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INTRODUCTION 
Three QTL for trypanosomosis resistance in mice have previously been reported : Tir1 
(MMU17), Tir2 (MMU5) and Tir3 (MMU1) were initially identified in F2 crosses between 
divergent inbred lines (Kemp et al., 1997) and fine-mapped in F6 Advanced Intercross Lines 
(AIL) (Iraqi et al., 2000). These QTL were identified in separate analyses of two sets of data 
using stringent genome-wide significant thresholds. The current study reports the reanalysis of 
the combined F2 data using the False Discovery Rate (FDR) to control the multiple hypothesis-
testing problem, in order to identify potential QTL of smaller effect. Three out of six new 
putative QTL were subsequently confirmed by analysis of additional markers in the F6 cross. 
 
MATERIALS AND METHODS 
Mouse Crosses. F2 mouse lines resulting from crosses between a trypanosome resistant strain 
(C57BL/6) and two relatively susceptible lines (BALB/c and A/J) have previously been used to 
locate 3 major QTL for trypanosomosis resistance (Kemp et al., 1997). The data used in this F2 
analysis combines data from both these crosses and comprises marker genotypes from 160 
markers spanning the autosomes. These markers were typed on 44 mice tested in the A/J x 
C57BL/6 cross and 180 mice tested in the BALB/c x C57BL/6 cross. The genotyped mice 
represent equal numbers from the two extremes of the phenotypic distribution of survival time 
following challenge with Trypanosoma congelense in each population. 
 
Two F6 AIL lines developed by repeated intercrossing of F2 and subsequent generations were 
used to fine map the major QTL (Iraqi et al., 2000) and one F6 line was used here to look for 
further evidence to support the regions identified by reanalysis of the F2 data as potentially 
containing QTL. For each new region declared significant by the FDR analysis two markers 
expected to be close to the position of the peak in the F2 analysis were selected from the mouse 
consensus map. These markers were genotyped in an F6 advanced intercross line derived from 
the initial F2 cross between C57BL/6 and A/J lines. 94 F6 mice were genotyped, 47 at each 
extreme of the phenotypic distribution of survival time following challenge.  
 
Hypotheses. The null hypotheses that each of the 160 markers in the combined F2 data set had 
no between-allele difference for the value of the trait were tested using the regression method 
of Haley and Knott (1992), as implemented in the QTL express software 
(http://qtl.cap.ed.ac.uk ). The F-ratio test statistics for each marker were used to calculate a p-
value for each hypothesis, which was then used in False Discovery Rate analysis. 
 
False Discovery Rate. The False Discovery Rate was proposed by Benjamini and Hochberg 

Session 21. Detection of QTL Communication N° 21-38 

http://qtl.cap.ed.ac.uk/


7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

(1995) to control errors caused by multiple hypothesis testing. FDR control methods limit the 
expected proportion of false rejections within the class of rejected null hypotheses, averaged 
over multiple experiments, including those with no significant results. FDR control was first 
applied to QTL mapping by Weller et al. (1998), and is implemented as follows: The set of m 
null hypotheses are ordered by their p-values P(i) so that: P(1) ≤…≤ P(i) ≤…≤ P(m). For a declared 
FDR level of q*, find k, the largest i for which: P(k) ≤ k.q*/m.  Then reject all H(i) for i=1,…,k. 
 
RESULTS  
Numbers of markers declared significant by various levels of FDR control for each 
chromosome bearing a putative QTL are shown in Table 1. Those declared significant by other 
criteria : a Bonferroni correction with p=0.05 assuming 160 independent markers tested, and 
those declared “significant” at the genome wide 5% level by criteria suggested by Lander and 
Kruglyak (1995) are included for comparison.  
 
Table 1. Numbers of markers declared significant by Bonferroni, Lander and Kruglyak 
and False Discovery Rate criteria 
 

  

  FDR level q*   
ChrA MarkersB 0.01 0.05 0.1 0.2 Bonf C L&KD 

1 13 7 9 10 10 4 2 
5 14 11 12 14 14 6 6 
17 27 24 27 27 27 23 22 
2 7 0 2 3 4 0 0 
3 8 0 0 1 1 0 0 
6 7 0 2 2 2 0 0 
9 7 0 2 2 3 0 0 
15 7 0 0 1 2 0 0 
19 5 0 1 1 3 0 0 

 A chromosome number 
 B number of markers in initial F2 analysis 
 C Bonferroni correction with p=0.05 
 D “significant” by criteria proposed in Lander and Krugylak (1995) 
 
Chromosomes with one or more markers declared significant at q*=0.1 were analysed with 
additional markers in the F6 cross. Figure 1 illustrates the results for chromosome 15. Data for 
each marker is plotted as Ln(1/x) where x = p.m/i. Horizontal lines indicate thresholds of q* for 
the FDR. A marker is significant at level q* if the point is above the line. Plotted on the same 
scale are F-ratios taken from the QTL express output for the initial F2 cross (dashed line, 
marker names below x-axis) and the subsequent F6 analysis (solid line, marker names above x-
axis). 
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Figure 1. Location of significant markers and F-ratio plots for chromosome 15 
 
Data for the six chromosomes examined in the F6 analysis are shown in Table 2. From the 
consensus map we have estimated the positions of the two markers genotyped in the F6 relative 
to the estimated QTL peak in the F2.  
 
Table 2. Locations and statistics for putative QTL in F6 cross 
 

Marker locations (cM)A Chromosome Maximum 
Lod score 

Maximum 
F-ratio Lower Upper 

NearestB 
Marker 

2 1.77 4.27 -17.7 +1.0 D2mit300 
3 3.38 8.49 -4.4 +7.9 D3mit84 
6 0.38 0.89 +9.5 +12.2 D6mit14 
9 0.15 0.34 -2.0 -1.0 D9mit36 
15 1.91 4.60 -7.0 +1.8 D15mit183 
19 0.43 1.00 -6.0 +3.0 D19mit53 

    A Location of F6 markers relative to F2 F-ratio peak 
    B Marker nearest to F6 F-ratio peak 
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DISCUSSION 
Joint analysis of data from two studies of mice using the FDR criteria suggested six regions of 
the genome might contain QTL controlling trypanosomosis resistance, in addition to the three 
regions reported previously. Of the six chromosomes that had markers significant at q*=0.1 in 
the F2 data, three, on chromosomes 2, 3 and 15, significant at the nominal level or greater were 
confirmed as putative QTL by analysis of F6 data. Of the remaining three regions examined, 
the markers selected for two of them were less well spaced than anticipated and so a true peak 
may have been missed and additional markers will be examined in these regions. 
 
Most multiple-comparison techniques seek to limit the family-wide error rate (FWER), the 
probability that at least one type-I error is committed. This means that most rejected null 
hypotheses will actually represent true effects (true linkage, in this case) but it also means that 
the methods are limited in power, and some true effects will be missed (type II errors). Control 
of the False Discovery Rate represents a compromise between the restrictive (low power) 
methods of FWER control and the permissive results that occur when control for multiple 
testing is ignored. In the present example, using a Bonferroni correction (p=0.05) or the 
guidelines of Lander and Kruglyak (1995) instead of the FDR results in only markers on 
chromosomes 1, 5 and 17 being declared significant. The putative QTL on 2, 3 and 15 are 
ignored completely. From this analysis, it would appear that FWER control techniques may be 
too restrictive to detect QTL of small effect, and that FDR control represents a more 
appropriate method of multiple-comparison control when looking for such QTL. 
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