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1.1  Introduction

Cereals constitute the most important food crops of the world, occupying ~680 mil-
lion hectares of land and producing ~2,295 million tonnes of food grain globally 
(October 4, 2012; http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/), even 
though this production is lower than that for the year 2011 (2,340 million tonnes). 
Cereals are also an excellent source of fat-soluble vitamin E (an essential antioxi-
dant) and contain 20–30 % of our daily mineral requirement (including selenium, 
calcium, zinc, and copper). Among all crops, cereals also provide 60 % of calo-
ries and proteins for the growing human population, which is estimated to reach 
9.2 billion level in the year 2050. The projected need for annual cereal produc-
tion in 2050 is ~3,000 million tonnes, so that at least a 30 % increase in the annual 
cereal grain production would be needed to meet this demand; this translates into an 
annual growth rate of ~0.70 %, which should not be difficult to achieve if the pre-
sent growth rate of ~1.0 % is maintained. It has also been noticed that although dur-
ing the last 4–5 decades the annual production of cereals (sum of wheat, milled rice 
and coarse grains) has been steadily increasing, the rate of growth in this production 
has shown a fatigue, with the growth rate falling from 3.7 % p.a. in the 1960s, to 
2.5 % in 1970s, 1.4 % in 1980s and 1.1 % in 1990s, this growth rate sometimes also 
being negative (years 2006–2007, 2010–2011; see Fig. 1.1). The rate of growth in 
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yield (production per unit area) has also slowed down in recent years, so that there 
is a need to improve further the yield per unit area also. While total annual produc-
tion of leading cereal crops such as rice, maize, and wheat has increased, the annual 
production of other cereal crops like barley, oats and rye has declined (Table 1.1). 
Since the productivity and production of cereals are not stable and may even decrease, 
depending on weather condition, and because the demand will increase in future due 
to population pressure, cereal workers can not be complacent and will need to keep on 
working for enhancing both, yield and production. It is anticipated that this may not 
be possible with the conventional plant breeding, and genomics-based technologies 
will have to supplement to meet this challenge. With the shrinking land area, water 
shortage and the projected climate change, the task is certainly not going to be easy.

The volume ‘Cereal Genomics’ that was edited by the authors and published 
in 2004 contained useful articles written by eminent scientists in different areas 
of cereal genomics research. It served a useful purpose of making available all 
information on cereal genomics at one place (Gupta and Varshney 2004), and was 
well received by cereal workers globally. However, this volume has become out-
of-date, since during the last eight years, cereal genomics research progressed at 
unprecedented pace (Table 1.1). Sufficient additional information has become 
available making it necessary to have another fresh look on the present status 
and future possibilities of cereal genomics research. For instance, whole genome 
sequences became available not only for rice (Goff et al. 2002; Yu et al. 2002), 
maize (Schnable et al. 2009) and sorghum (Paterson et al. 2009), the three major 
cereal crops, but also for Brachypodium distichum (TIBI 2010), a newly identi-
fied model grass species. Significant progress has also been made in sequencing 

Fig. 1.1  Production, utilization and stocks of cereal grains globally (source http://www.fao.org/
worldfoodsituation/wfs-home/csdb/en/)

http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/
http://www.fao.org/worldfoodsituation/wfs-home/csdb/en/


31 Cereal Genomics: Excitements, Challenges and Opportunities

Ta
bl

e 
1.

1 
 A

 c
om

pa
ra

tiv
e 

ov
er

vi
ew

 o
f 

th
e 

cr
op

s 
di

sc
us

se
d 

in
 c

er
ea

l g
en

om
ic

s 
vo

lu
m

e 
I 

an
d 

II

C
er

ea
l 

sp
ec

ie
s

B
io

lo
gi

ca
l 

na
m

e
C

hr
om

so
m

e 
nu

m
be

r
G

en
om

e 
si

ze
 

(M
bp

)a
St

at
us

 
ye

ar
b

Y
ie

ld
 

(t
on

ne
s/

he
ct

ar
e)

c

P
ro

du
ct

io
n 

(m
ill

io
n 

to
nn

es
)c

N
um

be
r 

of
 

E
ST

s 
av

ai
l-

ab
le

 in
 p

ub
lic

 
do

m
ai

nd

A
va

ila
bi

lit
y 

of
 r

es
ou

rc
es

B
ar

le
y

H
or

de
um

 
vu

lg
ar

e
2n

 =
 2

x 
=

 1
4

5,
00

0
20

12
2.

6
12

4
5,

01
,8

38
E

xt
en

si
ve

 g
en

et
ic

 a
nd

 p
hy

si
ca

l m
ap

s;
 fi

rs
t g

lim
ps

e 
of

 g
en

om
e 

se
qu

en
ce

 is
 n

ow
 a

va
ila

bl
e 

(t
he

 
In

te
rn

at
io

na
l B

ar
le

y 
G

en
om

e 
Se

qu
en

ci
ng

 
C

on
so

rt
iu

m
 (

IB
G

SC
) 

20
12

)
20

04
2.

5
13

2
3,

56
,8

48
B

ot
h 

ge
ne

tic
 a

nd
 p

hy
si

ca
l m

ap
s 

(b
as

ed
 o

n 
tr

an
sl

oc
a-

tio
n 

br
ea

kp
oi

nt
s)

 w
er

e 
av

ai
la

bl
e

M
ai

ze
Z

ea
 m

ay
s

2n
 =

 2
x 

=
 2

0
2,

50
0

20
12

5.
2

84
0

20
,1

9,
13

7
G

en
om

e 
se

qu
en

ci
ng

 a
nd

 r
e-

se
qu

en
ci

ng
 f

or
 s

ev
er

al
 

hu
nd

re
d 

ac
ce

ss
io

ns
 h

av
e 

be
co

m
e 

av
ai

la
bl

e,
 

ha
pm

ap
 a

va
ila

bl
e;

 G
W

A
S 

an
al

ys
is

 u
nd

er
ta

ke
n;

 
G

S 
in

 p
ro

gr
es

s
20

04
4.

3
60

3
3,

93
,7

19
E

xt
en

si
ve

 g
en

et
ic

 (
in

cl
ud

in
g 

tr
an

sc
ri

pt
 m

ap
) 

an
d 

B
A

C
-b

as
ed

 p
hy

si
ca

l m
ap

s 
w

er
e 

av
ai

la
bl

e
O

at
s

A
ve

na
  

sa
ti

va
2n

 =
 6

x 
=

 4
2

11
,4

00
20

12
2.

2
20

25
,3

44
Sa

tu
ra

te
d 

ge
ne

tic
 m

ap
s 

ha
ve

 b
ec

om
e 

av
ai

la
bl

e
20

04
1.

9
27

57
4

G
en

et
ic

 m
ap

s 
(b

ut
 n

ot
 s

at
ur

at
ed

) 
w

er
e 

av
ai

la
bl

e
R

ic
e

O
ry

za
  

sa
ti

va
2n

 =
 2

x 
=

 2
4

43
0

20
12

4.
4

69
6

12
,5

2,
98

9
Se

ve
ra

l d
ra

ft
s 

fo
r 

w
ho

le
 g

en
om

e 
se

qu
en

ce
 a

va
ila

bl
e,

 
re

se
qu

en
ci

ng
 o

f 
se

ve
ra

l t
ho

us
an

d 
ac

ce
ss

io
ns

 h
as

 
be

en
 c

om
pl

et
ed

/in
 p

ro
gr

es
s,

 G
W

A
S 

un
de

rt
ak

en
; 

G
S 

in
 p

ro
gr

es
s

20
04

3.
9

58
0

2,
83

,9
35

E
xt

en
si

ve
 g

en
et

ic
 (

in
cl

ud
in

g 
tr

an
sc

ri
pt

) 
an

d 
Y

A
C

/B
A

C
-b

as
ed

 p
hy

si
ca

l m
ap

s,
 a

s 
w

el
l a

s 
4 

dr
af

ts
 o

f 
co

m
pl

et
e 

ge
no

m
e 

se
qu

en
ce

s 
av

ai
la

bl
e

R
ye

Se
ca

le
  

ce
re

al
e

2n
 =

 2
x 

=
 1

4
8,

40
0

20
12

2.
3

12
9,

29
8

E
xt

en
si

ve
 g

en
et

ic
 a

nd
 p

hy
si

ca
l m

ap
s 

av
ai

la
bl

e
20

04
2.

2
21

9,
19

4
G

en
et

ic
 m

ap
s 

(b
ut

 n
ot

 s
at

ur
at

ed
) 

av
ai

la
bl

e (c
on

tin
ue

d)



4 P. K. Gupta and R. K. Varshney

a A
s 

pe
r 

B
en

ne
tt 

an
d 

L
ei

tc
h 

(1
99

5)
b C

om
pa

ra
tiv

e 
st

at
us

 o
f 

pr
od

uc
tiv

ity
, p

ro
du

ct
io

n 
an

d 
ge

no
m

ic
 r

es
ou

rc
es

 b
et

w
ee

n 
20

04
 a

nd
 2

01
2 

ha
s 

be
en

 s
ho

w
n

c A
s 

pe
r 

FA
O

 w
es

bs
ite

 h
ttp

://
ap

ps
.f

ao
.o

rg
; a

cc
es

se
d 

in
 2

00
4 

an
d 

20
12

d A
s 

pe
r 

db
E

ST
 r

el
ea

se
 0

30
50

4 
an

d 
18

10
12

- 
ht

tp
://

w
w

w
.n

cb
i.n

lm
.n

ih
.g

ov
/d

bE
ST

/d
bE

ST
 s

um
m

ar
y.

ht
m

l

C
er

ea
l 

sp
ec

ie
s

B
io

lo
gi

ca
l 

na
m

e
C

hr
om

so
m

e 
nu

m
be

r
G

en
om

e 
si

ze
 

(M
bp

)a
St

at
us

 
ye

ar
b

Y
ie

ld
 

(t
on

ne
s/

he
ct

ar
e)

c

P
ro

du
ct

io
n 

(m
ill

io
n 

to
nn

es
)c

N
um

be
r 

of
 

E
ST

s 
av

ai
l-

ab
le

 in
 p

ub
lic

 
do

m
ai

nd

A
va

ila
bi

lit
y 

of
 r

es
ou

rc
es

So
rg

hu
m

So
rg

hu
m

 
bi

co
lo

r
2n

 =
 2

x 
=

 2
0

75
0

20
12

1.
4

56
2,

09
,8

35
G

en
om

e 
se

qu
en

ce
 h

as
 b

ec
om

e 
av

ai
la

bl
e 

an
d 

re
-

se
qu

en
ci

ng
 o

f 
se

ve
ra

l a
cc

es
si

on
s 

in
iti

at
ed

20
04

1.
3

55
1,

61
,8

13
In

te
gr

at
ed

 c
yt

og
en

et
ic

, g
en

et
ic

 a
nd

 p
hy

si
ca

l m
ap

s 
w

er
e 

av
ai

la
bl

e
W

he
at

Tr
it

ic
um

 
ae

st
iv

um
2n

 =
 6

x 
=

 4
2

16
,0

00
20

12
3.

0
65

4
12

,8
6,

17
3

E
xt

en
si

ve
 g

en
et

ic
 a

nd
 p

hy
si

ca
l m

ap
 a

va
ila

bl
e,

 G
en

e 
sp

ac
e 

of
 in

di
vi

du
al

 c
hr

om
os

om
es

 c
ap

tu
re

d 
an

d 
ge

no
m

e 
se

qu
en

ci
ng

 in
 p

ro
ce

ss
; G

W
A

S 
an

d 
G

S 
co

nd
uc

te
d

20
04

2.
7

56
8

5,
49

,9
26

E
xt

en
si

ve
 g

en
et

ic
 a

s 
w

el
l a

s 
de

le
tio

n 
lin

es
-b

as
ed

 
ph

ys
ic

al
 m

ap
s 

w
er

e 
av

ai
la

bl
e

Ta
bl

e 
1.

1 
 (

co
nt

in
ue

d)

http://apps.fao.org
http://www.ncbi.nlm.nih.gov/dbEST/dbEST


51 Cereal Genomics: Excitements, Challenges and Opportunities

genome or gene space in wheat (Paux et al. 2008; Berkman et al. 2011) and barley 
(Mayer et al. 2011; IBGSC 2012).

During recent years, another major technology development is the availability of 
next generation sequencing (NGS), which included the second and third generation 
high throughput and cost-effective sequencing systems (Thudi et al. 2012). These 
NGS platforms revolutionized genomics research not only in cereals, but in all liv-
ing systems including humans, and other higher animals/plants and the microorgan-
isms. By using NGS technologies, genomes of hundreds or thousands of accessions 
of an individual crop like rice have been generated, thus providing estimates of 
genome wide diversity and making genome wide association studies (GWAS) more 
meaningful (Huang et al. 2010; Tian et al. 2011; Zhao et al. 2011; Chia et al. 2012; 
Hufford et al. 2012). All these developments also created a demand for computa-
tional tools to analyse the massive data that was generated at an unprecedented pace. 
This challenge was met successfully by parallel growth in the field of bioinformat-
ics. These developments have been briefly described in this volume, which is appro-
priately titled as “Cereal Genomics II”, so that it supplements our earlier edited 
volume “Cereal Genomics” (Gupta and Varshney 2004). The different aspects cov-
ered in this volume are briefly summarized in this introductory chapter.

1.2  Molecular Markers in Cereal Genomics

Although cereal genomics had its birth during 1980s with the development and use 
of restriction fragment length polymorphism (RFLP) markers, it gained momen-
tum with the development and use of simple sequence repeat (SSR) and amplified 
fragment length polymorphism (AFLP) markers during 1990s and single nucleo-
tide polymorphism (SNP) and diversity array technology (DArT) markers during 
the first decade of the present century. However, wide-spread use of these markers 
in crop breeding programs was not possible due to low throughput and expensive 
genotyping involved in using these markers. With the availability of microarray 
technology, during 1990s and early years of the present century, an increased use of 
microarray-based marker genotyping (particularly for SNPs) was witnessed (Gupta 
et al. 2008). An updated account of these array-based markers for cereal genomics 
research is presented by Pushpendra K Gupta (CCS University, Meerut,  India) and 
his former students by (Sachin Rustgi and Reyaz Mir) in Chap. 2 of this volume.

In parallel and following the development of microarray technology, another 
major development has been the availability of a number of NGS platforms (as 
mentioned above), which facilitated development and use of high throughput 
and cost-effective markers like SNPs, SSRs, Insertion Site-Based Polymorphism 
(ISBPs), Restriction-site Associated DNAs (RADs), Copy-Number Variations 
(CNVs)/Presence-Absence Variations (PAVs), etc. Dave Edward of the University 
of Queensland, Australia and Pushpendra Gupta of CCS University, Meerut, India 
discussed these aspects in Chap. 3 of this volume. The different NGS technologies 
and their use for study of genetic diversity in cereals are discussed in Chap. 4 by 

http://dx.doi.org/10.1007/978-94-007-6401-9_2
http://dx.doi.org/10.1007/978-94-007-6401-9_3
http://dx.doi.org/10.1007/978-94-007-6401-9_4
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Eduard Akhunov and colleagues from Kansas State University, USA. This chapter 
partly overlaps the contents of Chap. 3 in dealing with markers developed using 
NGS, this overlap being unavoidable in an edited volume.

1.3  Organization and Evolution of Cereal Genomes

In true sense, plant genomics research had its beginning in December 2000, with the 
publication of the whole genome sequence of the model plant species Arabidopsis 
thaliana (AGI 2000). This was followed by publication of the whole genome 
sequences of more than a dozen plant species, which included some cereals such as 
rice (Yu et al. 2002; Goff et al. 2002; IRGSP 2005), maize (Schnable et al. 2009), 
sorghum (Paterson et al. 2009) and foxtail millet (Bennetzen et al. 2012; Zhang et 
al. 2012) and a model grass species, Brachypodium distichum (TIBI 2010). Available 
genome sequences of several other plant species (http://genomevolution.org/wiki/
index.php/Sequenced_plant_genomes; Plant GDB), which also became available in 
parallel, were also compared with available cereal genome sequences, thus facilitat-
ing further progress in cereal genomics research. In Chap. 5 of this volume, Xi-Yin 
Wang and Andrew H. Paterson from University of Georgia, USA utilize this infor-
mation and discuss comparative genomics in cereals. During the study of genomic 
sequences of cereals, in particular those of corn, it has been recognized that trans-
posable elements constitute a major part of cereal genomes. In Chap. 6 of this vol-
ume, Beat Keller and his coworkers from University of Zurich, Switzerland, have 
discussed the role of transposable elements in shaping cereal genomes.

1.4  Functional Genomics of Cereals

Cereal have also been subjected to functional genomics research, which dur-
ing the last two decades covered both basic and applied aspects. As a result, not 
only we understand better the genomes of major cereals and the mechanisms 
involved in the function of different cereal genes, but we have also utilized infor-
mation generated from genomics research in producing better transgenic crops, 
which will give higher yields, sometimes with value addition. In Chap. 7 of 
this volume, Pankaj Jaiswal and colleagues from Oregon State University, USA 
have discussed the techniques and bioinformatics involved in functional annota-
tion of cereal genomes. In Chap. 8, Nese Sreenivasulu and his coworkers from 
IPK, Gatersleben, Germany discussed the different ‘omics’ approaches involved 
in functional genomics and their implications for developing a system biology 
approach for study of the mechanism involved in tolerance against abiotic stress. 
In Chap. 9, Peter Langridge and his coworkers from Australian Centre for Plant 
Functional Genomics (ACPFG), Australia discuss the functional genomics of seed 
development and in Chap. 10, Bikram Gill and his coworkers from Kansas State 
University, USA discuss the genomics of cereal based functional foods.

http://dx.doi.org/10.1007/978-94-007-6401-9_3
http://genomevolution.org/wiki/index.php/Sequenced_plant_genomes
http://genomevolution.org/wiki/index.php/Sequenced_plant_genomes
http://dx.doi.org/10.1007/978-94-007-6401-9_5
http://dx.doi.org/10.1007/978-94-007-6401-9_6
http://dx.doi.org/10.1007/978-94-007-6401-9_7
http://dx.doi.org/10.1007/978-94-007-6401-9_8
http://dx.doi.org/10.1007/978-94-007-6401-9_9
http://dx.doi.org/10.1007/978-94-007-6401-9_10
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1.5  QTL Analysis, Domestication and Molecular Breeding

Another important development in cereal genetics and genomics during the last two 
decades is the availability of approaches for genetic dissection of complex quanti-
tative traits. This became possible due to the availability of DNA-based molecular 
markers and statistical tools for analysis of complex traits. These aspects have been 
discussed in Chap. 11 by Pushpendra K Gupta and his two former students (Pawan 
Kulwal and Reyaz Mir). QTL analysis also facilitated the study of domestication 
process, so that domestication syndromes involving the selection of a set of genes 
have been discovered in all major cereals. These aspects have been discussed in 
Chap. 12 by Tao Sang from Key Laboratory of Plant Resources, China and Beijing 
Botanical Garden, China and Jiayang Li from National Center for Plant Gene 
Research, China. It has also been recognized that precision in phenotyping has been 
a limitation in studying the genetic architecture of cereal crops, and is absolutely nec-
essary in order to improve the power and resolution of genetic approaches available 
for genetic dissection of complex traits. This has led to the development of a new 
discipline called phenomics, which is gaining momentum, so that phenotyping plat-
forms are being established in several countries to facilitate precision in phenotyping. 
BM Prasanna and his coworkers from International Maize and Wheat Improvement 
Center (CIMMYT), Mexico discussed the subject of high throughput precision phe-
notyping for cereal breeding in Chap. 13 of this volume. Chapter 14 of this volume is 
devoted to molecular breeding written by Yunbi Xu from CIMMYT and his co work-
ers from Chinese Academy of Agricultural Sciences, China and CIMMYT.

1.6  Summary and Outlook

In summary, this volume Cereal Genomics II with 14 chapters (including this intro-
ductory chapter) provides a glimpse of the advances in cereals genomics research 
made during the last eight years, that elapsed between now and the year 2004, when 
our earlier volume, Cereal Genomics was published. This volume presents state-of-
art of cereal genomics and its utilization in both basic studies such as comparative 
genomics and functional genomics as well as applied aspects like QTL mapping and 
molecular breeding. Keeping in view the information that became available during the 
last one decade, one can certainly foresee an exciting period that lies ahead for cereal 
researchers globally, particularly because the large and complex cereal genomes of 
barley and wheat will also be fully sequenced within the next 2–3 years. Molecular 
mapping and breeding approaches will be shifting from marker-based genotyping to 
sequencing-based genotyping. Comparative genomics will be moving from compari-
son of genomes of two or more species to comparison of genomes of hundreds to 
thousands accessions of the same species. While data generation for even complex 
genomes of cereal species is expected to become routine, analysis and interpretation 
of data will be a challenge for both cereal biologists as well as for those involved 
in applied cereal genomics research. This will be facilitated through advances in 

http://dx.doi.org/10.1007/978-94-007-6401-9_11
http://dx.doi.org/10.1007/978-94-007-6401-9_12
http://dx.doi.org/10.1007/978-94-007-6401-9_13
http://dx.doi.org/10.1007/978-94-007-6401-9_14
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bioinformatics including high-throughput data analysis and cloud computing, which 
will help make further advances in this fascinating area of cereal genomics.
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