
 10.1101/gr.5.2.151Access the most recent version at doi:
1995 5: 151-163 Genome Res. 

  
K L Lunetta, M Boehnke, K Lange, et al. 
  
hybrid mapping.
Experimental design and error detection for polyploid radiation

  
References

  
 http://genome.cshlp.org/content/5/2/151.full.html#ref-list-1

This article cites 20 articles, 1 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.5.2.151
http://genome.cshlp.org/content/5/2/151.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.5.2.151&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.5.2.151.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


RESEARCH 

Experimental Design and Error Detection for 
Polyploid Radiation Hybrid Mapping 

Kathryn L. Lunetta, 1 Michael Boehnke, 1'3 Kenneth Lange, 
David R. Cox 2 

1 and 

1Department of Biostatistics, School of Public Health, University of Michigan, Ann Arbor, Michigan 
48109; 2Department of Genetics, School of Medicine, Stanford University, Stanford, California 94305 

In this paper we consider issues of experimental design and error detection and correction for polyploid 
radiation hybrid mapping. Using analytic methods and computer simulation, we first consider the 
combinations of fragment retention rate, ploidy, and marker spacing that provide the best chance to order 
markers. We find that in general, combinations of ploidy and chromosome-specific retention rates that lead 
to a per-hybrid retention rate of -50% result in the greatest power to order markers. We also find that 
analyzing polyploid radiation hybrids as if they were haploid does not compromise the ability to order 
markers but does result in less accurate intermarker distance estimates. Second, we examine the effect of 
typing errors on two-locus information, ability to order multiple loci, and estimation of intermarker 
distances and total map length. Even low levels of error result in large losses of information about breakage 
probabilities, markedly reduce ability to order loci, and inflate estimates of intermarker distances and total 
map length. We compare the ordering accuracy that results from duplicate typing of hybrids to that of single 
typing twice as many hybrids and find that duplicate typing results in a higher probability of identifying the 
true order as one of the best orders, but that single typing of twice as many hybrids results in stronger 
support for the true order. For low error rates, framework maps constructed from the larger single-typed 
panels are only slightly less likely to be correct and include substantially more markers than the smaller 
double-typed panels. Third, we develop a method to calculate the distribution of the number of obligate 
chromosome breaks for a polyploid radiation hybrid under a given locus order and discuss how this method 
may be used to identify hybrids with suspiciously large numbers of chromosome breaks. 

Recently, investigators have turned to whole- 
genome diploid radiation hybrids (RHs) as a tool 
for ordering and estimating distances between 
loci on any human chromosome (Walter et al. 
1994; D.R. Cox, R.M. Myers, D. Vollrath, M. 
Boehnke, and K. Lange, in prep.). This shift away 
from the methods developed by Cox et al. (1990), 
which use human-rodent  hybrids containing a 
single human chromosome, represents a return 
to the ideas originally developed by Goss and 
Harris (1975, 1977a,b). 

In the Goss and Harris formulation, normal 
diploid human cells were lethally irradiated, 
breaking each human chromosome into several 
fragments. The irradiated cells were then fused 
with a hamster cell line deficient in the enzyme 
h y p o x a n t h i n e  p h o s p h o r i b o s y l  t ransferase  
(HPRT). Growth in HAT medium selected those 
fused cells containing the human HPRT gene, lo- 

3Corresponding author. 
E-MAIL boehnke@umich.edu; FAX (313) 763-2215. 

cated on the human X chromosome. Loci on the 
X chromosome were then mapped. The human-  
hamster hybrids tended to retain only human 
chromosome fragments that contained the se- 
lected locus (Goss and Harris 1975, 1977a), lim- 
iting the usefulness of the procedure to mapping 
genes located near the human HPRT gene or 
other selectable loci. Later, Goss and Harris 
(1977b) switched to human-mouse hybrids to or- 
der loci on human chromosome 1. These hybrids 
appeared to retain at random chromosome frag- 
ments that do not contain the selected locus. 

Cox and colleagues (Cox et al. 1990; Bur- 
meister et al. 1991) simplified the methods of 
Goss and Harris (1977b) by using a Chinese ham- 
ster-human somatic cell hybrid containing only 
a single copy of a human chromosome as the 
irradiated donor cell line. The irradiated cells 
containing the fragmented human chromosomes 
were rescued by fusion with a normal HPRT- 
deficient rodent cell line and grown in HAT me- 
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dium, so that only those donor-recipient hybrids 
that  contained the hamster HPRT gene from the 
irradiated donor cell survived. This haploid ver- 
sion of RH mapping has been used successfully to 
map markers on m a n y  h u m a n  chromosomes  
(e.g., 8, Oshima et al. 1994; 11, Richard et al. 
1991, 1993; 17, Abel et al. 1993; 21, Cox et al. 
1990; Burmeister et al. 1991; 22, Frazer et al. 
1992; X, Gorski et al. 1992). As in the original 
Goss and Harris (1977b) formulation, the pat- 
terns of presence and absence of various markers 
in the hybrid clones are used to infer marker or- 
der by exploiting the principle that  the closer to- 
gether two markers are on a chromosome, the 
fewer radiation-induced breaks occur between 
them. A variety of strategies for ordering markers 
and estimating intermarker distances for haploid 
RH data have been developed (Cox et al. 1990; 
Boehnke et al. 1991; Falk 1991; Chakravarti and 
Reefer 1992; Lange and Boehnke 1992; Weeks et 
al. 1992; Wilson 1992). 

Haploid RH mapping has the advantage that 
in the absence of typing error, the number  of 
copies of each h u m a n  marker in each hybrid 
clone is observable. If a clone tests positive, one 
copy of the marker is present; if it tests negative, 
zero copies are present. The primary disadvan- 
tage of the haploid approach is that  it is labor 
intensive: A separate panel of hybrids must  be 
constructed to map each h u m a n  chromosome. 
To address this problem, Walter et al. (1994) and 
D.R. Cox, R.M. Meyers, D. Vollrath, M. Boehnke, 
and K. Lange (in prep.) have developed a whole- 
genome RH mapping approach, similar to the 
original Goss and Harris (1977b) procedure. This 
revised procedure involves irradiating a diploid 
h u m a n  cell line rather than a roden t -human  hy- 
brid cell line. The advantage  of the whole-  
genome approach is that  a single set of hybrids 
may be used to map all h u m a n  chromosomes. A 
disadvantage of diploid hybrids is that  we can tell 
only whether a marker is present or absent in a 
hybrid. If a marker is present, we do not know 
whether a single copy or two copies are present. 
Further, preliminary results for some diploid hy- 
brids suggest that  the h u m a n  chromosomal frag- 
ments may be retained at a lower rate in diploid 
hybrids than in haploid hybrids (D.R. Cox, R.M. 
Meyers, D. Vollrath, M. Boehnke, and K. Lange, 
in prep.). For example, the chromosome-specific 
retention rate for the diploid hybrids distributed 
by Research Genetics is -8% per chromosome, or 
16% per diploid hybrid (D.R. Cox, R.M. Meyers, 
D. Vollrath, M. Boehnke, and K. Lange, in prep.). 
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Lower hybrid-specific retention rates result in less 
information for ordering markers. This problem 
can be overcome by pooling n diploid hybrids to 
achieve 2n-ploid hybrids with per-hybrid reten- 
tion close to some optimal value that provides 
the max imum probability of correct marker or- 
dering. 

Lange et al. (1995) describe computat ional  
methods for the statistical analysis of diploid and 
polyploid radiation hybrids. In this paper we 
consider  issues of op t imal  design invo lv ing  
ploidy, fragment retention rates, and typing er- 
rors. We also develop a method to calculate the 
distribution of the number  of obligate chromo- 
some breaks for diploid and more generally poly- 
ploid radiation hybrids, and discuss the use of the 
distribution as a tool for detecting hybrids exhib- 
iting an excessive number  of obligate breaks. 

Notation and Assumptions 

Suppose markers A 1 , .  • .  • ,  A M  are typed on H ra- 
diation hybrids. The observations for a hybrid 
given the marker order (A1,. .  •. ,AM) can be writ- 
ten as x -- ( x l , . . . .  ,XM), where x i -- I if the marker 
is typed and present, 0 if the marker is typed and 
absent, and ? if the marker was not  typed or if 
two or more independent  typings result in con- 
flicting scores. We define c ~ I to be the ploidy of 
the panel. For haploid and diploid panels, c -  1 

and c = 2 respectively. For polyplo id  panels,  
c ~ 2. The vector g -  (gl, - •., gM) defines the ac- 
tual number  of copies of each marker retained in 
a single hybrid, where 0 ~ gi ~ c. 

We define the breakage probability 0i as the 
probability of at least one chromosome break be- 
tween markers Ai and Ai ÷ 1, and the distance di as 
the expected number  of breaks per hybrid be- 
tween these markers. We assume that breakage 
occurs at random along the chromosome, so that  
breakage for a single chromosome can be mod- 
eled as a Poisson process. Under this assumption 
the breakage probability 0 and the distance d are 
related as d -- loge(1 - 0), in analogy to Haldane's 
(1919) no interference mapp ing  funct ion for 
linkage analysis. The distance d is measured in 
Rays, where one Ray is equivalent t o  o n e  ex- 
pected break per hybrid. 

We define the per-chromosome retent ion 
probability r~j (i ~ j)  to be the probability that  a 
f ragment  spanning  markers A ~ , . . . .  ,Aj is re- 
tained in a hybrid. Breakage and retention are 
considered independent  processes. For ease of 
presentation throughout  this paper, we assume 
rij = ri for 1 ~ i,j ~ M (Boehnke et al. 1991). That 
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is, ri is the  probabi l i ty  t ha t  a f r a g m e n t  wi th  left- 
mos t  marke r  Ai will be re ta ined  in a hybrid .  As 
special cases of this l e f t -endpoin t  model ,  we have  
the  equal  r e t en t ion  mode l  in w h i c h  all f r agmen t s  
have  the  same re t en t ion  probabi l i ty  r, a n d  the  
cen t romer ic  r e t en t ion  m o d e l  in w h i c h  f r agment s  
c o n t a i n i n g  the  marke r  neares t  the  c e n t r o m e r e  
have  a d i f ferent  r e t en t ion  probabi l i ty  t h a n  all 
o the r  f ragments .  We assume an  equal  r e t en t ion  
m o d e l  for all of our  s imula t ions .  For tha t  model ,  
the  p e r - h y b r i d  rate of m a r k e r  r e t e n t i o n  for a 
c-ploid hybr id  is r o = 1 - (1 - r) c. We use 500 rep- 
licate da ta  sets for all s imula t ions .  

In our  analyses  of t yp ing  error, we def ine  the  
false-posit ive rate xi to be the  probabi l i ty  t ha t  
marke r  Ai is scored as present  in the  hybr id  w h e n  
it is absen t  f rom the  hybr id .  The false-negat ive 
rate  vi(gi) is the  p robab i l i t y  t h a t  m a r k e r  Ai is 
scored as absent  given tha t  there  are g; i> 1 copies 
p resen t  in the  hybr id .  In our  s imula t ions  a n d  
analyses  we assume  tha t  the  false-negat ive rate 
does no t  d e p e n d  on  the  n u m b e r  of copies of the  

marke r  p resen t  in the  hybr id  [Vi(~i ) ---- V i ~ 1], and  
tha t  the  error  rates for all markers  are the  same. 
Tha t  is, x i=  r¢ and  v i=  v for i = 1 , . . . .  , M .  We as- 
sume  fu r the r  in some  of our  s imu la t i ons  a n d  
analyses  tha t  the  false-posit ive and  false-negat ive 
rates are equal  (x = v) and  deno te  the  c o m m o n  
error rate by  e. 

Optimal Design 

We used two approaches for exploring optima] 
design. First, we calculated the Fisher informa- 
t ion about the breakage probabil i ty 0 for the two- 
locus case and determined the ploidy c and re- 
tent ion probabil i ty r that result in maximum in- 
formation for a given value of O. Second, we 
evaluated by computer simulation the probabil- 
i ty of correctly ordering mult iple markers and es- 
timated values of c and r which allowed us to 
order the loci most accurately. Finally, we exam- 
ined the strategy of analyzing polyploid (c > 1) 
data assuming a haploid mode] (c = I). 

Information About the Breakage Probability 

The Fisher i n f o r m a t i o n  for the  breakage  proba-  
bil i ty 0 be tween  two markers  can be expressed in 
t e rms  of the  co re t en t ion  probabi l i t ies  

qoo = sC( 1 - Or) c 

(1) 
q o l  = sC[ 1 - (1 - Or) ~] = q~o 

q ,1  = 1 - sC[2 - (1 - Or) c] 

EXPERIMENTAL DESIGN FOR POLYPLOID RH MAPPING 

derived in Lange et al. (1995), where  s = 1 - r. In 
this m u l t i n o m i a l  sett ing,  the  Fisher i n f o r m a t i o n  

I00 for a single observa t ion  is g iven by  

I ° ° =  \ 20 / qij (2) i=o j=o 

Slightly tedious algebra that we omit shows that 
express ions  1 and  2 imp ly  

c2r2sC(1 -Or)C-2[1 - 2s c + (1 -Or)  ~] 
Ioo = 

[1 - (1 - Or)~][1 - 2 s  c + sC(1 - Or)~ 

Table 1 d isplays  the  p lo idy  c resu l t ing  in 
m a x i m a l  i n f o r m a t i o n  abou t  a breakage  probabi l -  
i ty 0 and  the  range of ploidies (cuG,)  resul t ing in 
at least 90% of the  m a x i m u m  i n f o r m a t i o n  as a 
func t ion  of r and  O. For example ,  g iven re t en t ion  
r -- 0.08, op t ima l  p lo idy  by  this cr i ter ion ranges  
f rom c = 11 for 0 = 0.10 to c = 8 for 0 = 0.40. The 

c o l u m n  (rouro,), where  rot = 1 - (1 - r) c' and  ro ,  = 

1 - (1 - r) cu shows the  range  of per -hybr id  reten-  

t ion  rates tha t  co r re spond  to r and  ( c u c , ) .  In all 
cases, the  range  for ro includes  0.50, w h i c h  is the  
r e t en t ion  probabi l i ty  tha t  results in m a x i m u m  
i n f o r m a t i o n  in t he  h a p l o i d  case (Lange  a n d  

Boehnke  1992). 

Table 1. Ploidy (c) yielding the 
maximum information about a breakage 
probability 0 given per-chromsome 
retention probability r; range of ploidies 
(cl, Cu) and per-hybrid retention 
probability range (ro~,rou) giving ~ 90% 
of the maximum information 

r 0 c (cl, Cu) (rol, rou) 

0.08 O. 10 11 (7,16) (0.44,0.74) 
0.20 10 (6,14) (0.39,0.69) 
0.30 9 (6,13) (0.39,0.66) 
0.40 8 (5,12) (0.34,0.63) 

0.10 0.10 9 (6,1 3) (0.47,0.75) 
0.20 8 (5,11) (0.41,0.69) 
0.30 7 (5,10) (0.41,0.65) 
0.40 6 (4,9) (0.34,0.61) 

0.12 0.10 7 (5,10) (0.47,0.72) 
0.20 6 (4,9) (0.40,0.68) 
0.30 6 (4,8) (0.40,0.64) 
0.40 5 (4,8) (0.40,0.64) 

0.25 0.10 3 (2,4) (0.44,0.68) 
0.20 3 (2,4) (0.44,0.68) 
0.30 3 (2,4) (0.44,0.68) 
0.40 2 (2,3) (0.44,0.58) 
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Ordering Accuracy/or Hultiple Harkers 

We simula ted  data wi th  H =  100 hybr ids  and  
M = 8 markers r andomly  distributed along an in- 
terval of length d x  (M+ 1) Rays, where d = 0 . 1  
and 0.2. This results in average intermarker  dis- 
tances of 0.1 and 0.2 Rays and an expected map 
length  of E(L) = ( M -  1) x d Rays. We assumed 
f ragment  re ten t ion  probabi l i ty  r = 0.08, as ob- 
served in the diploid high-dose radiat ion whole- 
genome hybr id  panel  of D.R. Cox, R.M. Meyers, 
D. Vollrath, M. Boehnke, and K. Lange (in prep.) 
and used m a x i m u m  likelihood to order the loci 
(Boehnke et al. 1991; Lange et al. 1995). To com- 
pare the ordering accuracy for sets of values of H, 
M, c, d, and r, we used two opt imal i ty  criteria. 
P(ML) is the  probabil i ty tha t  the  true order is a 
m a x i m u m  likelihood order. One or more  other  
orders may  have a m a x i m u m  likelihood equal to 
the true order m a x i m u m  likelihood. MLD is the 
log-likelihood difference between the true and 
the (next) most  likely order. If the true order is 
the  m a x i m u m  likelihood order, MLD is the log- 
l ikelihood difference between true order and the 
order with next  largest m a x i m u m  likelihood, and 
MLD/> 0. If the true order is no t  the m a x i m u m  
likelihood order, t hen  MLD is the log-likelihood 
difference between the true order and the maxi- 
m u m  likelihood order, and MLD < O. 

The mean  MLD and estimates of P(ML) are 
plot ted in Figure 1 for H -- 100 hybrids, re tent ion 

rate r - - 0 . 0 8 ,  and  M - - 8  markers  for average 
marker spacings 0.10 and 0.20 rays. By bo th  cri- 
teria, the range of ploidies c = 6 - 10 generally re- 
sults in the best performances under  the condi- 
tions simulated. The increase in support  for the 
true order (MLD) is particularly strong between 
diploid and tetraploid (c = 4) hybrids.  Overall, 
these results suggest that  for r = 0.08, 8-ploid data 
results in the best ability to order the markers. 
The pe r -hybr id  r e t en t i on  rate in this  case is 
ro = 0.49 = 0.50. 

Analysis Strategy 

Analyses of 8-ploid data assuming c = 8 and as- 
suming a haploid (c = 1) model  are summarized 
in Table 2. For example, for average spacing 0.1 
Ray and chromosome-specif ic re tent ion r = 0.08, 
the mean  m a x i m u m  log-l ikel ihood difference 
(MLD) for the haploid analysis was 0.598, versus 
0.559 for the  8-ploid analysis.  The es t imated  
probabil i ty that  the true order is a m a x i m u m  like- 
l i hood  order  [P(ML)] is also a lways  s l igh t ly  
greater for the c -- 1 analyses than  the c = 8 anal- 
ysis. For the cases considered, haploid analysis 
appears to result in slightly better ability to order 
by the MLD and P(ML) criteria. However, the  
haploid analysis results in strong overest imat ion 
of the in termarker  distances di and total  map  
length L. We define the est imated map  lengt h as 
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Figure 1 Plots of two criteria (described in text) used to compare ordering accuracy of multiple loci. Data are 
from simulations using H = 100 hybrids and M = 8 markers randomly spaced with average intermarker distances 
of 0.1 and 0.2 Rays, and fragment retention probability r=  0.08. (11) 0.1 Ray average spacing; (A) 0.2 Ray 
average spacing; (dots) + 1 S.E. 
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Table 2. Estimated P (ML) and mean estimates of MLD and B(L) for the true 
order: 8-ploid data analyzed assuming the correct ploidy (c - 8) and assuming 
hybrids are haploid (c = 1). Simulated data: H = 100, M = 8, c = 8, average 
marker  spacing d 

PCML) MLD B([.) 

d r c = 8  c = 1  c = 8  c - 1  c = 8  c - 1  

0.1 

0.2 

0.08 0.892 0.896 0.559 0.598 0.062 0.364 
0.12 0.888 0.898 0.530 0.588 0.048 0.527 
0.20 0.816 0.820 0.158 0.191 0.073 0.979 
0.08 0.878 0.884 0.91 7 0.986 0.063 0.410 
0.12 0.838 0.854 0.614 0.705 0.065 0.505 
0.20 0.712 0.696 0.1 71 0.196 0.129 0.982 

s.c.: 40.01 [P(ML)]; 0.036-0.062 (MLD); and 0.014-0.032 [B(£)]. 

F i sher  in for -  
m a t i o n  about  
0 as a func -  
t ion of the  er- 
ror rates and  
c o m p a r e d  
this  in forma-  
t i o n  to  t h e  
i n f o r m a t i o n  
w h e n  the  er- 
ror rates were 
zero. Second, 
we e x a m i n e d  
t h e  a s y m p -  
tot ic  propor-  
t iona l  bias in  

M - 1  M - 1  

-- E E 
i= l  i=l  

and  use the  p ropor t iona l  bias B(L)= (/~- L)/L as 
a measure  of m a p  expans ion .  Under  the  condi-  
t ions tha t  we s imula ted ,  B([~) genera l ly  is smal l  
for the  c = 8 analys is  wi th  upward  bias in m a p  
l eng th  of 5%-13%.  In contrast ,  for the  c = 1 anal-  
ysis, upward  bias in  m a p  l eng th  reached  near ly  
100% (Table 2). The m e a n  differences in  maxi -  
m u m  logl ike l ihood for the  true order be tween  
the  c = 8 and  c = 1 analyses  are small ,  r ang ing  
f rom 0.046 to 0.223 (data no t  shown),  suggest ing 
tha t  the  incor rec t  h a p l o i d  m o d e l  fit the  data  
near ly  as well  as the  correct 8-ploid model .  

Analysis  us ing  c > 1 is more  c o m p u t a t i o n a l l y  
d e m a n d i n g  t h a n  hap lo id  (c = 1) analysis.  Analy- 
ses a s s u m i n g  c = 2 r equ i red  b e t w e e n  2 a n d  5 
t imes  longer  t h a n  analyses  a s s u m i n g  c = 1; anal-  
yses a s s u m i n g  c = 8 r e q u i r e d  14 to 20 t i m e s  
longer.  Given  the  equivalent ,  or perhaps  even su- 
perior  o rder ing  abi l i ty  for hap lo id  analysis  and  
the  differences in  analysis  t imes,  a p laus ib le  strat- 
egy for analys is  of po lyp lo id  data is to first ana- 
lyze the  data  a s s u m i n g  c = 1 to ob ta in  a set of best 
orders a n d  t h e n  to reanalyze  the  set of best orders 
us ing  the  correct p lo idy  to con f i rm  the  best order 
a n d  to ob ta in  more  accurate in te rmarker  d is tance  
est imates.  

Effect of Typing Errors 

To e x a m i n e  the  effect of t yp ing  errors we again  
used a c o m b i n a t i o n  of ana ly t ic  ca lcula t ion  and  
c o m p u t e r  s i m u l a t i o n .  First, we ca lcu la ted  the  

e s t i m a t i n g  0 
to d e t e r m i n e  
the  effect  of  

t yp ing  error on  the  es t imated  m a p  length .  Third,  
we s imula ted  data wi th  error a n d  ana lyzed  it as- 
s u m i n g  no error or a l lowing  for error to deter- 
m i n e  the  effects on  order ing  accuracy and  esti- 
m a t e d  m a p  length.  Fourth,  we e x a m i n e d  the  ef- 
fect of dupl ica te  typ ing  of RH data on  abi l i ty  to 
order markers,  es t imate  mode l  parameters ,  and  
place markers  in f ramework  maps.  

Relative In.formation with Typing Error 

To compute the Fisher informat ion about the 
breakage probabil ity 0 as a function of the false- 
positive rate n and false-negative rate v, we first 
compute the coretent ion probabi l i t ies q~ = 
P(x  = ( i , j ) l n , v ) .  Recall that qii  = P (x  = ( i , j ) l n  = v = O) 

are the coretention probabilities assuming no er- 
ror defined in expression 1. Then assuming inde- 
pendent errors, 

2 q;o = (1 - n)2qoo + 2(1 - n)Vqom + v q l l  

q~l = n(1 - n)qoo + [(1 - n)(1 - v) + nv]qo 1 (3) 
+ v(1 - v)q11 = q~o 

q~l = n2qoo + 2n(1 - v)qm + (1 - v)2q11. 

Replacing qu in  express ion 2 by  qi'~, we c o m p u t e  
the  i n f o r m a t i o n  I00(n,v) about  0 as a f unc t i on  of n 
and  v. Figure 2 displays the  relative i n f o r m a t i o n  
about  O, Ro(n,v) = Ioo(n,v)/Ioo(O,O) for p lo idy  c = 2 
a n d  8, as a func t ion  of the  equal  false-posit ive 
and  false-negative rates (n = v = e) for re ten t ion  
probabi l i ty  r = 0.08. Overall,  the  i n f o r m a t i o n  loss 
due to t yp ing  error is greatest for closely spaced 
markers  and  low ploidy.  W i t h  error rate • = 0.005 
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a n d  0 = 0.1, t yp ing  error  results in an  - 3 0 %  loss of 
i n f o r m a t i o n  abou t  0 w h e n  c = 2 a n d  - 1 5 %  w h e n  
c = 8. W i t h  error  rate e = 0.02 a n d  0 --- 0.1, t yp ing  
error results in an  - 6 0 %  loss of i n f o r m a t i o n  abou t  
0 w h e n  c = 2 a n d  - 4 0 %  w h e n  c = 8. 

Asymptotic Proportional Bias 

For two markers ,  we are able to e x a m i n e  analyt -  
ically the  a sympto t i c  p ropo r t i ona l  bias in esti- 
m a t i n g  0 w h e n  we have  t yp ing  error  a n d  can  use 
this  as a measu re  of the  effect of the  errors on  the  
e s t ima t ion  of m a p  length .  If e = 0, P ( x  = (0,1)) = 
q o l  = sC[ 1 - (1 - 0r)~], where  s = 1 - r. Hence,  

s - ( s C - q o l ) l / <  

O = rs (4) 

Because m a x i m u m  l ike l ihood es t imators  are as- 
ymptoticall^y unbiased ,  the  m a x i m u m  l ikel ihood 
e s t i m a t o r  0 has  l imi t ing  e x p e c t a t i o n  g iven  in 
e x p r e s s i o n  4. If t h e  f a l s e -pos i t i ve  a n d  false-  

negat ive  error  rates are no t  b o t h  zero, t h e n  qol 
sC[1 - ( 1  - 0 r ) ~ ,  a n d  0", the  l imi t ing  expec t a t i on  
of [s - (s c - q o l ) l / ~ ] / r s  will n o t  be equal  to 0. We  
d e f i n e  t h e  a s y m p t o t i c  p r o p o r t i o n a l  b i a s  as 
(0" - 0)/0. We display  this  bias for c = 2 a n d  8 in 
Figure 3. The a sympto t i c  p r o p o r t i o n a l  bias de- 
creases  w i t h  i n c r e a s i n g  0, a n d  a p p r o x i m a t e l y  
doubles  as the  error  rates double .  The bias is m o r e  
severe in the  d ip lo id  (c = 2) case whe re  error  rate 

= 0.02 a n d  breakage  probabi l i ty  0 = 0.1 result  in 
a p ropo r t i ona l  bias of  1.4, or an  es t imate  of  0 t h a t  
is -2 .4  t imes  the  actual  va lue  of  0 = 0.1. 

Ordering Accuracy and Bias .for Hultiple Harkers 

To invest igate  o rde r ing  accuracy  a n d  bias in map-  
l eng th  es t imates  for da ta  wi th  t yp ing  errors, we 
s imula ted  da ta  wi th  H -- 100 hybr ids ,  M = 8 mark-  
ers, equal  r e t en t ion  r = 0.08, a n d  average inter-  
marke r  spacing of 0.1 a n d  0.2 Rays. To these  da ta  
we in t roduced  r a n d o m  errors at  rate e = 0.005 or 

-- 0.01. We t h e n  ana lyzed  the  da ta  sets (1) u n d e r  
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F i gu re  2 Relative in format ion about  the breakage probabi l i ty  O assuming equal f ragment  retent ion probabi l i ty  
r = 0.08 and equal error probabil i t ies (e) when data are analyzed assuming no typ ing error. (Light lines) c = 2; 
(dark lines) c = 8; (smooth lines) e = 0.005; (broken lines) e = 0.01; (dot ted lines) e = 0.02. 
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Figure 3 Asymptot ic proportional bias in the estimate of the breakage probabil i ty 0 assuming equal f ragment 
retention probabil i ty r = 0.08 and equal error probabilities (e) when data area analyzed assuming no typing error. 
(Light lines) c = 2; (dark lines) c = 8; (smooth lines) e = 0.005; (broken lines) e = 0.01; (dotted lines) e = 0.02. 

the no-error assumptions e = O, and (2) correctly 
taking into account the true error rates. For com- 
parison, we also analyzed the data sets before er- 
ror was introduced. Besides the effect on ordering 
accuracy, we are concerned with the degree of 
inflation in map-length estimates resulting from 
typing error; we examined the proportional bias 
[B(/~ = (L, - L)/L] as a measure of this increase. 

The probability that the true order is a max- 
imum likelihood order [P(ML)] is considerably 
higher for data with no typing error than for data 
with typing error, even when typing error is 
taken into account in the analysis (Table 3). The 
differences are more severe for the diploid data 
than for the 8-ploid data. For simulations with no 
error (~--0), the mean B(£) is positive but small 
and is probably attributable to the small numbers 
of hybrids (Lunetta and Boehnke 1994). Given 
typing error in the data, the estimates of map 
length for the correct order show considerable 
positive bias. For analyses that take into account 
the typing error rate, the mean proportional bias 
in map length is reduced greatly relative to the 

analyses that  ignore the typing error and is sim- 
ilar to that for data with no typing error. For 
given error rates, the proportional bias is greater 
for c = 2 than c - -8  and for 0.10 Ray average 
marker spacing than for 0.20 Ray average spac- 
ing. The proportional bias for e = 0.01 is some- 
what smaller than twice that  for e--0.005. The 
average proportional bias in the estimates of the 
individual breakage probabilities, and hence in 
the total map length, are similar to those pre- 
dicted by our two-locus analytic calculations. For 
example, for c = 2, ~--0.01, and average d = 0.2 
Rays (or breakage probability 0 = 0.18), the aver- 
age of the estimates for the seven breakage prob- 
abilities is 0.2314 (data not shown), so that the 
proportional bias in the estimates of the breakage 
probabilites is -0.28. Our analytic calculation 
yields 0.37 (Fig. 3). Other values of c, e, and d all 
result in smaller differences between the results 
from simulation and analytic calculations. The 
differences in our analytic and simulation results 
are likely to be attributable in part to the fact that 
the simulated markers are not equally spaced. 
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Table 3. Est imated P(ML)  and mean estimates of ~ and B([) for  the  t rue  
order: data  w i th  typ ing error  rates ¢ analyzed assuming no typing error  and 
assuming the t rue  typ ing error  rate.  Simulated data: H - 100, M = 8, 
re tent ion  r = 0.08.  [P(ML),  ~, and B(D described in text ]  

Error rate assumed in analysis 

0 

Data mean mean 

c d e P(ML) ~ B(f.) P(ML) B(£) 
0.1 0.00 0.880 0.080 0.078 0.880 0.080 0.078 
O.1 0.005 0.458 0.082 0.487 0.492 0.080 0.090 
0.1 0.01 0.306 0.084 0.895 0.390 0.080 0.098 
0.2 0.00 0.842 0.080 0.059 0.842 0.080 0.059 
0.2 0.005 0.568 0.082 0.251 a 0.568 0.080 0.064 a 
0.2 0.01 0.458 0.084 0.447 ° 0.472 0.080 0.074 ° 
0.1 0.00 0.898 0.081 0.025 0.898 0.081 0.025 
0.1 0.005 0.612 0.081 0.1 95 0.608 0.081 0.032 
0.1 0.01 0.488 0.081 0.363 0.468 0.081 0.033 
0.2 0.00 0.876 0.080 0.023 0.876 0.080 0.023 
0.2 0.005 0.704 0.080 O. 102 0.702 0.080 0.022 
0.2 0.01 0.592 0.080 0.1 87 0.604 0.080 0.022 

s.c.: ~<0.001 [P(ML)]; <0.001 (0; 0.008-0.022 [B(f_)]. 
°Excludes one replicate in which the estimate of one of the breakage parameters was 1.0. 

m a n y  h y -  
b r id s  c o u l d  
b e  t y p e d  
once for each 
m a r k e r .  To 
d e t e r m i n e  
w h e t h e r  the  
single or dou- 
b l e  t y p i n g  
s t r a t e g y  is 
more power- 
ful, we simu- 
lated diploid 
(c = 2) d a t a  
s e t s  o f  
H--  200 hy-  
b r i d s  w i t h  
false-positive 
a n d  f a l s e -  
nega t ive  er- 
ror ra tes  of 
e = 0 . 0 0 2 5 ,  
0 . 0 0 5 ,  a n d  
0.010 to cor- 
r e s p o n d  to  

Considering the maximum likelihood orders 
rather than the true orders gives similar results, 
although the map length tends to be slightly less 
biased (data not  shown). This smaller bias can be 
explained by the fact that  when it is not  a max- 
imum likelihood order, the true order tends to 
have more obligate chromosome breaks than the 
maximum likelihood orders and, therefore, larger 
estimates for intermarker distances dj and total 
map length L. 

Effect of Duplicate Typing 

One method to minimize typing errors in RH 
data is to type the hybrid clones twice and to 
treat as missing (xi = ?) any markers that  show 
discordant results in the two typings. If we as- 
sume that the two typings are independent  and 
the false-positive and false-negative error rates 
are e, then the rate of discordance in the two 
typings is 2e (1-  ~)= 2~. That is, we expect the 
discordance rate to be approximately twice the 
typing error rate. Double typing the data greatly 
reduces the number of errors but also doubles the 
amount  of work required to type each hybrid. For 
the same genotyping effort, a panel of twice as 

s ing le - typed  
data. We sim- 
u l a t e d  d a t a  

sets of H = 100 hybrids without  error but  with 
missing data at rates 2e = 0.005, 0.01, and 0.02 to 
correspond to double-typed data. We analyzed 
the double-typed hybrids assuming e = 0. We an- 
alyzed the single-typed data with error assuming 
(1) no error, (2) one-half the true error rate, (3) 
the true error rate, and (4) twice the true error 
rate. Table 4 provides a summary of our results. 
For e = 0.005, the probability that  the true order 
is a maximum likelihood order [P(ML)] is greater 
for the 100 double-typed hybrids than for the 
200 single-typed hybrids under any assumed er- 
ror rate. The difference is smaller for e = 0.0025 
and more substantial for e -- 0.01. In contrast, the 
MLD for the true order is greater for the 200 sin- 
gle-typed hybrids than for the 100 double-typed 
hybrids for all but the analyses assuming the er- 
ror rates are twice the true values. In general, we 
see that  the 200 single-typed hybrids allow us to 
identify the true order as the best order with 
greater support (MLD) than the 100 double-typed 
hybrids but that  the 100 double-typed hybrids 
are more likely to find that  the true order as one 
of the maximum likelihood orders. Furthermore, 
we note that  the error rate at which we analyze 
the single-typed data does not  strongly effect 
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Table 4. Est imated P(ML)  and mean estimates of  MLD and B(L) for  the  t rue  
order: H = 200  single-typed hybrids vs. H = 100 double- typed hybrids. 
Simulated diploid data: M = 8, re tent ion  r = 0.08,  average m a r k e r  spacing 
d = 0 .20  rays, error  rates 

Error rate assumed in analysis 

single typed 
True error double typed a 

l X ~  ~ 2 X c  rate (0  [0.0] 0.0 

0.0025 P(ML) 0.842 0.760 0.774 0.774 0.778 
MLD 0.223 0.932 0.754 0.600 0.418 
B(/:) 0.059 0.130 0.062 0.029 -0.015 

0.005 P(ML) 0.812 0.694 0.726 0.734 0.740 
MLD 0.267 0.812 0.604 0.428 0.245 
B(/:) 0.049 0.228 0.088 0.029 -0.038 

0.010 P(ML) 0.774 0.602 0.624 0.650 0.624 
MLD 0.176 0.494 0.369 0.229 0.086 
B(/:) 0.054 0.422 0.133 0.032 -0.071 

s.c.: 0.006-0.011 [P(ML)]; 0.017-0.092 (MLD); 0.008-0.012 [8(L)]. 
aDouble-typed data have missing observations at rate 2 x e. 

F o r  e r r o r  
r a t e s 

~ 0.01, the 
larger  p a n e l  
o f  s i n g l e -  
t y p e d  h y -  
brids consis-  
t en t ly  allows 
us to  p l a c e  
> 7 0 %  m o r e  
markers  in to  
a 1 0 0 0 : 1  
f r a m e w o r k  
map than  the 
smaller  dou- 
b l e - t y p e d  
p a n e l ,  
whe rea s  t he  
e s t i m a t e d  
p r o b a b i l i t y  
that  a frame- 

P(ML) but  influences MLD more  strongly. Fi- 
nally, allowing for typing error in the analysis 
greatly reduces the proport ional  bias in the esti- 
mate  of the total map length, even if we assume 
an error rate as small as one-half  the true error 
rate. 

Because of the favorable comparison of single 
typing 200 hybrids to double typing 100 hybrids, 
we further examined the two strategies by com- 
paring their success at building framework maps. 
As before, we simulated data sets o f /4  = 200 hy- 
brids with r andom errors and H - - 1 0 0  hybrids 
with r andom missing data to correspond to sin- 
gle- and double- typed data. For this analysis, we 
simulated M = 16 markers with average spacing 
0.2 ray and re tent ion rate r = 0.08. Then we at- 
t empted  to build maps including as m a n y  mark- 
ers as possible in which all markers are placed 
wi th  1000:1 relative odds. We compared  the  
mean  number  of markers that  could be placed in 
the map (MIM) and the est imated probabi l i ty  
that  the markers in the map were placed in the 
correct order [P(correct)] for the two typing strat- 
egies. 

For framework map building, allowing for er- 
ror in the analysis have virtually no effect on ei- 
ther the mean  number  of markers placed at 1000: 
1 relative odds or the percentage of the maps that  
were correct. Therefore, in Table 5 we report the 
results when  no error is assumed in the analysis. 

work map  is 
i n c o r r e c t  is 
on ly  s l ight ly 

greater. For an error rate as large as ~ = 0.02 the 
larger panel does not  show as clear an advantage. 
In that  case, MIM is still >70% greater for the 
la rger  s i n g l e - t y p e d  pane l ;  h o w e v e r ,  P(cor-  
rect) = 0.994 for the double- typed hybrids, but  
only  0.924 for the single-typed hybrids. 

Distribution of the Number of Obligate 
Chromosome Breaks 

It is clear that  typing error can have a substantial 
effect on accuracy of locus ordering and estima- 
t ion of map length. Because typing errors tend to 
increase the  n u m b e r  of obligate c h r o m o s o m e  
breaks for a given order, one way to identify in- 
dividual hybrids with possible typing errors is to 
look for hybrids with surprisingly large numbers  
of obligate breaks under  the best order. Such hy- 
brids may  be identified by calculating the prob- 
ability of obtaining the observed number  of ob- 
ligate breaks or more assuming no typing error. 
Ideally, the distr ibution would be calculated un- 
der the true order using the true breakage and 
retent ion probabilities. In practice, we must  use 
the best order identified and the parameter  esti- 
mates for that  order. For the entire hybrid  panel, 
we can determine how well the observations fit 
our model  assumpt ions  by compar ing  the ob- 
served and expected numbers  of hybrids  with 
b = 0 , 1 , . . . ,  M -  1 obligate breaks. 
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Table 5. Mean number  of  markers 
placed in a 1000:1 f r a m e w o r k  map 
( M I M )  and est imated probabi l i ty  tha t  
the map is correct [P(correct)]:  H = 200  
single-typed hybrids vs. H = 100 
double- typed hybrids. Simulated diploid 
data: M = 16 markers,  re tent ion r = 0.08,  
average marker  spacing d = 0 .20 Rays, 
error  rates ~. Error rate = 0.0 assumed in 
all analyses 

Double Single 
True error typed ° typed 
rate e (H = 100) (H = 200) 

0.0025 MIM 6.742 11.936 
P(correct) 0.998 0.992 

0.005 MIM 6.808 11.790 
P(correct) 1.000 0.986 

0.010 MIM 6.472 11.394 
P(correct) 0.998 0.974 

0.020 MIM 6.120 10.654 
P(correct) 0.994 0.924 

s.c.: ~<0.001 [P(correct)]; 0.111-0.129 (MIM). 
aDouble-typed data have missing observations at rate 
2xe. 

A straightforward recurrence relation allows 
us to calculate the  dis tr ibut ion of the number  of 
obligate breaks for a single hybrid.  For simplicity, 
we assume init ial ly tha t  all markers are typed 
(xi = 0 or 1). Let Pn(b,k,w) be the joint  probabil i ty  
of b obligate breaks among  the first n loci of an 
order in a hybr id  wi th  k copies of locus n retained 
and observation Xn = w. Let Oi(wlk) = 
P(xi = wlgi = k), the probabil i ty  tha t  we observe 
marker  Ai to be present (w = 1) or absent  (w = O) 
given that  k copies of the marker  are retained in 
the clone. For example,  
O i ( l [ 0 )  = ~ and 0i(01k) = v i ( k )  for k > 0. If we th ink  
of xi as the pheno type  and gi as the genotype  of 
marker i for the hybrid,  the probabil i ty  Oj is anal- 
ogous to a penet rance  funct ion  in linkage analy- 
sis. Consider  the marker order (A1,Az , . . . ,  AM). 
Given a single marker  A1, there can be no obli- 
gate breaks, and the initial condi t ions  are 

Pl(O,k,w)= (~)rlk(1 - rl)C-kOl(wlk). (5) 

That  is, the probabil i ty  tha t  k copies of the  left- 
most  marker are retained in the hybr id  and that  
we observe re ten t ion  status w is the  b inomia l  
probabil i ty  tha t  k copies of the marker  are re- 
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ta ined mult ipl ied by  the probabil i ty  tha t  we ob- 
serve re ten t ion  status w given k copies of the  
marker  are retained.  Star t ing wi th  n markers,  
w h e n  we type the next  marker  on the hybrid,  we 
add at most  one obligate break. Hence, for n/> 1, 

c 

P,+l(b,k,w) = E[Pn(b,j,w)%+l(wlk) 
j--o 
+ Pn(b- 1,i,1 - w)%+1(1 - wlk)] (6) 

x tc,,(j,k) 

where we define Pn(-1,g,w) = 0 for 0 ~< g ~< c, and  
w = 0 or 1, and  tc, n(j,k) is the  probabi l i ty  for 
c-ploid data tha t  k copies of marker  An+l are re- 
ta ined given tha t  1 copies of marker  A.  are re- 
ta ined (see below). Because 1 - w is 0 w h e n  w is 1 
and 1 when  w is 0, the recurrence (expression 6) 
increments  the  obligate break count  whenever  
the observations for two adjacent  typed markers 

differ. 
To obtain  the  t ransi t ion probabilities tc.,(j,k), 

we first note  tha t  the t ransi t ion probabilities for 
the haploid  (c = 1) case satisfy 

t l ,n(O,O ) - 1 - Onrn+ 1 

tl,n(O, 1) = %r.+1 (7) 

tl,n(1,O ) = On(1 - rn+l) 

t1,.(1,1) = 1 - 0.(1 - r.+,) 

(Boehnke et al. 1991). Using the equat ions in ex- 
pression 7 for the  haploid  case, we can write the  
more  general equat ion  for the c-ploid case ac- 
cording to Lange et al. (1995): 

min{j,k} 

tc n@k) = E [ ( i )  tl n ( i , 1 ) l t  1 n(1,O) i-I 
• l=max{O,i+j-c} ' ' (8)  

X ( ~ 2 i ) t l , n ( O ,  1 ) k - l t l , n ( O , O ) c - j - k + l ]  " 

The dis tr ibut ion of obligate breaks for a sin- 
gle hybr id  typed for M markers can be obta ined 
by summing  over k and  w: 

P(b)= 2 ~ PM(b,k,w). 
k--O w=O 

The probabi l i ty  P(b) can be mul t ip l ied  by  the  
number  of hybrids to obta in  the expected num-  
ber of hybrids wi th  b obligate breaks. 

In the  presence of missing data, the  same 
general f ramework for comput ing  the distribu- 
t ion can be used if we consider on ly  the typed 
markers. If locus Ai is the first typed locus in the  
order (A1,Az, • • •, AM), then  marker  Ai is retained 
if there are no breaks between markers A 1 and Ai 
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and the fragment is retained, or if there is a break 
somewhere between markers A1 and Ai and the 
fragment containing Ai is retained. Hence, the 
probability that  Ai is retained in a hybrid is 

i - 1  i -1  i -1  

r* = r, l--[ (1 - 0.) + E O-r-+1 I-[ (1 - Oj). 
n = l  n = l  j = n + l  

(9) 

In the equation for the initial condition of the 
recurrence relation (expression 5), we replace rl 
with r*. If the nth and (n + 1)th typed markers are 
Au and Av, then in (8) we replace the haploid 
transition probabilities tl,,(i,j) between A, and 
An+ 1 with the haploid transition probabilities be- 
tween A, and Av, t~,,v(i,j). These are obtained by 
replacing rn+ 1 with G and 0, with 1 ~-~ - F l k = . ( 1  - O k )  

in expression 7. The resulting polyploid transi- 
tion probabilities may then be substituted into 
the recurrence relation (expression 6). 

DISCUSSION 

Whole-genome diploid radiation hybrids are be- 
coming an important  and convenient tool for 
mapping  markers th roughout  the h u m a n  ge- 
nome. If the problem of low retention for high 
radiation dose panels cannot be solved by mod- 
ification of experimental  protocol, combining 
two or more diploid panels to create polyploid 
clones with higher per-hybrid retention appears 
to be a useful alternative. Although creating more 
hybrids and pooling them together requires a 
substantial initial outlay of resources, the bulk of 
the work for panels used to map many markers 
throughout  the genome will be in marker typing 
and scoring. If polyploid panels are constructed 
by pooling hybrids, then our results suggest as a 
rule of thumb that a combinat ion of ploidy c and 
chromosome-spec i f ic  re ten t ion  probabi l i ty  r 
y ie ld ing  a pe r -hybr id  r e t en t ion  p robab i l i ty  
r o = 1 - (1 - r) c of 0.5 will be nearly optimal for 
ordering markers and estimating distances be- 
tween them. Our simulations with chromosome- 
specific retention probability r = 0.08 show that 
the ability to identify the true order and the sup- 
port for the true order increase most from diploid 
to tetraploid (c = 4) hybrids (Fig. 1). The smaller 
gains achieved for 6- or 8-ploid hybrids may not 
warrant the creation of additional diploid panels 
for pooling. 

Our simulation results suggest that  analyzing 
polyploid data under a haploid model does not 
diminish the chance of correctly ordering mark- 
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ers but may give less reliable parameter estimates. 
These findings are futher supported by our expe- 
rience with the diploid chromosome 4 data de- 
scribed in the accompanying paper (Lange et al. 
1995). With the double-typed data we obtained 
exactly the same set of best orders using haploid 
and diploid analyses. The difference between the 
diploid and haploid max imum loglo likelihood 
for the best order was 0.18, and the difference in 
maximum loglo likelihood beteween the two best 
orders was slightly greater for the haploid than 
for the diploid analysis (1.241 and 1.218, respec- 
tively). The estimated map length was 3.356 Rays 
for the haploid and 3.135 Rays for the diploid 
analysis. Because haploid calculations are consid- 
erably faster, an efficient analysis strategy is to 
analyze polyploid data as haploid initially, and 
then use the polyploid analysis on the set of can- 
didate orders to confirm the best orders and to 
obtain more accurate intermarker distance esti- 
mates. 

In our examination of typing error we con- 
sidered error rates in a range consistent with the 
discordance rates that we have seen in practice 
(Lange et al. 1995). We assumed that the two 
typings for double-typed data are independent  
and that the errors at adjacent markers are inde- 
pendent.  These independence assumptions are 
unlikely to hold in practice. For example, if a 
marker is present in the hybrid at a level well 
below the threshold level required for a positive 
test, then two false-negative typings are likely. 
Similarly, if in a hybrid a DNA fragment contain- 
ing a particular marker fails to amplify properly, 
then nearby markers on the same fragment are 
also likely to fail to amplify properly. Although 
our assumptions about error are flawed, they do 
allow us to account for typing errors at least ap- 
proximately. Our examination of the effects of 
typing error on map length estimation clearly 
shows the impor tance  of excluding data for 
which typing is uncertain. Missing data represent 
an approximately linear loss of information. In 
contrast, typing error rates as low as 0.5% result 
in greater than linear losses of information about 
the breakage probability, strongly reduce the 
ability to identify the true order, and artificially 
inflate the estimates of intermarker distances and 
map length. Our simulations suggest that  explic- 
itly allowing for typing error in data analyses re- 
sults in less biased parameter estimates. However, 
even when correctly accounted for, typing errors 
reduce the power to identify the true locus order. 
In our analyses of simulated data we used the 
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correct error rates, that  is, the  error rates used in 
simulating the data. In practice, the overall error 
rate for a marker can be est imated as approxi- 
mate ly  one-half  the rate of discordance between 
two independen t  typings  of the hybrids,  or a 
number  of reasonable error rates can be tried, and 
the results of the analyses compared.  Alterna- 
tively, error rates may  be est imated along with 
the other  model  parameters (Lange et al. 1995). 
However, more accurate models  for error may  
need to be developed to make this approach prac- 
tical. 

Our results show tha t  there  is somewha t  
greater power to identify the true order using 100 
doub le - typed  hybr ids  t h a n  using 200 single- 
typed hybrids and an assumed error rate. In con- 
trast ,  the  larger s ing le - typed  pane l  p rovides  
stronger support  for the true order if a non-zero 
error rate is assumed. Including the possibility of 
error is more impor tan t  t han  setting the error 
rates correctly: Error rates misspecified by  a factor 
of two can still control  map  inflation. Further- 
more, as long as error rates are 1% or lower, the 
larger single-typed panel gives us a clear advan- 
tage in building framework maps: For the cases 
we considered, we were able to include >70% 
more markers while only  slightly increasing the 
probabil i ty of an incorrect  map. Because a single 
whole-genome radiat ion hybr id  panel  has the 
potential  to allow us to order markers anywhere  
in the h u m a n  genome, it m a y  be worthwhile  to 
spend the addit ional  resources to create one large 
panel  of 200 or more hybrids and single type the 
hybrids for markers of interest. Rough estimates 
of error rates for various parts of the genome 
could be obtained by double typing a small set of 
markers on each chromosome,  and these esti- 
mates could be used as guidelines when  specify- 
ing error rates for analyses. We emphasize that  a 
strategy of single typing larger sets of hybrids  
must  be tested on real data before it is imple- 
mented  on a broad scale, as our results based on 
s imulat ion are based on a model  for typing error 
that  is only  approximate.  We also stress that  sin- 
gle typing of 100 hybrids is no t  a viable strategy, 
because of its much  poorer ordering accuracy (Ta- 
ble 3). Map bui lding cont inues to be a daunt ing  
task. A t remendous  a m o u n t  of work is required 
bo th  to create hybr ids  and to type and score 
them, as well as to verify the typings by retyping 
and rescoring. Further work needs to be done to 
investigate ways in which  we can increase effi- 
ciency in map building wi thout  decreasing the 
quali ty of the maps we construct.  
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The computa t ion  of the distr ibution of obli- 
gate breaks is a convenien t  m e t h o d  for identify- 
ing "out l ier"  hybrids with m a n y  more obligate 
breaks t han  expected. Hybrids appearing to have 
m a n y  more obligate breaks t han  expected given 
no typing error should be retyped and rescored, 
either completely  or at least at the  loci del imit ing 
the obligate breaks. In practice, we have found 
that  in typical RH panels, we consistent ly observe 
more hybrids t han  expected (1) with zero breaks 
and (2) with  m a n y  breaks. This apparent  lack of 
fit of the observed number  of obligate breaks to 
the distr ibution suggests tha t  a hybrid-specific 
model  for re tent ion may  be helpful; we are cur- 
rent ly examining  this issue further. 

For simplicity, we assumed an equal frag- 
men t  re tent ion rate for all markers in our simu- 
lations and analyses. Our conclusions should ap- 
ply similarly to data showing evidence of non-  
e q u a l  f r a g m e n t  r e t e n t i o n  as l o n g  as a n  
appropriate f ragment  re tent ion model  is used in 
the analysis. 

In summary ,  whole -genome radia t ion  hy- 
brids are a powerful tool for mapp ing  and esti- 
mat ing  distances between markers on any  hu- 
man  chromosome.  We hope  tha t  our conclusions 
will assist geneticists in under s t and ing  experi- 
menta l  design questions involving ploidy, reten- 
t ion rates, and error detect ion and  correction. 
The m e t h o d s  for po lyp lo id  RH m a p p i n g  dis- 
cussed here are implemented  in the FORTRAN 77 
program package RHMAP version 2.01 (Boehnke 
et al. 1994), available free of charge from Michael 
Boehnke. 
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