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Domestication and early evolution of sugarcane

Saccharum sinence Saccharum S officinarum X
Saccharum Saccharum barberi officinarum S spontaneum %
officinarum (crosses to wild relatives clones (interspecific >
natural hybrids) World hybrids) =
trade o
Chewing Sugar extraction  Manufacturing Cottage plantation ~ Modemn =
industries factories Breeding 8
I I I I | I =
O Q o O X SRS RS SRS =
QQ) '\QQ Q% QQ?‘ © b \)‘A e &\) NO &\) N ({\0 n
%QQ ’\66 1%) COOQ& O@ O@ O@ E
5
SE Asia Intertropics Persia Mediterranean Canary Dominican Java ‘23

Pacific Islands Spain Madeira Republic India

West Africa  Brasil




One of the most productive cultivated plants - a large biomass

Commercial sugarcane IS
vegetatively propagated through
stem cuttings

In 12 months the plant will reach 4-5
meters with the extractable culm
measuring 2-3 meters

After harvest, underground buds will
sprout giving rise to a new crop (6
harvests)

C4 carbohydrate metabolism - large
amount of carbon partitioned into
sucrose (up to 42% of the stalk dry
weight, around 0.7 M in mature
internodes)

488 million tons of crushed stems
(Brazil 2007/2008)

51.1% etanol

48.9% sugar

Up to 90% of the bagasse used for
energy co-generation

Sugarcane in Brazil:
1532

Mandated addition of
Ethanol to fuel: 1929
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Interspecific breeding: a major breakthrough in modern sugarcane breeding

Solved some of the disease problems but also provided increased yields,
improved ratooning ability and adaptability for growth under various stress
conditions

Contributing genera: Saccharum, Erianthus, Miscanthus, Sclerostachya and Narenga

Saccharum genus (six polyploid taxonomic groups):

Wild species Early cultivars Marginal species
S. spontaneum (2n=40 to 128) S. officinarum (2n= 80) S. edule (2n =60 to 122))
S. robustum (2n= 60, 80 and up to 200) S. barberi (2n=81-124)

S. sinense (2n=116-120)
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Giant Genome (n @750-930 Mpb) Polyploid (2n = 70-120 cromossomos) ~10 Gb
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One SUCEST in 2 days...



SUCEST Project
33,620 genes

Resource

Analysis and Functional Annotation of an Expressed
Sequence Tag Collection for Tropical
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The Sugar Cane ENT Project

50 labs
200 researchers

238000 ESTs
43000 Transcripts

Genome Research
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26 libraries - 13 cultivars - Over 90% of sugarcane genes tagged
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Sugarcane Functional Genomics: Gene Discovery for Agronomic
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SUCAST Catalogue

Souza et al., (2001) Genet Mol Biol 24, 25-34.

SUCAST classification # SAS
Protein categories:

Receptors 477
Adapters 12
G proteins 17
Small GTPases 75
Two component relay 19
Cyclase 1
Calcium metabolism 68
Inositol metabolism 46
Protein Phosphatases 107
Protein kinases 510
Ubiquitination 106
Transcription factors 611
Hormone biosynthesis 75
Hormone related 22
Functional categories:

Development 30
Cell cycle 34
Stress 305
Pathogenicity 382
‘No matches' and unknown proteins 548
Others 118

TOTAL

3563




SUCAMET Catalogue
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Amino acid metabolism
Bioenergetics

Calcium metabolism
Carbohydrate metabolism
Cell cycle

Cellular dynamics
Chromatin regulation
Development
G-proteins

Hormone related
Inositol

Lipid, fatty-acid and isoprenoid metab.
Nitrogen metabolism
No matches

Nucleic acid metabolism
Pathogenicity
Phosphatases
Photosynthesis

Protein Kinases
Protein metabolism
Receptors

Secondary metabolism
Small GTPases

Stress response

Sulfur metabolism
Transcription
Transporters

Two component
Ubiquitination
Unknown protein

217
125
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50
19
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12
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351
138
46
48
189
457
132
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29
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33
29

Total

4608




Geranylgeranyl diphosphate
l Copalyl diphosphate synthase
Copalyl diphosphate
ent-kaurena synthase
ent-kaurene
ent-kaurene 19-oxidase

ent-kaurenoic acid
ent-kauroic acid 7-hydroxylase

ent-7-OH-kaurenocic acid

GA12-aldehyde synthase
GA12-ald
l GAT7-oxidase
GA12
/ \f A13-hydroxylase

GA12 GA53

t GA20-oxidase l
GA15 GA44

l GA20-oxidase &
GA24 GA1D

& GA20-oxidase ¢
GAQ GA20

‘ G A-3B-hydroxylase *

GALG AT GA1/GAS
t GA2-oxidase l
GA34 GAB

Linolei¢ acid
¢ Desaturase

Linolenic acid
Lipoxygenasa

13-{5)-hydroperoxy linolenic acid
Allene oxyde synthase
12,13-{S) Epoxyoctadeca-9,11,15-triencic acid
* Allene oxyde cyclase

8{S), 13(S)-12-Oxophytodiencic acid
12-Oxo-PDA reductase
10,11-dihydre-12-cxophytodiencic acid
{OPC B%F::

* B-oxidase

OPC B:0
* B-oxidase

Jasmonic Acid

Triptophan
¢ Cytochrome P450
Indol e-3-acetaldoxime (1ADX)

Indole-3-acetonitrile (1AN)
¢ Nitrilase

Indole-3-acetic acid (1A A4)

All-trans-Neoxanthin
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N

S-adenosyl methichine
* ACC Synthase

1-aminocyclopropana-1-carboxylic acid
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Ethylene +C0O 2 +HCN
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l Zeaxanthin epoxidase

Anteraxanthin
Zeaxanthin epoxidase
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/ \ o-cis-Epoxycaratenoid dioxygenase

g-cis-violaxanthin

g-cis-Epoxycarotenoid dioxygenase

Hanthoxin
l Xanthoxin oxidase

AB-aldehyde
l AB-aldehyde oxidase

ABA



Triptophan

category sub category 1llsub category 2HB x LB |MI x || |Drought
l Cytachrome P450 hormone biosynthefgasixin nitrilase
hormone biosynthefsixin nitrilase
Indole-3-acetaldoxime (|A0xX) hormone biosynthefsixin nitrilase
transcription factor|Aux/IAA
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hormone related |auxin auxin represse
l Nitrilase

Indole-3-acetic acid (| AA)

Auxin

Changes in
. Activation Coiifiigation Ligation auxin transport
Ubiquitin S— > Ubiquitin /
RBX1/

ROC1 et proteins > pegradation
SCF complex

("x i \
Changes in

gene expression

Cullin/

SKP1

Activation and conjugation \
> EDD8/ A . D
1 IAA family @ —@ °

ARF family »— D\

>
—1 AUXiN-responsive gene|
ARE




SNF-like Protein kinases
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SnRK1

Phosphorylates sucrose phosphate synthase (SPS) and nitrate reductase (NR),
which together with binding of 14-3-3 proteins inhibits their activity

category sub category 1 sub category 2 HB vs LB Minvs lin Drought ABA Sucrose  Glucose
adapter 14-3-3 protein GFl14
adapter 14-3-3 protein GFl14
adapter 14-3-3 protein GF14
adapter 14-3-3 protein GF14
protein kinase SNF-like kinase caneSnRK1-2
SnRK1 SnRK1 UDP-Glucose + Fructose 6-P
4 R
d AKINBy/AKINy . Sucrose
»( »  ———| Phosphate
AKIN “‘1 4-3-3 Synthase
a
Sucrose 6-P
} () ,\/.?)u‘, ']; /(2 }," T20.8d "\13‘:}‘%'?73‘35; : ) »ﬁ
&P‘;\ ¢/l 3’“ R IREN Sucrose 6-P
% TR NASET T Phosphatase
AN Sucrose

Storage parenchyma (R), Phloem (f), Fiber and bundle parenchymal cells (arrows),

Bundle distal cells (ce), Bundle proximal cells (ci)



SnRK2 is up-regulated in plants with high sucrose

sub category 1 sub category 2
MAPK/MAPKK/MAPKKK caneMAPK-4
SNF-like kinase caneCIPK-14
SNF-like knase caneCIPK-16
SNF-like kinase caneCIPK-21
SNF-like kinase caneCIPK-3
SNF-like kinase caneCIPK-9
SNF-like kinase caneOSA PK-1
SNF-like knase caneOSA PK-7
SNF-like kinase canePKABA1-1
SNF-like kinase canePKABA1-3

HB vs LB Minvs lIn

Drought

Sucrose Glucose
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Sucrose accumulation dynamics
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SnRK1 regulatory subunits
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Lignin Biosynthesis is associated to sucrose content

category sub category 1 sub category 2 Min vs IIn
’ cell wall metabolisExpansin EXPAL1
cell wall metabolispexpansin OsEXPA23
P-coumaroyl
shikimate 3'-
cell wall metabolispeytochrome P450 |hydroxylase
]: Ferulate-5-
cell wall metabolisfeytochrome P450 [hydroxylase
Cinnamic acid 4-
cell wall metabolisfeytochrome P450 [hydroxylase
Caffeic acid 3-O-
cell wall metabolism methyltransferase
polysaccharide Xyloglucan

cell wall metabolispmetabolism endotransglycosyl
l: Phenylalanine

cell wall metabolisgsalicylic acid/lignigammonia-lyase

Phenylalanine
cell wall metabolisfsalicylic acid/lignijammonia-lyase

Phenylalanine
cell wall metabolisfsalicylic acid/lignigammonia-lyase

Phenyalanine

JPAL|  CaH /

Cinnamate — p-Coumarate

/' acL | C3HMCT CCoAOMT
p-Coumaroyl-CoA —» Caffeoyl-CoA — Feruloyl-CoA /

ccR| CCR | F5H

p-Coumaraldehyde Conniferaldehyde — 5-hydroxi-Conniferaldehyde
CAD | CAD| COMT | «—

p~Coumaryl alcohol Conniferyl alcohol Synapalaldehyde

CAD/SAD |
Synapyl alcohol

Boudet, A. M., Kajita, S., Grim®ettenati, J., Goffner, D. (2003). Trends Plant Sci. 83816
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Internode thickness
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Dry mass (g)
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Cell wall metabolism associated to biomass

Cell Wall Metabolism

category

sub category 1

sub category 2

cell wall modification Development maturation ripening regulated protein
cell wall protein development expansin OsEXPA
cell wall protein development expansin OsEXPA
cell wall protein development expansin OsEXPA

cellulose synthesis
cellulose synthesis
cellulose synthesis
cellulose synthesis

Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism

cellulose synthase (UDP-forming)
cellulose synthase (UDP-forming)
Sucrose synthase
Sucrose synthase

Cellulose synthase (UDP-forming)
Cellulose synthase (UDP-forming)

disease response
disease response
disease response
disease response
disease response

cell wall hydroxylation methylation
flavonoid

flavonoid

Pathogenicity

Pathogenicity

infected library
wound-induced
wound-induced
R-genes transduction
R-genes transduction

S-adenosylmethionine synthetase
Chalcone synthase

Chalcone synthase

PR

NPR1

lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis
lignin synthesis

Hormone biosynthesis
hormone biosynthesis
hormone biosynthesis
hormone biosynthesis
secondary metabolism
secondary metabolism
secondary metabolism
secondary metabolism
secondary metabolism
secondary metabolism
secondary metabolism

Salicylic acid
salicylic acid
salicylic acid
salicylic acid

Caffeic acid 3-O-methyltransferase (COMT)

cinnamoyl CoA reductase (CCR)
cinnamoyl CoA reductase (CCR)

Phenylalanine ammonia-lyase (PAL)

Phenylalanine ammonia-lyase (PAL)

Phenylalanine ammonia-lyase (PAL)

Phenylalanine ammonia-lyase (PAL)

Caffeic acid 3-O-methyltransferase (COMT)
cinnamoy|-CoA reductase [Saccharum officinarum] (CCR)
cinnamoyl-CoA reductase [Saccharum officinarum] (CCR)

CYP98A (P-coumaroyl shikimate 3'-hydroxylase) (C3H/ICYP98A (P-coumaroyl shikimate 3'-hydroxylase) (C3H/HCT)

cytochrome P450
cytochrome P450
cytochrome P450

CYP73A5 (Cinnamic acid 4-hydroxylase) (C4H)
CYP84A1 (ferulate-5-hydroxylase) (F5H)
CYP98A (P-coumaroyl shikimate 3'-hydroxylase) (C3H/HCT)

polysaccharide modifying enzyme
polysaccharide modifying enzyme
polysaccharide modifying enzyme
polysaccharide modifying enzyme

polysaccharide
polysaccharide
polysaccharide
polysaccharide
polysaccharide
polysaccharide
polysaccharide

modifying enzyme
modifying enzyme
modifying enzyme
modifying enzyme
modifying enzyme
modifying enzyme
modifying enzyme

Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism
carbohydrate metabolism
carbohydrate metabolism
carbohydrate metabolism
carbohydrate metabolism
Carbohydrate metabolism
Secondary metabolism

Xylanase precursor
pathogen-induced
Beta-glucosidase
Beta-glucosidase, putative

Pentose and Glucuronate interconversions
polysaccharide metabolism/secretory pathway
polysaccharide metabolism/secretory pathway
polysaccharide metabolism/secretory pathway
polysaccharide metabolism/secretory pathway
Starch and sucrose metabolism

arabinosidase

Endo-Beta-1,4 Xylanase
Beta-1,3-glucanase-like protein
Beta-glucosidase

Beta-glucosidase

Pectinesterase

Xyloglucan endotransglycosylase (XTH)
Xyloglucan endotransglycosylase (XTH)
Xyloglucan endotransglycosylase (XTH)
Xyloglucan endotransglycosylase (XTH)
beta-Glucosidase, Gentiobiase, Cellobiase
arabinosidase

signaling Carbohydrate metabolism Similar to AKINbetagamma interacts with the SNF1 complex
signaling Development transcriptional adaptor auxin-independent growth promoter
signaling hormone biosynthesis auxin Nitrilase

signaling hormone biosynthesis auxin Nitrilase

signaling hormone biosynthesis ethylene ACC oxidase

signaling hormone biosynthesis ethylene ACC oxidase

signaling Hormone biosynthesis Giberellin oxidases

signaling protein kinase SNF-like kinase caneCIPK-21

signaling protein phosphatase serine/threonine PPM family PP2C-like

signaling Receptors RSTK Wall associated

signaling Small GTPases Sarl .

signaling Stress response response to stress Abscisic acid-and stress-inducible protein

transcription
transcription
transcription
transcription
transcription
transcription
transcription

Nucleic acid metabolism
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor

nucleosome assembly

CCAAT

Homeobox
hormone-related/auxin/Aux/IAA
LIM (protein-protein interaction)
MYB

Transcription factor MADS37

Argonaute protein
Hap

Auxin-responsive protein IAA16
pollen specific LIM domain protein
Transcription factor (myb)

SHP1




Sugarcane Transgenics
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/N
Novas Variedades

2006

13 clones em
fase final

168 clones em
Experimentacao

619 clones em T3

12 anos

6.792 clones em T2 (1.349 Clones Brix > RB855156)

398.477 Seedlings em T1

Total: 406.069 gendtipos




Genetical Genomics of Traits of interest

Progeny 1 SucroselGlucosqFructose |Progeny 2
Genotypes |Brix [%m/m |[% m/m [% m/m |Genotype|Brix
CTC98-241 [18.00 |7.311 (1.322 [0.988 C158 18.3
CTC98-242 [18.60 |9.183 (1.430 |(1.014 Ci121 18.8
CTC98-243 [19.20 |10.956 (0.649 |0.602 Ci171 16.8
CTC98-244 [14.60 |11.161 |0.633 [0.646 C496 17
CTC98-246 [18.80 |10.974 |0.709 [0.545 C11 19.2
CTC98-252 [18.00 |6.370 |0.840 [0.579 C6 18.2
CTC98-253 [19.60 |11.120 |0.660 [0.643 C113 21
CTC98-258 [18.00 |6.739 [1.116 [0.865

CTC98-261 |7.00 |1.14 0.878 |0.755 C436 13.9
CTC98-262 [7.40 |1.37 0.968 [0.823 C292 15
CTC98-265 [6.40 |0.49 1.200 |1.090 C231 13.9
CTC98-268 [4.80 |0.70 0.342 |0.326 C38 12.9
CTC98-271 [6.00 |0.92 1.098 ]0.992 C250 11.5
CTC98-272 [6.80 |1.07 0.725 ]0.632 C405 15.2
CTC98-277 |[7.40 |1.58 0.774 |0.716 Cl144 13.2
CTC98-279 |7.80 |1.74 1.318 ]1.066

Crossing of 21 S. officinarum genotypes

Selection of S. officinarum hybrid
individuals with extreme sucrose
content (high and low brix)

Crossing of 13 S. spontaneum genotypes

Selection of S. spontaneum hybrid
individuals with extreme sucrose
content (high and low brix)

Crossing of selected individuals

Selection of F1 individuals with
high brix

Polycross 1 of selected F1 individuals
with high brix

Selection of F2 individuals with
high brix

Polycross 2 of selected F2 individuals
with high brix

Selection of 8 F3 individuals with the highest
brix content from the population in graph

Selection of F1 individuals with
low brix

Polycross 1 of selected F1 individuals
with low brix

Selection of Fi individuals with
low brix

Polycross 2 of selected F2 individuals
with low brix

Selection of 8 F3 individuals with the lowest
brix content from the population in graph

Freq. High Brix Population

18.0
16.0
14.0
12.0
10.0
80
60
4.0
20

0.0

Brix %

Freq. Low Brix Population
200
180
160
140
120
100

8.0
6.0
40
20
00

5 7 9 " 13 15 17 19 21
Brix %

Pool of leaves +1 of the 8 highest brix individuals (LV-HB)
Pool of leaves +1 of the 8 lowest brix individuals (LV-LB)
Pool of internodes 1 of the 8 highest brix individuals (In1-HB)
Pool of internodes 1 of the 8 lowest brix individuals (In1-LB)
Pool of internodes 5 of the 8 highest brix individuals (In5-HB)
Pool of internodes 5 of the 8 lowest brix individuals (In5-LB)
Pool of internodes 9 of the 8 highest brix individuals (In9-HB)
Pool of internodes 9 of the 8 lowest brix individuals (In9-LB)



TCH (Tons Culm/he)
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Family Yield

SILVA, F.L. and BARBOSA, M. (2008). UFV.
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Stress genes associated to sucrose content

Mature X Immature Internodes

High Brix X Low Brix Stressed X Control
sub category 1 sub category 2 HB x LB |MI x Il
oxidative stress catalase
oxidative stress glutathione S-transferase
oxidative stress glutathione S-transferase
oxidative stress metalothionein
oxidative stress superoxide dismutase Cu/Zn
oxidative stress superoxide dismutase Cu/Zn
drought and cold response Enolase
drought and cold response Low temperature induced (LTI)
drought and cold response Low temperature induced (LTI)
drought and cold response Low temperature induced (LTI)
drought and cold response putative aquaporin (tonoplast intrinsic protein)
drought and cold response putative aquaporin (tonoplast intrinsic protein)
drought and cold response putative aquaporin (tonoplast intrinsic protein)
drought and cold response putative aquaporin (tonoplast intrinsic protein)
drought and cold response putative aquaporin (tonoplast intrinsic protein)
drought and cold response reversibly glycosylated polypeptide
drought-induced
wound-induced .
wound-induced Chalcone synthase
wound-induced Ribonuclease




Cultivated land expansion vs. yield

Sucrose Content
High Biomass

Drought Tolerance

65% of expansion land is pasture

CONAB, 2008; J. Goldemberg (2008) Biotechnology for Biofuels 1:6.



