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Abstract A cassava F; population raised from the
cross SC6 x Mianbao was used to construct a genetic
linkage map. The map incorporated 200 polymorphic
amplified fragment length polymorphism, sequence-
related amplified polymorphism, simple sequence
repeat (SSR), and expressed sequence tag (EST)—
SSR markers which fit a 1:1 segregation ratio. It
comprised 20 linkage groups (LGs) and spanned a
genetic distance of 1645.1 cM with an average marker
interval of 8.2 cM. Fifty-seven repeatedly detected
QTLs (rd-QTLs) for three phenotypic traits (fresh root
yield, root dry matter content, and root starch content)
were identified in the F; population in four trials of
year 2003, 2004, 2005, and 2008 by inclusive com-
posite interval mapping. Among the 57 rd-QTLs, 25
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rd-QTLs were linked to SSR/EST-SSR markers,
which will help to facilitate marker-assisted selective
breeding in cassava, and 15 marker intervals on ten
LGs showed pleiotropic effects.
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Introduction

Cassava (Manihot esculenta Crantz) is an important
tuberous root crop in Africa, South America, and Asia.
Itis the sixth most important staple crop worldwide and
is consumed by 600 million people. Cassava offers the
advantages of high photosynthetic efficiency, high
root/starch yield, and tolerance of drought and poor
soils. Furthermore, cassava is cultivated to be a cash
crop for the bioenergy and starch industries in China
and other countries. The annual production of cassava
in 2010 was 229 million tons and production increased
by approximately 5 million tons/year from 2000 to
2010 (FAOSTAT). However, current production is
insufficient to meet the rapidly increasing market
demand.

The application of molecular marker techniques for
quantitative trait locus (QTL) mapping is an effective
approach to dissect complex quantitative traits. Cas-
sava is monoecious and protogynous, and thus
predominantly outcrossing, which leads to a high
degree of heterozygosity that considerably compli-
cates breeding (Hershey and Jennings 1992). QTL
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analysis of complex and quantitative traits in cassava
is helpful to identify favorable alleles and to obtain
recombinants with desirable traits through marker-
assisted selective breeding.

The QTL analyzes so far has focused on disease
resistance and root yield/quality. Diseases such as
cassava bacterial blight (CBB), cassava mosaic dis-
ease (CMD), and cassava in cassava, anthracnose
disease (CAD) are important biotic constraints that
greatly decrease cassava yield worldwide, particularly
in Africa and South America. Jorge et al. (2000, 2001)
detected 14 and eight QTLs for tolerance to CBB by a
single-marker regression method in the progeny of the
cross TMS30572 x CM2177-2 in successive years.
Wydra et al. (2004) and Lopez et al. (2007) identified
additional QTL associated with resistance to CBB.
Several QTLs associated with resistance to CMD and
CAD have been identified (Akano et al. 2002; Akinbo
et al. 2007; Lokko et al. 2005). These studies have
provided marker resources that are useful for breeding
disease resistance in cassava, and the identified QTsL/
markers could be utilized and further validated by
molecular marker-assisted selection (MAS). In addi-
tion, Cortés et al. (2002) published ten QTLs associ-
ated with resistance to post-harvest physiological
deterioration (PPD), and these QTLs could explain
5-13 % of phenotypic variation in the same mapping
population by Jorge et al. (2000, 2001) formerly.

Increased root yield and improvement of eating
quality are also important objectives in cassava
breeding. Okogbenin and Fregene (2002) and Okog-
benin et al. (2008) successively identified a series of
QTLs that control traits related to cassava root yield in
the progeny of the cross TMS30572 x CM2177-2,
and a portion of these QTLs were detected repeatedly.
Furthermore, Balyejusa Kizito et al. (2007) identified
two and six QTLs that control cyanogenic glucoside
potential and root dry matter content (DMC),
respectively.

In the present study, a cassava F; population that
comprised 208 progeny was raised from the cross
SC6 x Mianbao. Amplified fragment length poly-
morphism (AFLP; Vos et al. 1995), sequence-related
amplified polymorphism (SRAP; Li and Quiros 2001),
simple sequence repeat (SSR), and expressed
sequence tag (EST)-SSR markers were applied to
generate a genetic linkage map, which was used to
identify QTL for DMC, fresh root yield (FRY), and
root starch content (SC) with the F; population.
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Materials and methods
Plant material and field experiments

A cassava F1 population that comprised 208 progeny
was raised from a cross between two non-inbred lines,
SC6 (the female parent) and Mianbao (the male
parent), at the Tropical Crops Genetic Resources
Institute, Chinese Academy of Tropical Agricultural
Sciences, Danzhou City, Hainan Province, China. SC6
is a predominant cultivar that is grown in south China
and Mianbao is a landrace grown on Hainan Province
that shows tolerance to drought and barren stresses.
The F1 population was designated the population SM.
Stem cuttings from the 208 F1 progeny and the parents
were planted in the field, with a randomized block
design and one replication in 2003, 2004, 2005, and
2008 in Wenchang, Hainan Province, and each
genotype had six individuals. The field management
essentially followed normal agricultural practices.
About 10 months after planting, three uniform indi-
viduals were harvested from each line for the collec-
tion of phenotypic data.

Trait evaluation

Fresh root yield was determined as the average weight
of the roots of the three selected individuals. Dry
matter root content was determined by drying 200 g
slices of storage root (the mixed sample of three
individuals) at 60 °C in a forced air dryer to a constant
weight. The dried root slices were ground in a
household grinder, filtered through a 0.5 mm mesh
sieve, and placed in a desiccator until subsequent
analysis. Root SC was measured by a polarimetric
method (Mitchell 1990).

AFLP analysis

Total DNA (200 ng) of each line was digested with
two restriction enzymes, EcoRI and Msel. Adapter
ligation and two successive PCR amplifications for
AFLP analysis were performed in accordance with the
method described by Vos et al. (1995) with slight
modification. The 5’ end of the Msel primer was
labeled with the fluorescent FAM marker. The PCR
products were mixed with loading buffer and dena-
tured. Then, a 1.0 pl aliquot was electrophoresed on an
ABI PRISM™ 377 DNA sequence analyzer for 2 h,
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and the amplified fragments were visualized by FAM
fluorescence. The AFLP primers used in the study are
listed in Supplementary Table 1.

SRAP analysis

Sequence-related amplified polymorphism analysis is
a PCR-based marker system that uses two primers, a
forward primer of 17 bases and a reverse primer of 18
bases. The forward primer consists of a core sequence
of 14 bases. The first ten bases at the 5’ end comprise a
“filler’ sequence of no specific constitution, which is
followed by the sequence CCGG and then by three
selective nucleotides at the 3’ end. The reverse primer
of 18 bases is similar to the forward primer, but its
‘filler’ sequence is followed by AATT instead of
CCGG and there are four selective nucleotides. The
first five cycles of the PCR amplification comprised
denaturation at 94 °C for 60 s, annealing at 35 °C for
60 s, and extension at 72 °C for 60 s, and then the
annealing temperature was raised to 50 °C for an
additional 35 cycles (Li and Quiros 2001). The PCR
products were electrophoresed on a 2 % agarose gel
for 30 min at 90 V, and visualized under ultraviolet
light. The SRAP primers used in the study are listed in
Supplementary Table 1.

SSR and EST-SSR analysis

Twenty-four SSR primers and 30 EST-SSR primers
were first screened against the parents and ten gene
pools. Each gene pool consisted of ten individual
progeny’s DNA. The SSR markers that were poly-
morphic were used to evaluate the entire population.
The PCR products were separated on 6 % denaturing
polyacrylamide gels for 1.5 h using a BIO-RAD
Sequi-Gen sequencing system (Bio-Rad, USA). The
separated products were visualized by silver staining.

Construction of the genetic linkage map

JoinMap3.0 was used to construct a linkage map (Stam
1993) with the population SM. The threshold of fit was
set to <5.0 with LOD scores >1.0 and a recombination
frequency <0.4. The population SM was considered to
be a CP-type (cross pollination between two hetero-
zygosity lines) population because the genetic back-
ground of the two parents was heterozygous. Hence,
each AFLP, SRAP, and SSR marker was assumed to
be located at a single locus. The parent-specific
markers that showed 1:1 segregation in the population
SM were scored and recorded as Im x 11 (marker in
female parent) and nn x np (marker in male parent).
Only the markers that showed 1:1 segregation were

Table 1 Summary of measurements of fresh root yield per individual (FRY), dry matter root content (DMC), and starch content
(SC) for SC6, Mianbao, and the population SM in 2003, 2004, 2005, and 2008 in Wenchang, Hainan Province, China

Trial FRY (g) DMC SC
SC6/Mianbao 2003 1050.0 + 85.6/625.0 + 45.7* 0.367/0.4610 0.276/0.344
2004 1813.0 & 189.1/837.0 & 90.7 0.341/0.4784 0.217/0.354
2005 2800.0 £ 321.6/1280.0 £ 106.4 0.325/0.3611 0.185/0.232
2008 967.0 & 47.3/237.0 &+ 32.1 0.400/0.404 0.298/0.288
Population SM 2003 1039.0° 0.390 0.275
190.0-2490.0 0.231-0.529 0.133-0.399
2004 1169.3 0.444 0.317
233.0-2513.0 0.260-0.568 0.151-0.405
2005 1641.1 0.390 0.246
90.0-4900.0 0.202-0.559 0.089-0.368
2008 1015.8 0.408 0.304
30.0-4070.0 0.277-0.570 0.180-0.405

FRY: the average value of three individuals, DMC and SC: the mixed sample of three individuals

% The mean = standard deviation

° Upper values are the mean of population SM, lower values are the range
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used to generate the genetic map; all other markers
were excluded.

Mapping of QTL

Inclusive composite interval mapping (ICIM), as
implemented in the IciMapping 3.0 software (Li et al.
2007), was used to detect QTL for FRY, DMC, and SC
in four trials. Model 7 of the procedure was employed,
and the likelihood of a QTL and its corresponding
effect was estimated atevery 1 cM. ALOD score of 2.5
was set as the threshold for declaring the presence of a
QTL. The dominance (d) and additive (a) values for
each QTL that were given by the program were used to
calculate the ratio of d/a. The QTLs based on the
average data of 4 years/single year data were list in
Table 3/Supplementary Table 1.

Results
Phenotypic evaluation

Measurements for the FRY, DMC, and SC traits in the
population SM and the two parents are listed in
Table 1. The FRY of SC6 was higher than that of
Mianbao in all 4 years (¢-test, P = 0.029), whereas the
DMC of SC6 was lower than that of Mianbao in all
4 years (t-test, P = 0.107). The SC of SC6 was lower
than that of Mianbao in 3 years (2003, 2004, and
2005), but slightly higher in 2008.

Construction of a genetic linkage map

Out of a total of 367 polymorphic markers, 200
markers showed 1:1 segregation and were assigned to
20 linkage groups (LGs) with JoinMap. The genetic
map consisted of 139 AFLP markers, 21 SRAP
markers, 11 SSR markers, and 29 EST-SSR markers,
and was designated the SM11 genetic map because the
mapped markers all conformed to a 1:1 segregation
ratio (Table 2; Fig. 1). The markers were not distrib-
uted evenly among different LGs; the largest LG
contained 33 markers, and the smallest LG only
contained three markers. The length of the LGs varied
from43.5 cM (LG19)to 125.1 cM (LG17). The SM11
genetic map spanned a total of 1645.1 cM (Kosambi
units). The marker intervals ranged from 0.1 to
39.4 cM and the average marker interval was 8.2 cM.
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Table 2 Linkage group size, number of markers, and average
marker interval per linkage group in the cassava genetic link-
age map

Linkage Size No.of  Marker Average
group (cM) markers type marker
interval (cM)

LGl 105.7 21 AFLP 5.0
LG2 50.0 10 AFLP 5.0
LG3 1147 14 AFLP 8.2
LG4 477 5 AFLP 9.5
LGS 83.8 15 AFLP 5.6
LG6 553 8 AFLP 6.9
LG7 98.0 11 AFLP 8.9
LG8 80.7 5 AFLP 16.1
LG9 88.7 4 AFLP 222
LGI10 563 7 SRAP 8.0
LG11 950 5 AFLP 19.0
LG12 809 7 SSR, EST 11.6
LG13 97.6 5 SSR, EST 19.5
LG14 502 4 SSR, EST, AFLP 125
LG15 1189 33 AFLP 3.6
LG16 705 6 AFLP 11.7
LG17 125.1 27 SSR, EST, SRAP 4.6
LG18 1156 6 SSR, AFLP 19.3
LG19 435 4 SSR, EST 10.9
LG20 671 3 EST 22.4
Mean 823 10 - 8.2

AFLP amplified fragment length polymorphism, SRAP
sequence-related amplified polymorphism, SSR simple
sequence repeat, EST-SSR expressed sequence tag—SSR

QTL mapping

The results of QTL mapping for the three traits that
were analyzed in the four trials are listed in Supple-
mentary Table 1. For each trait, the analysis was
carried out for the phenotypic data obtained in each
individual trial as well as the average phenotypic data
from all four trials. Although the interaction effects for
QTL x environment were significant for some QTL,
but most of the QTL that were detected repeatedly
across environments were also detected when the
average values of the four trials (see Table 3; Fig. 1).

For FRY, 60 QTLs were detected, for which the
phenotypic variation explained (PVE) ranged from
1.60 to 48.38 % with an average value of 26.75 %.
Among these 60 QTLs, 13 QTLs were detected



Euphytica (2012) 187:227-234

231

o— ESMI302
4153 I-—\_‘:Esm-m e
639 ESMLIS0 tn

14854 —F—ESM1-306

16757 | NEsaie

25658 —EsM1144

33,083 —F——ESMI-148

39.631 ~——g—ESMI1.164
46.706~_) __—ESMI-2M

LGl
—=—ESMI-312
- SN\
3?75 / W\ ESMI-252
/ = \:m:-m
,m E3M2I8 &
10479 ESMI-446 W
13,569 ESM1-400
15419 ESMI-488
17291 ESMI-214
20321 ETMD2278
22592/ ESM1-290
25075 E3N2.200
27 ESM3.154
31188 ESM33N2
37034 ESM3.258
2121 ESM3.148
sm?/_ _\Ejm-m
70.553 ESNM3.266
$0253 ESM3-236
9139 ESM3.344
105 688 ————ESM3-348
w
o
i
LGS W v
0———E7M3T6 H A
22453 E7M3118
29264 z?w-m
6771 ETM32
41024 zr\mu
45413 E?\Bm
§1.005~] _/z?wms L\ﬂ
§5.325 ———ETM3.296

LGI2
0— g en$912
10806 —f—en$91.3
2992wyl &
32966 sy36-22 o
8791 | amy2ss \l’
61196 | enbs4
$0.948 ———enes 3
e
s as
LG13 ® W
0—f—en$073
39348 071 Lt._.“,\l/j
I —f —es072
2424 ————say13:5 LI
97649 ———gay134
w
w =
LG4 [T
0——f—ssry1614 |_]
32344 s b
32854 5242
$0.169 ———E300.232 \l,
LGI6
0————E7M14 ‘-'“m
1394 ——4——E7M3-138 L‘J’E
3466~ | ~EIMIS6
642 ~_J __—ETM3-304
5938 ———E7M.240
70472 ———E7M3.356

50,007 ———ESM1314
LG4
0—g——E7M2.180
634 ; [ SESMG-130
150787 O ESMG-126 4
21588 ESM3-176
47692 ————ESM3.104 tIsl/
&
LGS n in
0——g——E3M8- *o:\l/ [
23331 ——J—E3ME214 J/
8852~ | _~E3mMsIR2
63768 ——J——ESM1174
80,695 —8——ESM1492
w
& ow
LGS [
0——f——EIM5.166 LI
2957 E3MS-164 A
37541 E9/MS.158
2693 E3M5-204
9,302 E7AB.284
0416 E3M2.208
51387 E4M2128
$3218 E9MS.210
55,182 E4M1-258
55,863 EIM226
$9.433 E7ABAI%4
61605 E3MS-176
63552 E7MB258
64547 E4M2-386
65208 EINM2.296
6801 E3M2352
9202 EIM2-160
69968 EIMS.366
71201 E3MS-324
72452 E3MS.262
75.245 E3M5-368
76,061 E3MS.366
%112 ESMI464
80227 ESM1-304
§1.906 E3MS312
84792 E7M2164
£9.074 EIAB.2T8
95563 E3M5-210
99.468 EIMII12
10222 EIM3.146
104179 E3MS-320
109,525 ESM1316
1189 E3MS-216

LG}
0—1—EIM2.T8
nsn~_| _~Enean
086~ ~EM6
3099 EIM2218 %S
32368 '<:?M:-:o-l‘u
33 966 ETM2100 | wn
9217 ETM2.224
50674 E7M2-88
60828 E7M2-146
n6- | SEness
81507 AR
90836 E7M2-368
102466 [ EIM2362
114672 ———E7M2-416
w
LG7 w
0——E4M22%
9849 ———E4M2462
19625 ——E4M2
39277 E4M2-440
431 ESMS.274
60378 ESMS.262
791 ESMS.190
83616 ESMS.244
$8338 ESMS.306
mss\'Juw-m
97957 —F——E8MS.232
LG10
0—f——sM9-E174
17664 aMNELT3
.‘uw\ DS E172
I it
38613 —F——aMILEINS
46858 ———aMB.EL4
56281 ———aMB2EITS
LG17
0—g—ens:2
10.466 el
13631 & %nm-m-z
18987 s.1
‘sm\——/:u
3167 _/umr‘m
3295 23
nmk—/nmsm
3944 /um: ENS
47139 sl03 T
48674 —F=— g M9.E14-4 \L
7 4.E10:2
A D
6092 4 ~aMI2Ell-H
62057 aM9ELS
“8?1/_\111609»3
66959 est$68.1
mssf 251703
7619 / \-mw-zla.l
s:m/_—\nm:-m-s
$8348 /_ _\usm:u.:
9292 223
9497 aM12E61
9728 est1224
102109 aM12-E11-1
10177 aMI12E11.2
125,084 ———— 493

LGS
0——f——ESMS-110
9663 ESMST8
11895 —F—ESMS-240 o
13907 k

26 A

2.765

po %51
29083
35.126

ESMS-210
—\\BMS-ISS tl
ESMS-182

ESMS172
ESMSIT
ESMS-126 0
ESMS-258

-tsm/ ESMS-106
s:::s/-_\u.\tm:
61 006 ESME134
7005 ESMS-160
£3 805 ——8——ESMS 194
&
LGY kg
00w
0o ES\MI.‘GOW‘w &
22163 — ﬂ

39.633
T p—

[+ <]
— ESM1.348 \‘E A
ESM1-402

wvi
—— ESM1-430 \L

Gn

n_
3228~
40081
67009 —

BT LI \EE
| E4098
—EaAD.368
——EAA2.154

94958 —

——E4M2-118

4084 —
6059~
na?s/-

115576 |

1299

67.051

-]
el H
en720-3

V

FRY

W

DMC SC

Fig. 1 SM11 genetic map and the positions of repeatedly detected QTL with the phenotypic data of four trials in the population SM.
E5M1, the AFLP primer combination E5S and M1; srM4-E10, the SRAP primer combination me4 and em10

repeatedly in two trials, eight QTLs were detected
repeatedly in three trials, and four QTLs (gfry3b,
and ¢fry20b) were detected

qfrylla,

gfryl4a,

repeatedly in all four trials. Eleven repeatedly detected
QTLs (rd-QTLs) were linked to SSR markers and their
average PVE was 17.42 %.
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Table 3 Identified QTL for three phenotypic traits detected in the population SM using the average phenotypic data of the four trials

Trait LG QTL Position Left marker Right LOD PVE* EstA EstD dla® GA® Trial®
(cM) marker (%)
FRY 7 fry7 2 E4/M2-256 E4/M2-462 2.51 11.93 9.56 602.50 63.05 OD 5,8
8 fry8a 10 E3/M8-202 E3/M8-214 2.74 3.78 —21.28 171.08 —8.04 OD 4,5
8 fry8b 36 E3/M8-214 E3/M8-182 542 21.07 -9.13 406.31 —44.51 OD 3,58
9 fry9a 10 E5/M1-260 E5/M1-348 2.85 2.78 57.78 —128.37 —2.22 OD 3.8
9 fry9b 41 E5/M1-348 E5/M1-402 4.16 1.60 5.96 —104.31 —17.50 oD 34
9 fry9c 74 E5/M1-402 E5/M1-430 4.05 5.06 —20.03 —194.78 9.72 oD 45
11 fryll 15 E4/M2-78 E4/M2-98 441 10.94 1.91 289.48 151.50 OD 3458
12 fryl2 58 ssry28-3 est68-4 4.95 23.10 —18.85 478.56 —25.39 OD 4,5,8
13 fryl3 20 est507-3 est507-1 4.39 3.90 —21.78 —147.62 6.78 OD 345
14 fryl4 15 est524-1 est524-2 6.80 18.35 —13.16 534.31 —40.61 OD 3,458
18 fryl8a 15 E7/M3-228 ssry49-1 3.83 1.25 35.21 —50.88 —1.45 OD 4,5
18 fryl8b 95 ns80-3 ns178-2 5.18 4.24 55.45 —118.53 —-2.14 OD 45,8
19 fryl9 30 estd-1 est68-1 2.95 3.58 73.74 —145.74 —1.98 OD 3428
20 fry20a 17 est744-4 est2-4 4.40 2.39 50.68 —79.14 —1.56 OD 345
20 fry20b 50 est2-4 est720-3 4.99 3.13 64.36 —23.07 —0.36 PD 3,458
DMC 1 dmcl 14 E5/M1-400 E8/M1-488 3.19 10.76 0.01 0.04 4.69 OD 4
3 dme3 50 E7/M2-224 E7/M2-88 3.51 13.60 —0.01 —0.06 9.21 OD 8
4 dmc4 35 E5/M3-176 E5/M3-104 3.20 4.11 0.00 0.02 4.68 OD 4.8
6 dmc6 11 E7/M3-76 E7/M3-118 3.55 5.61 —0.01 0.01 —2.33 OD 3458
10 dmcl0 8 srM29-E17-4 stM29-E17-3 2.63 3.67 0.00 —0.01 2.59 OD 8
11 dmclla 15 E4/M2-78 E4/M2-98 3.68 1.89 0.00 —0.01 —5.83 OD 5,8
11 dmcllb 81 E4/M2-154 E4/M2-118 3.18 222 0.00 —0.01 14.13 OD 5
12 dmcl2 72 est68-4 est68-3 2.60 7.50 0.00 0.03 —17.07 OD 4
13 dmcl3a 20 est507-3 est507-1 4.21 1.18 0.00 0.00 —0.31 PD 348
13 dmcl3b 65 est507-2 ssryl13-5 2.80 4.76 0.00 —0.02 3.49 OD 4,5
13 dmcl3c 86 ssryl3-5 ssryl3-4 3.28 2.87 —0.01 0.00 0.71 PD 5.8
16 dmcl6 26 E7/M3-138 E7/M3-86 2.58 2.25 0.00 0.01 3.29 oD 35
20 dmc20a 14 est744-4 est2-4 5.16 4.98 0.01 —0.01 —1.22 OD 5
20 dmc20b 53 estd est720-3 5.51 6.32 0.01 —0.01 —1.30 OD 3428
SC 1 scl 14 E5/M1-400 E8/M1-488 6.33 1591 1.27 2.80 221 OD 345
3 sc03 50 E7/M2-224 E7/M2-88 3.35 11.72 —0.53 —5.69 10.77 oD 5,8
4 sc04 35 E5/M3-176 E5/M3-104 2.95 1.73 —0.01 —1.08 84.70 OD 4,5
5 sc05 27 E8/M5-182 E8/M5-172 3.30 7.77 -0.73 1.59 —2.18 OD 4
6 sc06 11 E7/M3-76 E7/M3-118 3.15 3.30 —0.45 0.85 —1.91 OD 345
9 sc09 41 E5/M1-348 E5/M1-402 4.13 1.04 0.14 —0.70 —4.84 OD 3,58
11 sclla 15 E4/M2-78 E4/M2-98 4.16 2.66 0.47 —0.85 —1.82 OD 3,458
11 scllb 54 E4/M2-368 E4/M2-154 333 1.46 0.20 0.78 3.93 OD 8
11 scllc 81 E4/M2-154 E4/M2-118 3.24 3.02 0.13 —1.35 —10.09 OD 4
12 scl2 71 est68-4 est68-3 2.60 4.80 —0.27 1.81 —6.75 OD 4
13 scl3 87 ssryl3-5 ssryl13-4 2.65 1.13 —0.34 0.10 —0.28 PD 35
16 scl6 25 E7/M3-138 E7/M3-86 2.50 2.12 0.13 1.06 7.92 OD 34
20 sc20a 14 est744-4 est2-4 5.11 3.83 0.61 0.29 0.46 PD 345
20 sc20b 51 est2-4 est720-3 4.70 2.53 0.48 —0.45 —0.94 D 3428

GA gene action, A additive (Id/al = 0-0.2), PD partial dominance (Id/al = 0.21-0.80), D dominance (ld/al = 0.81-1.20), OD overdominance (ld/al > 1.2)

# Proportion of the phenotypic variation explained by the QTL estA, additive effect; positive additive effects indicate that the SC6 allele increases the value of the
trait, negative additive effects indicate that the Mianbao allele increases the value of the trait estD, dominance effect

® Ratio of dominance effect to additive effect for each QTL
¢ Trial in which QTL was significant: 3, 2003; 4, 2004; 5, 2005; 8, 2008
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For DMC, 46 QTLs were detected, for which the
PVE ranged from 1.09 to 26.37 % with an average
value of 10.37 %. Among these 46 QTsL, six QTLs
were detected in two trials, eight QTLs were detected
in three trials, and one QTL (gdmc6a) was detected in
all four trials. Seven rd-QTLs were linked to SSR
markers. The average PVE for these rd-QTLs was
6.55 % with a maximum value of 23.92 %, and five of
them were detected in three trials.

For SC, 38 QTLs were detected, for which the PVE
ranged from 1.11 to 30.04 % with an average value of
12.21 %. Eight QTLs were detected in two trials,
seven QTLs were detected in three trials, and two
QTLs (gscll and gsc18b) were detected in all four
trials. Seven rd-QTLs were linked to SSR markers,
and had a maximum PVE of 4.06 %. One of the rd-
QTL was detected in four trials, whereas the other rd-
QTLs were detected in two or three trials.

For the three traits, in addition to the 25 SSR-linked
rd-QTLs, 31 AFLP-linked rd-QTLs and one SRAP-
linked rd-QTL were detected. Among the latter 32 rd-
QTLs, the average PVE was 19.51 % for FRY, 8.09 %
for DMC, and 10.57 % SC. Although these 32 QTLs
had high PVE values, it is difficult to use AFLP and
SRAP markers for MAS; hence, they would need to be
converted first into sequence-characterized amplified
region (SCAR) or other simple PCR markers.

In total, 57 rd-QTLs were identified for the three
traits in the population SM. Of these rd-QTLs, 27 rd-
QTLs were detected in two trials, 23 rd-QTLs were
detected in three trials, and seven rd-QTLs were
detected in all four trials. The rd-QTLs were not
distributed evenly among LGs. Ten LGs contained
most of the rd-QTLs, and 15 marker intervals
contained QTLs that corresponded to two or three
traits (Fig. 1; Table 4), which indicated that these
genome regions have pleiotropic effects.

Discussion

Cassava ranks as the sixth most important food crop in
the world, but basic research on this crop has lagged
behind that on other crops and relatively few research-
ers actively study cassava, especially in the field of
quantitative genetics research. The first segregated
cassava population to be analyzed was the progeny of
the cross TMS30572 x CM2177-2, from which two
genetic maps were constructed; one map consisted of

Table 4 QTL regions that associated with two or three traits

Marker interval LG FRY* DMC* SC*

E5/M3-176  E5/M3-104 LG4 348 4.8 4*5

E7M3-76 E7M3-118 LG6 - 34,58 345
E7M3-108 E7M3-296 LG6 - 3.4 34
E5M1-260 E5M1-348 LG9 3.8 - 4,5,8
E5M1-348 E5M1-402 LG9 34 - 3,5,8
E4M2-78 E4M2-98 LG11 3458 358 34,5,8
est507-3 est507-1 LG13 345 34,8 34,8
ssryl3-5 ssryl3-4 LG13 - 3,5,8 3,5
ssryl61-4 est524-1 LG14 3,458 3.8 3,8
E3M5-166 E3M5-164 LGI15 - 34,5 34
E7M3-138 E7M3-86 LGl6 3.8 3,5 34
E7M3-228  ssry49-1 LG18 45 34,5 34,8
ns80-3 ns178-2 LG18 4538 34,8 45,8
est744-4 est2-4 LG20 345 - 34,5
est2-4 est720-3 LG20 3,458 34,8 3,4,8

? Trial in which QTL was significant: 3, 2003; 4, 2004; 5,
2005; 8, 2008

394 markers and the other consisted of 100 SSR
markers (Fregene et al. 1997; Okogbenin et al. 20006).
An additional five segregated populations were devel-
oped in Colombia (Akano et al. 2002), Nigeria (Lokko
et al. 2005; Akinbo et al. 2007), Thailand (Kunkeaw
et al. 2010), and China (Chen et al. 2010). These
populations were used to construct genetic maps and/
or identify QTL for resistance to CMD and CAD, for
example. However, most of these QTL were identified
in a single-marker analysis and in only one case by the
composite interval mapping method. This shortcom-
ing may explain why many false positive QTL were
identified and some genuine QTL were missed. Hence,
in the present study, the ICIM method (Li et al. 2007)
was applied to minimize the false detection rate and
increase the detection power.

The 57 rd-QTLs that were recognized for the three
traits in the population SM were identified by the ICIM
method using the phenotypic data from the four trials.
Among these 57 rd-QTLs, 25 rd-QTLs were linked to
SSR markers, and 15 marker intervals on ten LGs
showed pleiotropic effects. With reference to the
genetic map of Balyejusa Kizito et al. (2007) identified
a QTL for DMC that was located in the shared marker
interval NS80-NS178 on LG18, which contained QTL
for all three traits in the present study. Fregene et al.
(1997) constructed a genetic map that consisted mainly
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of RFLP markers using the F; progeny of the cross
TMS30572 x CM2177-2, and mapped a series of
QTLs on this map, but in practice it is difficult to use
RFLP markers in MAS. Subsequently, Okogbenin et al.
(2006) constructed a genetic map based on SSR markers
using the F, progeny (K150) of the cross TMS30572 x
CM2177-2, and mapped several QTLs on this map
(Okogbenin et al. 2008). None of the published maps
contained any shared markers; hence it was impossible
to identify common QTLs among different reports,
which in turn was an obstacle to the application of
published identified QTL in relation to MAS of cassava.

The SM11 genetic map incorporated only 11 SSR
and 29 EST-SSR markers., and most of the AFLP or
SRAP markers clustered into one LG alone (LG1-
LG11,LG15, and LG16). On the basis of these results,
the strategy for construction of a cassava genetic map
should be modified. SSR and EST-SSR markers
should form the major components of a cassava
genetic map, and there were 472 SSRs and 431 EST-
SSRs that could be used currently. AFLP or SRAP
markers should be considered as supplementary
components to fill in gaps. In addition, the use of
highly inbred lines as parents is needed to develop
segregated populations for the construction of genetic
maps and QTL analysis in the future.
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