, reproducible re- 
suits were not obtained with the fifth 
primer, using the same reaction con- 
ditions. It is suggested that if the 
overall temperature profiles (espe- 
cially the annealing temperature) in- 

side the tubes are identical among 
the laboratories, then RAPD frag- 
ments are likely to be reproducible. 

R ,  andom amplified polymorphic DNA 
(RAPD) analysis utilizes random 10-base 
oligonucleotides as primers to amplify 
discrete fragments of genomic DNA via 
PCRJ 1'2~ This approach appears to offer 
an alternative to restriction fragment- 
length polymorphism (RFLP) analysis 
for the identification of DNA polymor- 
phisms that are linked to traits of com- 
mercial importance. RAPD analysis can 
be performed less expensively and more 
rapidly than RFLP analysis. These fac- 
tors, coupled with the relative technical 
ease with which RAPD analysis can be 
conducted, has led plant breeders to con- 
sider using this technology in their se- 
lection programs. RAPD analysis has 
been used successfully to identify poly- 
morphisms linked to disease-resistance 
genes in tomato, r oats, r and let- 
tuce, (s'6) and for genome mapping in Ar- 
abidopsis thaliana) 7~ 

However, some concerns about the 
reproducibility of RAPD analysis both 
within a laboratory and among laborato- 
ries remain unresolved. r Unless re- 
sults generated by one laboratory can be 
reproduced both within that laboratory 
and by other laboratories, the potential 

advantages offered by RAPD analysis will 
not be realized. In the Ottawa labora- 
tory, a number of RAPD primers have 
been identified that reproducibly am- 
plify DNA fragment polymorphisms be- 
tween two oat cultivars (G. Penner, un- 
publ.) We shared aliquots of five of these 
primers and samples of genomic DNA 
from the two cultivars, with six labora- 
tories in the United States and Canada. 
Participants (see list below) were asked 
to test the primers and substrates using 
both the Ottawa protocol (henceforth 
referred to as the standard protocol) and 
the protocol currently in use in each par- 
ticipating laboratory. (These participants 
are referred to [by initials] throughout 
the text.) 

1. Les Domier, USDA, ARS, University of 
Illinois (LD) 

2. Won Kim, Agriculture Canada, Win- 
nipeg (WK) 

3. Arla Bush and Roger Wise, USDA, 
ARS, Iowa State University (AB) 

4. Andre Laroche, Agriculture Canada, 
Lethbridge (AL) 

5. Graham Scoles, University of 
Saskatchewan (GS) 

6. Ken Kasha, University of Guelph (KK) 
7. Greg Penner, Agriculture Canada, Ot- 

tawa (GP) 

MATERIALS AND METHODS 

RAPD primers were obtained from Dr. 
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John Carlson (University of British Co- 
lumbia, Vancouver, BC). Primers se- 
lected for inclusion in this study had all 
been shown previously to generate poly- 
morphic fragments between the oat 
(Avena sativa L.) cultivars, Kanota and 
Ogle. These polymorphic  fragments ex- 
hibited Mendelian segregation ratios 
(1 : 1) over at least 70 individual F 6 seg- 
regants derived by single-seed descent 
from a cross between the two parents 
(see Table 1 for a list of the primers used 
and their sequences). Genomic DNA was 
extracted from the oat cultivars by the 
method of McCouch et al. (1~ Primers 
and genomic DNA were lyophilized and 
sent as a powder in sealed 1.5-ml micro- 
centrifuge tubes to all participants. PCRs 
were performed in Ottawa in a manner  
similar to that of Williams et al. (2~ All 
reaction volumes were 25 I~1, overlay- 
ered with 15 i~1 of light mineral oil 
(Fisher). Each reaction consisted of l x  
activity buffer (1.5 mM MgC12), 0.625 
units of Taq polymerase, 200 tZM total 
dNTPs (50 I~M each), 200 nM primer, and 
50 ng of genomic DNA. The concentra- 
tion of the primers was calculated based 
on the coefficient of extinction of each 
of the bases at 260 nm. Only one primer 
and one genomic DNA sample were 
added to any single reaction. Fragment 
identities and sizes for all participants 
were calculated on the basis of the log of 
the molecular weight of the standards 
employed. 

A total of 45 PCR cycles were per- 
formed in Ottawa, using a Coy thermo- 
cycler consisting of a 1-min 94~ dena- 
turation segment, a 1-min 34~ 
annealing segment, and a 2-min 72~ ex- 
tension segment. Ramping was set at the 
fastest possible level between all seg- 
ments. Following the final cycle, all 
strands were completed with a 10-rain 
72~ segment followed by storage at 4~ 
Electrophoresis was performed in 1.3% 
agarose with Tris-HC1 acetate/EDTA 
(TAE) buffer for 3 hr at 70 V, constant  

TABLE 1 Primer Sequences 

Primer UBC 
designation number Sequence 

A 209 TGCACTGGAG 
B 225 CGACTCACAG 
C 230 CGTCGCCCAT 
D 234 TCCACGGACG 
E 240 ATGTTCCAGG 

(UBC) University of British Columbia. 

FIGURE 1 DNA fragments amplified by five primers in Ottawa. (MWM) Molecular weight mark- 
ers (sizes denoted at left in base pairs); (A-E) primer designations (see Table 1); (K, O) Kanota and 
Ogle genomic DNA; bracket (]) denote polymorphic fragment, 

voltage. Ethidium bromide-stained gels 
were visualized on a UV transillumina- 
tor. 

Other participants used slightly dif- 
ferent protocols as summarized in Table 
2. In addition, AB also used 1.8% agarose 
gels for separation of amplified frag- 
ments. AL used 1.9 mM MgCl 2, with an 
annealing temperature of 35.5~ and 
separated fragments on 1.2% agarose 
gels. GS extended the denaturat ion pe- 
riod to 90 sec. In Ottawa, we set the an- 
nealing temperature in a Coy thermocy- 
cler to 32.5~ to achieve temperatures 
inside the tubes of 34~ GS placed the 
Coy thermocycler in a 4~ cold room for 
PCR runs and found that setting the an- 
nealing temperature at 34~ resulted in 
tube temperatures of 34~ KK also in- 
serted an additional 1-min 94~ denatur- 
ation segment at the start of the PCR run 
but reduced the cycling denaturat ion 
segment to 30 sec, increased the anneal- 
ing temperature to 36~ for 45 sec, and 

decreased the extension segment to 1 
rain. WK increased reaction volumes to 
50 ~1. 

Actual temperature profiles in the 
Coy and Techne PHC-3 thermocyclers 
were determined using an external ther- 
mocouple inserted through the lid of a 
600-p.l reaction vial so that the thermo- 
couple was immersed in the 25-fxl reac- 
tion volume below the oil level. The 
thermocouple  was calibrated and read 
with a Ranger Reader. Temperatures 
were recorded every 5 sec throughout  
several cycles. Due to significant hole-to- 
hole variation, measurements  for repre- 
sentative holes in the center of the block 
only are reported. 

RESULTS AND DISCUSSION 

The fragments amplified and polymor- 
phisms identified by the Ottawa labora- 
tory for the five primers shared in this 
study are illustrated in Figure 1. The m a -  

TABLE 2 Comparison of the Various Protocols and Thermocyclers Employed 
by Participants 

Participant dNTP (p.M) Taq (units) 
designation Thermocycler conc.a concb Percent gelatin 

GP Coy 200 0.625 
AB MJ Research 100 0.625 
WK Techne PHC-3 200 2.5 
LD Perkin-Elmer 4800 200 0.625 
AL Techne PHC-3 100 1.0 
GS Coy 100 1.0 
KK MJ Research 100 2.5 

0.000 
0.001 
0.000 
0.000 
0.001 
0.000 
0.000 

aConcentration for total dNTPs per reaction. 
bAmount of Taq polymerase per reaction. 
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FIGURE 2 A comparison of the size range of DNA fragments amplified by the various partici- 
pants. Vertical lines encompass size range of fragments amplified by designated participant. 
Numbers at top of size range lines correspond to the total number of fragments amplified by 
participant. The arrows on the right y-axis denote the sizes of the polymorphisms identified in 
Ottawa (Table 2). Participant initials are listed in the text. 
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FIGURE 3 Reproducibility of amplified DNA fragments among laboratories. Asterisks denote 
polymorphic fragments (i.e., fragments that were only amplified in the presence of one of the 
genomic DNAs of one of the varieties tested). All other bands were amplified from genomic DNA 
of both varieties tested. The number of participants (including the Ottawa laboratory) who 
reproduced each fragment is denoted by the number immediately to the right of each band. 

jority of the other participants (AB and 
KK were exceptions) generated either no 
amplified fragments or very few using 
the Ottawa protocol. However, using 
their own protocols, which were opti- 
mized for their own thermocycling ma- 
chines, most participants were able to 
amplify several fragments with the test 
set of primers and genomic substrates 
(Fig. 2). Each laboratory amplified a dif- 
ferent size range of fragments (Fig. 3). 
and, consequently, there was a decrease 
in the reproducibility of both the largest 
and smallest fragments amplified (Fig. 2) 
These size ranges can be roughly 
grouped into two classes, one including 
LD, WK, and AL, all generated fragments 
>1700 bp but not <480 bp. The other  
four participants did not  amplify frag- 
ments >1400 bp but were able to am- 
plify fragments <400 bp. 

There are no obvious differences in 
protocols that could be correlated with 
these differences in the size range of 
fragments amplified. The size ranges ob- 
tained with the two Coy machines (Gp, 
GS) were very comparable as were results 
from the two Techne machines (WK, 
AL). The size ranges obtained by the two 
MJ machines (AB, KK) were less compa- 
rable, but both favored small fragments. 
The type of thermocycler used was thus a 
key factor in determining the size range 
of fragments amplified. 

The temperature profiles on two ther- 
mocyclers, the Coy and Techne PHC-3 
were determined with an external ther- 
mocouple (Fig. 4). The temperature in- 
side the tubes was significantly different 
from the temperature reported by the 
thermocycler at both temperature ex- 
tremes, denaturat ion and annealing.  The 
internal temperatures of tubes lagged be- 
hind the temperature reported by the 
Coy machine  sufficiently to erase any 
semblance of a plateau at either the de- 
naturat ion or the anneal ing tempera- 
ture. However, we were able to generate 
amplified RAPD fragments more consis- 
tently on the Coy than on the Techne 
PHC-3. When the Techne PHC-3 was 
programed so that  the actual tube tem- 
peratures would mimic the actual tube 
temperatures on the Coy, reproducibility 
was significantly greater (data not  
shown). 

Table 3 summarizes the results from 
each laboratory compared with those 
from Ottawa for all of the participants. 
Considering only those laboratories that  
amplified fragments of the appropriate 
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FIGURE 4 A comparison of temperature profiles on two thermocyclers programed identically for 
RAPD analysis. Program was 1 rain denaturation (94~ 1 rain anealing (34~ and 2 rain 
extension (72~ Ramping speed was set as fast as possible on both machines. 

size range, the reproducibility averaged 
97% for four of the five primers (Fig. 2) 
The polymorphisms identified by primer 
C in Ottawa were an exception in that 
they were poorly reproduced. 

This study documents  variability in 
RAPD fragments among  laboratories. 
This variability is manifested in two 
ways: variability in the size range ampli- 
fied, and intrinsic differences in the re- 
producibility of the primers involved. 
The type of thermocycler used appears to 
be the main source of the variation in 

size range. Grouping the participant re- 
sults in terms of size classes also resulted 
in groupings in terms of thermocyclers 
used. Several researchers have observed 
that a change of as little as one degree at 
anneal ing temperature can lead to qual- 
itatively different results in RAPD analy- 
sis. Given the competitive nature of 
RAPD amplification and the low strin- 
gency of homology required, perhaps it 
is not surprising that the type of thermo- 
cycler used should have such a dramatic 
effect. It is possible that higher anneal- 

TABLE 3 Reproducibility of RAPD Polymorphisms Identified in Ottawa 

Number of participants 

amplified fragments 
in appropriate range 

amplified 
polymorphism 

Primer 
reproducibility (%) 

Primer A 
band B (1065 bp) 5 
band C (1025 bp) 6 

Primer B 
band B (1366 bp) 5 
band I (371 bp) 3 

Primer C 
band G (524 bp) 7 
band H (504 bp) 7 

Primer D 
band C (1172) 6 

Primer E 
band B (467) 

Total 

4 

43 

4 

33 

1OO 

87.5 

35.7 

100 

100 
76.7 

ing temperatures result in a decrease in 
the total number  of fragments initially 
amplified and, hence, an increase in the 
competitiveness of larger fragments.  

It is also evident from this compari- 
son that certain primers give more repro- 
ducible results than  others. The poly- 
morphisms generated by primer C 
segregated in a Mendelian fashion over 
80 F 6 individuals in the Ottawa labora- 
tory. However, these polymorphic  frag- 
ments were almost entirely not  repro- 
duced by other laboratories. Primer C is 
not obviously unusual  in sequence or 
base comparison. It has a GC content  of 
70%, as does primer D, and 5' end simi- 
lar to primer B. The AT sequence at the 3' 
end would lead to two weak hydrogen 
bonds at the most crucial sites for ho- 
mology. (2) The other four primers all 
have bases at the 3' terminus,  which 
form three hydrogen bonds when an- 
nealed. 

One laboratory (that of AB) was able 
to reproduce almost all of the fragments 
amplified in Ottawa. AB was also able to 
reproduce the same amplification pat- 
tern when working with genomic DNA 
extracted from the same cultivars, ac- 
cording to their own protocols (data not 
shown). AB and GP both used thermocy- 
clers that  generated the same size class of 
amplified fragments, and almost identi- 
cal protocols. All three of the laborato- 
ries that  amplified many  fragments us- 
ing the standard protocol (including 
that of GP) used thermocyclers that gen- 
erated amplified fragments of the second 
size class. The one other  user of a ther- 
mocycler that amplified fragments in 
this second size class (GS) placed the 
thermocycler in a cold room, likely alter- 
ing temperature profiles, especially at 
the anneal ing stage. 

Devos and Gale, (9) working with 
wheat, have also observed differences in 
amplification patterns, which were de- 
pendent  on the type of thermocyler  and 
primer used. They also noted that  Taq 
polymerase concentrat ions of 2.5 U/50- 
i~l reaction resulted in nonspecific DNA 
amplification patterns and found con- 
centrations of 0.8 U/50-tzl reaction to be 
optimal. Differences in concentrat ion of 
polymerase could explain some of the 
variation observed in this study. 

This study demonstrates that RAPD 
polymorphisms can be successfully re- 
produced among  laboratories. The ma- 
jority of primers should generate repro- 
ducible polymorphisms when standard 
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react ion condi t ions  pe rmi t  the  amplifi-  
cat ion of appropr ia te ly  sized fragments .  
This may  be suff icient  for some primers.  
Tempera ture  profiles inside tubes mus t  
be similar  if laboratories  are to achieve 
comparable  results. A l though  not  tech- 
nical ly difficult  to perform, RAPD analy- 
sis is a complex  process. Further  studies 
are needed  to clarify the variables in- 
volved and  establ ish s tandard  cond i t ions  
so tha t  RAPD results can be shared  im- 
media te ly  a m o n g  laboratories.  
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