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Genetic mapping of early bulking in a full-sib population of cassava was continued in a selfed family of
268 cassava plants derived from a single progeny of the full-sib population. The pseudo F2 population
was analysed with 122 segregating SSR markers. A previously constructed linkage map of cassava
consisting of 22 linkage groups covering 1236.7 cM, with an average marker distance of 18 cM was
used for this study. The F2 population was evaluated for components of early yield, namely dry root
yield (DR) at 7 months, harvest index (HI), and weight of fresh foliage (FF). Interval mapping, with
single- and two-QTL models, was used to identify QTLs. The single-QTL model identified three QTLs
each for DR, FF, and HI. The two-QTL model approach identified groups of QTLs that together
explained 33% for FF, 43.5% for DR and 36% for HI. The identification of QTLs involved in early yield is
an important step toward understanding quantitative genetic variation of early yield and implies
reconsideration of breeding strategies for improvement of this complex trait.
Key words: Cassava, early root yield, linkage map, molecular marker-assisted selection QTL, SSR markers.
INTRODUCTION
Cassava (Manihot esculenta subsp. esculenta Crantz) is
the principal or second most important source of calories
for more than 500 million people (Cock, 1985; Best and
Henry, 1992). As a staple food, it is the sixth most important crop worldwide (Mann, 1997). Furthermore, it is
widely grown by rural subsistence farmers of Africa, Asia
and Latin America where it can be an engine of rural
development given the high perishability of its storage
roots and the need to process the fresh roots close to
where they are produced. In spite of its economic global
importance, it has traditionally received less attention by
researchers than have temperate crops (Cock, 1985). As
a consequence, many fundamental questions about the
genetics of important traits have not been fully answered.
With the development of the first molecular genetic map
of cassava (Fregene et al., 1997) the genetics of resistance of two of important cassava diseases, the African
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cassava mosaic disease (ACMD), and the cassava bacterial blight (CBB) have been studied (Akano et al., 2002;
Jorge et al., 2000, 2001). The inheritance of early bulking
and other important agronomic and morphological characters were also studied (Okogbenin and Fregene,
2002; Okogbenin and Fregene, 2003).
The first molecular genetic map and subsequent genetic analysis were carried out using a full-sib (an F1 from
non-inbred parents) intra-specific cross, based on the
segregation of predominantly restriction fragment length
polymorphism (RFLP) markers (Fregene et al., 1997).
The use of such a mapping population however, cannot
be used to test recessive or epistatic interactions and
those may have limited utility for analysing important
agronomic traits. The use of heterozygous parents alters
QTL mapping by redefining “mating type” at a locus level
rather than all loci in parents and also by allowing the
detection of multiple QTL alleles using separate maps for
each parent. The marker genotype in the F1 progeny
populations, result from the independent meioses and
crossovers in the maternal and paternal parents, thus,
individual maps are often constructed for each parent
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(Groover et al., 1994; van Eck et al., 1994; Grattapaglia
and Sederoff, 1994). To overcome the problems associated with genetic analysis in an F1 cross of non-inbred
parents, and the use of RFLP markers which are expensive and labour intensive, genetic analysis with simple
sequence repeat (SSR) markers in an F2 mapping population was considered leading to the development of the
first SSR based molecular genetic map of cassava
(Okogbenin et al., 2006). SSR markers have proven to be
highly poly-morphic and useful as genetic markers in
several plant species (Senior and Heun, 1993; Akkaya et
al., 1992, 1995; Rongwen et al., 1995; Jarret and Bowen,
1994; Plaschke et al., 1995; Roder et al., 1995). SSR
markers can also facilitate marker- assisted selection
(MAS) in a modest cassava breeding program once
markers have been identified associated with traits of
interest.
Early yield (bulking) is an important trait of cassava
(Nweke et al., 1994), critical to the crop’s role as food
security crop in sub-Saharan Africa. Genetic analysis of this
trait, in the F1 mapping population identified 3 traits, foliage,
number of roots, and harvest index, and major QTLs for the
traits that can be exploited in cassava breeding (Okogbenin
and Fregene, 2002). We describe here genetic analysis of
early bulking and component traits in an F2 population for
better understanding of the genetics this trait and to facilitate
marker-assisted improvement of yield of cassava. In
addition, an attempt was made to verify QTLs detected
earlier in the F1 cross.
MATERIALS AND METHODS
Plant material
The F1 cassava mapping population described by Fregene et al.
(1997) was analysed for yield and related traits in 1998 and 1999.
This population which was developed from TMS 30572 (female
parent and early bulking) and CM 2177-2 (male parent and late
yielding) has been extensively used in mapping studies at CIAT.
Based on results obtained in the F1 population for root yield, foliage,
and harvest index, and also partly because of profuse flowering
abilities, three F1 individuals (K68, K145 and K150) were preselected for the development of an F2 population. These individuals
were selfed to generate F2 seeds. The highest germination rate was
recorded in K150 - also the most polymorphic of the 3 genotypes
(with 372 seedlings) - as compared with 316 and 245 seedlings
observed for K68 and K145, respectively. The progeny of K150
were therefore selected for further analysis.
Molecular marker analysis
DNA was extracted from about 3 g of fresh leaf tissue harvested
from the F2 plants according to Dellarporta et al. (1983). The population was genotyped and used for the construction of an SSR based genetic linkage map of cassava as described elsewhere (CIAT
2002). Due to poor seedling development of certain genotypes
(resulting in senescence in some few cases), 268 plants of the original 372 F2 population progeny were used for molecular analysis.

CIAT headquarters in Palmira under intensive management and
care in February, 2000. Seedlings were later transplanted to the
field in July, 2000 and harvested for woody stakes 11 months after
planting (MAP). Of the 268 genotypes used for mapping analysis,
only 207 with relatively sufficient stem cuttings (12 stakes) of about
25 cm long each, could be planted for QTL mapping experiment at
Santa Elena, a location 25 Km from CIAT headquarters in 2001.
Severe inbreeding depression could be observed for a number of
genotypes leading to poor vigour and no woody stakes. Cassava,
which is vegetatively propagated from cuttings (stakes) has low
multiplication ratio normally requiring long period of time to multiply.
Therefore limited planting materials were generated from 10-month
old plants for the newly developed F2 population. Stakes from all
207 genotypes were planted in single row plots of 6 plants each,
0.8 m between plants and 1 m between rows, in a randomised complete block design of two replications. Average dry root yield, and
yield components (fresh foliage and harvest index) were measured
during harvest at 7 MAP for early yield evaluation. Growers
routinely harvest at 11 to 24 months after planting.
Trait analysis
Distribution analyses for dry root yield (DR), fresh foliage (FF) and
harvest index (HI) were performed using UNIVARIATE procedure of
the SAS program (SAS institute 1996). Normality of distribution was
tested (P < 0.05) with the W test described by Shapiro and Wilk
(1965). Phenotypic correlations coefficients between yield and
components were estimated and tested for significance (P < 0.05).
The mean of each genotype was used for the correlation analysis
and QTL mapping.
QTL analysis
QTLs were detected by interval mapping analysis using
MAPMAKER/QTL 1.1b (Lander et al., 1987). A LOD score of 2.0
was chosen as the minimum to declare the presence of a QTL
(Rector et al., 1998; Lin et al., 1998). The LOD score peak was
used to estimate the most likely position of the QTL. The confidence interval for each QTL was set at one-LOD support interval,
as described by Lander and Botstein (1989). Maximum likelihood
estimates of both additive (a) and dominance (d) effects were
calculated simultaneously during the genome scan for QTLs. The
gene action of individual QTLs was determined to be largely
additive, dominant or recessive by testing the hypothesis of a = 0 +
d = 0 (the unconstrained “free” genetic model) by evaluating the
relative likelihood of models. The additive model was tested by
forcing the dominance term d = 0, a dominant model by forcing d =
a, and a recessive model by forcing d = -a. We used a 1-LOD (10
fold) reduction in the likelihood to infer that the type of gene action
was unlikely. The average degree of dominance for each QTL was
calculated as the ratio d/a. To test for additional QTLs, the position
and effect of one QTL was fixed, then the genome was re-scanned
searching for other QTLs, using a two-QTL model (TQM). Two-QTL
map estimates the fraction of variation explained by each locus
while at the same time estimating the effect of others. The amount
of unexplained noise in the model was reduced and the increased
sensitivity helped in detecting new QTLs. We used the multi-locus
model to explain how much of the phenotypic variance among the
F2 population for each trait was explained by the SQM or TQM
model.

RESULTS

Field experiment and trait evaluation

Phenotypic variation

The F2 seedlings were initially germinated in the screen house at

Phenotypic data for DR, FF and HI showing means, stan-
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Table 1. Performances of three traits evaluated in the F2 population.

Trait
Fresh foliage (g)
Dry root (g)
Harvest Index

Range
112.50-3900.00
9.5-562.6
0.01-0.67

Mean
1152.15
213.24
0.38

Standard deviation
583.26
120.62
0.14

dard deviation, kurtosis, skewness, and W-test are
summarized in Table 1. Data range for each trait measured revealed wide variation in the F2 population as
observed in the F1 (Okogbenin and Fregene, 2002). All of
the traits studied showed continuous distribution as
expected for quantitative traits. None of the trait (FF, DR
and HI) distributions fit a normal distribution; FF and DR
were strongly skewed towards the high values while HI
was slightly skewed to the less values. A mixture of
normal distribution should be expected rather than
normality (Doerge, 1993; Churchill and Doerge, 1994). It
is theoretically not possible to transform a mixture distribution to a single-component distribution (Titterington et
al., 1985). The use of transformation to normalize data
may misrepresent the differences among individuals for
the trait by pulling the skewed tails of the distribution
toward the centre, thus reducing one’s ability to detect
QTLs (Mutschler et al., 1996), therefore the untransformed data for QTL analyses was used.
Consistent with prior results, correlations between DR
and FF (0.64, P < 0.05) and HI (0.42, P < 0.05) were
significant (El-Sharkawy and Cock, 1979; Okogbenin and
Fregene, 2002; Kawano, 1990).
Identification of QTLs affecting DR, FF and HI
Single QTL model (SQM)
Significant peak values of LOD scores, the position of
these peaks, the percentage phenotypic variance explained, and the estimated gene actions based on the
analysis of MAPMAKER/QTL are shown in Table 2. A
total of nine QTLs (LOD> 2.0) (three QTLs each) influencing FF, DR and HI were identified by interval mapping
analysis on seven linkage groups. Three QTLs for DR
were detected in this cross. The QTLs, Dr1, Dr3 and
Dr13 were present on LGs 1, 3 and 13, respectively
(Table 2). Dr1, Dr3 and Dr16a accounted for 9, 7 and 6%
of the phenotypic variance (PV) for DR, respectively.
The QTLs controlling FF, Ff3, Ff5 and Ff9, were located within three intervals on LGs 3, 5 and 9, respectively
(Table 2). The single biggest QTL effect was observed for
Ff5 with Phenotypic variance of 31%, suggesting it to be
a major QTL. The other two QTLs Ff5 and Ff9 individually
explain 8 and 6% of the observed PV, respectively.
QTLs associated with HI, Hi2, Hi9 and Hi12 were
located on LGs 2, 9 and 12, respectively. They accounted for between 5 and 15% of the total PV. When QTLs

Skewness
1.08
0.27
-0.4

Kurtosis
2.34
-0.43
-0.28

W-statistic
0.94*
0.96*
0.96*

detected for all the traits were compared, the LOD score
for Hi2 (6.67) was higher than any other QTLs. The data
showed that two QTLs (Dr3 and Ff3) fell within a single
interval (NS 928 – SSRY 153) separated by only 4 cM
(Table 2). The direction of the genetic effects of these
two QTLs were similar, suggesting that they were probably not different QTLs, thus supporting evidence for
gene pleiotropy for DR and FF at this locus. Two putative
QTLs (Ff9 for FF and Hi9 for HI;) affecting FF and HI
were also found located in two regions (38 cM apart) in
the interval SSRY12 – SSRY 91 on LG 9.
Two-QTL model (TQM)
Additional QTLs were declared present when significant
interactions were observed between single QTLs (from
SQM) and other loci elsewhere in the genome. Results
from the analyses fitting two QTLs detected additional 15
QTLs for DR, 16 for FF and 13 for HI. However, only
significant QTL interactions, which resulted in a minimum
increase of 5% in phenotypic variance (PV) above values
obtained in SQM, are reported here (Table 3). The improvement in both LOD scores and PVE obtained from
fitting additional QTLs with single QTLs (from SQM) suggested that, such additional QTL detected in TQM (Table
3) contributed substantially in the phenotypic expression
of the traits they controlled. The additional QTLs detected
by TQM, shown in Table 3, were distributed over four
LGs. Other significant QTLs detected but not reported
here were considered as QTLs with small effects since
they explained very little additional variance. Seven
highly significant two-QTL interactions were identified for
FF, and 4 each for DR and HI. PV explained for these
interactions varied from 11 to 36% with LOD scores
ranging between 2.74 and 8.97. Some of the QTLs
identified in SQM significantly interacted with each other.
Five of such interactions were observed amongst single
QTLs (2 for HI and 1 each for FF and HI). In some
instances, interactions led to a highly significant increase
in LOD and PV explained. For example, Dr1 significantly
interacted with Dr13 resulting in LOD of 5.14 and
explained PV of 17.2%, which were higher than the sum
of LOD scores and PVE for both QTLs under the SQM.
Some single QTLs identified in SQM for each trait
interacted with similar genomic regions. For example,
the three FF single QTLs (Ff3, Ff5 and Ff9) identified in
SQM interacted with the same genomic region within the
interval NS 717 – SSRY 3 (Table 4). LGs 4, 15 and 16,
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Table 2. Biometrical parameters of individual QTLs affecting dry root yield (DR), fresh foliage (FF) and harvest index (HI) in the F2 population.

Trait
FF

DR

HI

QTL
Ff3
Ff5
Ff9
Dr1
Dr3
Dr16
Hi2
Hi9
Hi12

Flanking markers
NS 928 – SSRY 153
SSRY 35 – SSRY 284
SSRY 12 – SSRY 91
NS 911-NS 847
SSRY 928 - SSRY153
NS 33 - SSRY 100
NS 149 - SSRY83
SSRY52 - NS 340
NS 74 - NS 389

Length
(cM)
16.3
28.1
31.0
17.7
16.3
16.3
7.3
3.1
44.4

Linkage
group
3
5
9
1
3
13
2
9
12

LOD
2.95
2.26
2.16
2.18
2.14
2.25
6.67
2.25
2.10

QTL
Position (cM)
0.0
10.0
38.0
12.0
4.0
18.0
0.0
0.0
0.0

PVE
7.6
31.1
5.5
9.2
7.3
6.0
15.0
54.3
4.9

a
-87.84
-414.21
-211.98
0.3
-21.53
47.35
-0.08
0.05
0.01

d
274.90
-556.36
-21.83
73.70
52.40
-64.61
0.00
0.00
-0.06

d/a
-3.13
1.34
0.10
245.67
-2.43
-1.36
0.05
0.00
-6.00

Mode
R
D
A
DR
R
R
A
A
A

Individual QTL loci are named by trait (abbreviation indicated in titles) and linkage groups. The LOD score (LOD) and percent phenotypic variance
explained (PVE) by the QTLs are presented from the single-QTL model with unconstrained gene action. The additive effect (a) dominance deviation
(d), and ratio of dominance to additivity (d/a) for each QTL are presented in their original units. The possible pure modes of gene action (Mode) for
each QTL are indicated based on testing of additive (A) and dominant (D, R) models as described in Materials and methods (if d = 0, then A, if d = a
then D, if d = -a then R). If a model reduced likelihood by 10-fold or more, it was deemed unlikely. When two pure modes of gene action could not be
deemed unlikely, the more likely mode was listed first (e.g. for Dr1, dominance (D) was most likely but recessivity (R) could not be deemed unlikely,
thus the mode for this locus is denoted DR). QTL position is position of LOD peak given as distance from the first marker listed in the interval.

Table 3. Two-QTL interactions affecting dry root yield, fresh foliage and harvest index.

Trait
FF

DR

HI

Interval 1
SSRY 12 – SSRY 91
SSRY 12 – SSRY 91
SSRY 12 – SSRY 91
NS 928 – SSRY 153
NS 928 – SSRY 153
NS 928 – SSRY 153
SSRY 35 – SSRY 284
NS 928 – SSRY 153
NS 33 – SSRY 100
NS 33 – SSRY 100
NS 911 – NS 847
NS 149 – SSRY 83
SSRY 52 – NS 340
NS 74 – NS 389
NS 74 – NS 389

LG
9
9
9
3
3
3
5
3
16
16
1
2
9
12
12

QTL
Ff9
Ff9
Ff9
Ff3
Ff3
Ff3
Ff5
Dr3
Dr16a
Dr16a
Dr1
Hi2
Hi9
Hi12
Hi12

QTL
position
(cM)
38.0
38.0
38.0
0.0
0.0
0.0
10.0
4.0
18.0
18.0
12.0
0.0
0.0
0.0
0.0

Interval 2
NS 717 – SSRY 3
NS 217 – NS74
SSRY50 – SSRY 281
NS 717 –SSRY 3
SSRY12 – SSRY91
SSRY 50 – SSRY281
NS 717 – SSRY 3
NS 717 – SSRY 3
NS 74 – NS 319
NS 33 – SSRY 100
NS 33 – SSRY 100
SSRY 182 – SSRY 148
NS 149 – SSRY 83
NS 267 – SSRY 1
NS 149 – SSRY 83

LG
4
12
15
4
9
15
4
4
12
16
16
17
2
18
2

QTL
Ff4a
Ff12
Ff15a
Ff4a
Ff9
Ff15b
Ff4b
Dr4
Dr12
Dr16a
Dr16b
Hi8
Hi2
Hi18
Hi2

QTL
position
(cM)
14.0
0.0
40.0
14.0
38.0
28.0
8.0
16.0
20.0
12.0
18.0
8.0
0.0
26.0
0.0

PVE
12.0
11.1
11.9
16.0
13.2
15.4
36.0
13.2
14.6
15.4
17.2
22.1
17.0
13.1
18.3

LOD
3.07
4.02
2.74
3.97
4.98
3.56
3.48
3.47
3.30
3.23
5.14
8.97
7.64
2.76
8.25

See Table 2 legend. In cases where multiple QTLs affecting a trait were found along the same linkage group, the QTLs are distinguished by letters
indicating the temporal order in which they were discovered (e.g. Ff15a and Ff15b). The LOD score (LOD) and percent phenotypic variance explained
(PVE) by the QTLs are presented from the two-QTL model with unconstrained gene action.

all give evidence for more than one QTL in one interval.
TQM identified two QTLs each on three intervals, NS 717
– SSRY3 (Ff4a, Ff4b), SSRY 50 – SSRY 281 (Ff15a,
Ff15b) and NS 33 – SSRY 100 (Dr16a, Dr16b) on LGs 4,
15 and 16, respectively. The two QTLs located in interval
NS 717 – SSRY3 were spaced 6 cm apart whereas those
in the interval SSRY 50 – SSRY 281 were separated 12
cm apart. Ff4a, Ff4b Ff15a, and Ff15b were QTLs
influencing FF. The other two QTLs (Dr16a and Dr16b)

were associated with DR, spaced 6 cm apart in the
interval NS 33- SSRY 100.
All additional QTLs identified in TQM (listed in Table 3)
were fitted along with those identified in the SQM in a
multi-locus model to determine total phenotypic variance
explained for each trait. The total PV explained based on
multiple QTL model are 33% for foliage, 44% for DR and
37% for HI. QTLs detected in SQM and TQM including
those of minor effects not reported here revealed 13
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Table 4. Intervals in which one or more QTLs controlling more
than one trait were detected.

Interval
NS 267 –SSRY 1
NS 149 – SSRY83
SSRY 47 –SSRY 62
NS 717 –SSRY 3
SSRY 314 – NS 82
SSRY 12– SSRY 91
NS 928 –SSRY 153
NS 170 – NS 207
NS 185 – SSRY 97
SSRY 281 –SSRY 82
SSRY 20 – NS 308
SSRY 102 –NS 170
NS 74 –NS 319

Linkage group
18
2
22
4
20
9
3
6
13
15
18
6
12

Traits
FF, DR, HI
FF, HI
FF, DR
FF, DR
FF, HI
FF, HI
FF, DR
FF, DR
FF, HI
FF, HI
DR, HI
DR, HI
DR, HI

intervals affecting more than one trait (Table 4), which is
in agreement with the significant correlation observed
between yield and the other two traits.
Gene action
The gene action of individual QTLs was evaluated by
comparing the fits of individual QTL models (Lander and
Botstein, 1989). Two of the QTLs identified for DR (Dr3
and Dr13) were consistent with recessive gene action.
Our QTL map for Dr1 indicated that we can confidently
rule out the possibility that this locus showed additive
gene action suggesting that either recessive and dominance gene action were likely. Dominance effects of this
QTL (Dr1) were positive, leading to increase in DR (Table
2). Two QTLs, Hi2 and Hi9 fit a pure additive model. The
additive effect, which is the measurement of the change
in a population mean when an allele of a QTL is substituted, showed that Hi9 increased harvest index while
Hi2 decreased HI. The third QTL for HI (Hi12) was found
consistent with recessive or dominance gene action
(Table 2). The three QTLs detected for FF were different
in their gene actions with Ff3 being consistent with a
recessive gene. Ff5 showed dominant gene action while
Ff9 exhibited additive gene action. Additive effects of all
three QTLs for FF resulted in decrease in FF.
QTLs common to the F1 and F2 mapping populations
QTL analysis identified similar regions controlling DR and
HI in both F1 and F2 populations. Results indicated that
six of the QTLs detected for DR in the F1 either coincided
with or were linked to intervals significantly associated
with DR in the F2 (Table 5). Similarly, 7 QTLs for HI were
found to be common to both populations (Table 5).
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DISCUSSION
SSR markers are advantageous to applied plant breeding
because they are co-dominant, easily assayed and detect
high levels of polymorphism (Morgante and Olivieri,
1993). Earlier studies of early yield in the F1 indicate that
foliage and harvest index are the two most important
component traits influencing root bulking in cassava.
Development of an F2 map provides a different generation to study the QTLs and their genetic effects.
The statistical threshold is the most important in QTL
analysis because the numbers of detected QTLs would
be different when using different thresholds in QTL analysis (Lin et al., 1998). Most of the thresholds employed in
published QTL analyses have been between LOD 2.0
and 3.0 in MAPMAKER/QTL. Because our goal was to
identify all possible putative QTLs, given that the F2
linkage map constructed is not saturated, we used a
threshold of LOD 2.0 for QTL mapping. In the F2 population we were able to map three QTLs each for each trait
under single-locus model. These QTLs have been
described by location, magnitude effect on phenotype,
additive effects and dominance deviations, by interaction
with unlinked genetic factors and multiple effects on the
different traits. The QTLs explain phenotypic variance
ranging from 4.9 to 15% with one explaining 31%. These
results along with previous studies in the F1 mapping
population support a model for quantitative inheritance for
the traits studied.
More QTLs were identified with the two QTL model
resulting in additional QTLs for FF, DR and HI. In an F2
population, one can determine the effect of different gene
action on phenotype because all three possible gene
dosages at a locus are represented. This could not be
done in an F1 population. Thus an F2 population can be
used to map recessive factors from either parent
(Patterson et al., 1991) unlike the F1. For most of the
QTLs studied herein, two modes of inheritance were
found unlikely suggesting that in such cases the corresponding QTLs were clearly additive, dominant or
recessive (Table 2). However, for two QTLs (Dr1 and
Ff9), two or more gene actions types could not be
rejected indicating that these QTLs may be partially
dominant or recessive in gene action.
QTLs affecting different traits fell near one another
more frequently than would be expected by chance. This
is in agreement with observed correlations between yield
and other two traits. Likelihood intervals for 13 QTLs
affecting two or more traits were identified. This suggested that either some QTLs have pleoitropic effects
(Gruneberg, 1938) or that different QTLs affecting these
traits tend to be clustered together into closely linked
groups. Close relationships between yield and FF as well
as HI, has been suggested by numerous other studies,
using either classical analyses or QTL mapping (ElSharkawy and Cock, 1990; Kawano, 1990; Okogbenin
and Fregene, 2002). These results are in agreement with
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Table 5. Common genomic regions associated with dry root yield (DR) and harvest index (HI) between F1 and F2
populations.

Trait
DR

HI

Significant Markers linked
to trait in the F1
GY 181, GY42, Ai18b
GY 48
CBB1
CDY 131
rBEST
nGY 162
GY 34
GY 212, GY 142, GY153

Linkage
group
D
R
L
L
A
E
J
L

our observation in the F1 mapping studies.
In total the QTLs with major effects, which could be
mapped in the F2 accounted for 33.4% of the PV in FF,
43.5% in DR and 36.9% in HI. The remaining variation,
which could not be explained by the QTL model, may be
due to undetected QTLs with too small effects not
resolvable by this experiment, interaction between QTLs
with small effects, and interaction of individual F2 genotypes with environment within the experiment (Patterson et
al., 1991). The PV explained by our model also probably
underestimated total genetic variance because only
additive, dominant and recessive genetic components are
included in the model. Additional genetic variance may be
due to epistasis. Past research in quantitative genetics
suggest that interactions between QTL alleles at different
loci have considerable influence on phenotype (Spickett
and Thoday 1966, Allard, 1988).
Most of the QTLs identified were of small effects.
Perhaps some QTLs appear to have small effects because they are dependent upon interaction with other
loci. As variance explained by QTL decreases, the
number of progeny required to detect QTLs, increases
(Lander and Botstein, 1989). Thus only QTLs with large
effects will be detected in a specific cross while those
with small effects will go unnoticed. Consequently, estimates of QTL numbers are considered as lower bounds
in this study.
In a previous study using an F1 mapping population,
mostly RFLPs markers were employed. Because SSR
markers were used in the F2, integrating SSR markers
into the F1 map is essential for identifying corresponding
QTLs in both maps. Current efforts have yielded great
success leading to the mapping of over 200 SSR markers
in the F1 map (Zarate et al., unpublished results, Libreros
et al., unpublished results). However a majority of the
SSR markers in the F1 are yet to be mapped in the F2,
thus imposing some limitations on comparing both
studies. This study was carried out to validate QTLs at 7
MAP which corresponds to the threshold harvest time for
early bulking. QTLs detected in the F2 mapped to some of
linkage groups identified for QTLs of early yield and trait
components in the F1. Similar genomic regions were

Corresponding significant
Intervals linked to trait in the F2
NS 717 – SSRY 3
SSRY 47 – SSRY 62
SSRY 20 – NS 308
SSRY 20 – NS 308
SSRY 314 - 319
SSRY 20 – NS 308
NS 74 – NS 319
NS 911 – NS 847

Linkage
group
4
22
18
18
10
18
12
1

found involved in the genetic control of early yield and
harvest index between the F1 and F2 progeny, indicating
that some QTLs were relatively stable across generations. Results indicated that six of the QTLs detected for
DR in the F1 either coincided with or were linked to
intervals significantly associated with DR in the F2 (Table
5). Similarly, 7 QTLs for HI were found common to both
populations (Table 5). By adding more common markers
to both the F1 and F2 maps, more QTLs for early yield
that are useful from the point of view of breeding and
stability in different genetic backgrounds, prerequisites for
using molecular markers for marker-assisted selection,
can be found.
Cassava has low multiplication ratio which makes it
relatively time consuming to generate a lot of planting
materials. Efforts have been initiated to generate sufficient planting materials to validate and evaluate QTLs for
early bulking in the F2 population, over locations and
seasons to address age-specific QTLs and GxE effects
which could not be covered in this study. GXE interaction
studies to determine QTLL stability is of important significance in breeding. Results from studies in the F1
mapping population revealed strong GxE effects in QTL
expression in cassava (Okogbenin and Fregene, 2002,
2003).
The identification of QTLs linked with early yield
(bulking) in cassava may be useful for marker-aided
selection (MAS) in breeding for early yield. We are testing
this hypothesis by crossing these QTLs into different
genetic backgrounds and also combining QTLs for the
same traits. MAS for early bulking will allow a more
accurate and efficient selection of superior genotypes
and reduction in costs and time for improving this key
trait.
Conclusion
Interval mapping analysis detected QTLs for early yield in
cassava and its component traits (harvest index and
foliage). The present study illustrates that QTL maps for
early yield, harvest index and foliage are controlled by
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similar genomic regions, thus supporting earlier concept
that yield in cassava is highly influenced by foliage and
harvest index. Gene actions of the identified QTLs
revealed that a good number of them displayed additive
and dominance gene effects. Since cassava is vegetatively propagated, the utilization of both additive and nonadditive variances through identified QTLs can be
maximally exploited for rapid genetic gain for yield
improvement in cassava. By cross-validating QTLs in
different genetic backgrounds (F1 and F2 populations),
stable QTLs for yield and component traits were identified. Through such stable QTLs, yield, which is a complex
trait, can effectively be manipulated through marker
assisted breeding in cassava improvement programmes.
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