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2o stage
Acid hydrolysis

1 - 2 years

Direct Enzyme 
hydrolysis by fungi

Use of enzyme 
cocktails

Use of genetically 
modified fungi

3o stage
Hydrolysis by 

microorganisms
more than 4 years

4o stage
Modifications of sugarcane cell

walls
New varieties, transgenics

more than 10 years

Modifications in 
the composition 

of the wall

Pre-hydrolysis by 
the plant internal 

system

Toxic residues
p.ex. furfurals
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Basic Science Data

- Cell wall structure
- Genes that alter the wall
- Physiological behavior and 

genes that alter them
- Genetic map of sugarcane
- New varieties
- New enzymes
- Modified enzymes
- Mechanisms of sugarcane 

transformation

Proofs of concept

- Cell wall architecture
- Transformed cane
- Efficient hydrolysis
- Functional altered 

enzymes
- Efficient enzyme cocktails
- More efficient 

pretreatments
- Genetically modified 

varieties, more productive 
and adapted

PERSPECTIVE FOR 
NEW PRODUCTS

- Production of 
“superplants” of cane, 
with genetically 
transformed 
photosynthesis, stress 
responses and growth 
control

- Production of a hydrolytic 
system capable to convert 
cell wall polymers 
completely

Lower sensitivity 
of prices to 

climate

Lower 
dependence on 

oil price

Lower cost of 
energy production

Greater stability of 
ethanol price 

etanol

Economic Impacts

Decrease in C 
emission levels

Lower impact on 
biodiversity

Environmental Impacts

Lower effect of 
pollution on 

human health

+ jobs in the 
agribusiness and 

technology sectors

Social Impacts

Technology for 
Second Generation

Application of 
Biotechnology to 

Agriculture

Development of 
new materials

Main Technological Innovations

Activities of the INCT-Bioethanol

Instituto Nacional de 
Ciência e Tecnologia do 

Bioetanol

www.inctdobioetanol.com.br



Pretreatment

Hydrolysis

Pentoses

Amorim, Lopes, Oliveira, Buckeridge, Goldman (2011) Scientific challenges of bioethanol. Products in Brazil. Appl. 
Microbiol. Biotechnol. 91:1267
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Cell wall model

Arte: Monique Rached, Conceito: M.Buckeridge
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Pec ns	of	sugarcane	
RGI	with	galactan	and	arabinnan	

6	GLYCOSYDIC	LINKS	

Mixed-linkage	beta-glucan	

Acetylated	Glucuronoarabinoxylan	

Xyloglucan	

Hemicelluloses	of	sugarcane	

7	GLYCOSYDIC	LINKAGES	

1	ESTER	LINKAGE	

CELL WALL 
POLYSACCHARIDES 

IN SUGARCANE

1 GLYCOSIDIC LINKAGE
2 ESTER LINKAGES (ACETYL AND METHYL)

6 GLYCOSIDIC LINKAGES

2 GLYCOSIDIC LINKAGEs
2 ESTER LINKAGES 
(ACETYL,  FERULIC)

2 GLYCOSIDIC LINKAGES

3 GLYCOSIDIC LINKAGES
2 ESTER LINKAGES 
(ACETYL,  FERULIC)

LINKAGES IN POLYSACCHARIDES
14 glycosidic

8 ester
i.e. at least 24 linkages

HOMOGALACTURONAN

Pectins of sugarcane
RGI with arabinogalactans
and arabinan



Cell Wall Architecture of grasses

Sugarcane Cell Wall seen by TEM 
(LEITE, 2013)

Cross section of the Cell Wall Detail of an Architectural Cell Wall Unit

3-D representation of the Cell wall



Culm Bagasse Culm Bagasse Culm Bagasse Culm Bagasse Culm Bagasse

Xyloglucan 0,22 0,13 0,24 0,07 0,44 0,12 0,68 0,73 0,69 0,68

Xyloglucan 0,09 0,05 0,06 0,02 0,23 0,06 0,48 0,52 0,37 0,45

Arabinoxylan 0,89 0,82 0,47 0,36 0,62 0,48 0,65 0,68 0,64 0,73

Arabinoxylan 0,33 0,34 0,05 0,03 0,72 0,62 0,61 0,60 0,61 0,65

Arabinoxylan 0,82 0,68 0,37 0,53 0,63 0,57 0,55 0,64 0,50 0,48

Arabinoxylan 0,85 0,73 0,47 0,81 0,70 0,60 0,46 0,44 0,49 0,49

Arabinoxylan 0,96 0,94 0,88 0,93 0,67 0,46 0,63 0,63 0,71 0,73

Beta	glucan 0,47 0,63 0,09 0,04 0,62 0,43 0,81 0,91 0,62 0,51

Homogalacturonnan 0,52 0,26 0,20 0,08 0,54 0,36 0,39 0,27 0,19 0,18

Homogalacturonan 0,57 0,12 0,13 0,02 0,02 0,03 0,04 0,01 0,04 0,04

Rhamnogalacturonan 0,71 0,55 0,43 0,18 0,56 0,26 0,43 0,32 0,39 0,33

Rhamnogalacturonan 0,60 0,26 0,33 0,09 0,40 0,14 0,19 0,14 0,11 0,12

Rhamnogalacturonan 0,56 0,24 0,27 0,07 0,33 0,12 0,16 0,13 0,10 0,11

Arabinoglactan 0,38 0,10 0,21 0,03 0,48 0,33 0,25 0,23 0,11 0,15

Arabinoglactan 0,66 0,45 0,24 0,05 0,14 0,05 0,07 0,04 0,04 0,04

Arabinoglactan 0,78 0,48 0,54 0,18 0,30 0,25 0,18 0,09 0,14 0,14

Antibodies
Ammonium	Oxalate Sodium	Chlorite 0.1M	NaOH 1M	NaOH 4M	NaOH

Strongly	bound	hemicellulosesPectins	and	loosely	bound	hemicelluloses

KIT WITH 16 ANTIBODIES FOR SUGARCANE CELL WALL ANALYSIS

12nm 

Hemicellulose strongly 
bound to cellulose 

XYLAN and 
XYLOGLUCAN 

Macrofibril 

Branched Arabinoxylan 
and Beta-glucan 

Pectins



Feruloyl esterase
Endo-B-xylanase
A-arabinofuranosidase

Xyloglucanase
A-xylosidase
B-galactosidase

Cellulases
Expansin

MODIFIED FROM: De Souza AP, Leite DCC, Patathil S., Hahn Mj, Buckeridge MS (2012) Composition and Structure of Sugarcane Cell Wall Polysaccharides: Implications for 
Second-Generation. Bioethanol Production. Bioenergy Research 6:564-579



In 2013
INCT Bioetanol was 
the Cover matter of 

the international 
issue of Revista

Pesquisa FAPESP
---

More than 70 
enzymes have been 
characterized and 

the cell wall of 
sugarcane has been 

unveiled
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Leaf abscission

Storage Cell Wall 
Mobilization in 

seeds

Aerenchyma 
development



48 genes of 
sugarcane to be 
used for cell wall 

disassembly

GENE SEGMENT	1 SEGMENT	2 SEGMENT	3 SEGMENT	4

WALL	POROSITY-RELATED	ENZYMES GENE	EXPRESSION	FPKM	(log2)

Glycoside	hydrolase	family	28	protein	(polygalacturonase) 0.0 0.0 34.6 0.0

Glycoside	hydrolase	family	28	protein	(polygalacturonase) 0.0 6.3 6.3 5.0

Glycoside	hydrolase	family	28	protein	(polygalacturonase) 0.0 0.0 17.1 0.0

Glycoside	hydrolase	family	28	protein	(polygalacturonase) 0.0 0.0 5.1 5.9

Glycoside	hydrolase	family	28	protein	(polygalacturonase) 0.0 0.0 5.0 6.0
Pectate	lyase 0.0 0.0 11.6 0.0

Pectinacetylesterase	family	protein 0.0 0.0 11.3 0.0

Plant	invertase/pectin	methylesterase	inhibitor	or	Pectinesterase 0.0 0.0 16.6 0.0

pectinesterase	family	protein 0.0 0.0 17.8 0.0
Beta-galactosidase 5.4 7.4 7.1 7.1

Beta-galactosidase 0.0 0.0 17.2 0.0

laccase-like	protein 0.0 8.5 7.8 0.0

phenylalanine	ammonia-lyase	(PAL) 0.0 8.3 8.7 0.0

phenylalanine	ammonia-lyase	(PAL) 11.2 14.2 14.1 6.9
phenylalanine	ammonia-lyase	(PAL) 4.7 5.3 6.4 5.6

GLYCOMIC	CODE-RELATED	ENZYMES 15
beta-1,3-glucanase	Glycosyl	hydrolases	family	17 0.0 0.0 0.0 17.2
beta-1,3-glucanase	Glycosyl	hydrolases	family	17 0.0 0.0 11.5 0.0

beta-1,3-glucanase	Glycosyl	hydrolases	family	17 15.5 23.4 22.0 15.9

beta-1,3-glucanase	Glycosyl	hydrolases	family	17 0.0 0.0 17.2 0.0

beta-1,3-glucanase	Glycosyl	hydrolases	family	17 0.0 0.0 9.1 0.0
beta-1,3-glucanase	Glycosyl	hydrolases	family	17 0.0 12.6 7.9 14.9
beta-1,3-glucanase	Glycosyl	hydrolases	family	17 5.0 0.0 6.1 0.0

endo-1,3-beta-glucosidase 0.0 6.6 0.0 4.3

Glycoside	hydrolase	family	10	protein	(Xylanase) 0.0 5.3 0.0 7.1
Glycoside	hydrolase	family	10	protein	(Xylanase) 0.0 0.0 11.7 0.0
Glycosyl	hydrolase	family	3	protein	(Xylosidase) 6.1 7.5 7.0 5.8

Alpha-L-arabinofuranosidase 2.8 6.5 7.2 7.5

Alpha-L-arabinofuranosidase 5.2 6.9 6.8 6.8

Alpha-L-arabinofuranosidase 3.1 6.2 7.0 7.5
Xyloglucan	endotransglycosylase/hydrolase	(XTH) 0.0 6.9 0.0 5.3
Xyloglucan	endotransglycosylase/hydrolase	(XTH) 4.1 4.1 4.2 0.0

Alpha-galactosidase 2.6 0.0 4.8 0.0

Alpha-galactosidase 0.0 13.1 7.9 0.0

MACROFIBRILAR	STRUCTURE-RELATED	ENZYMES 17
Expansin 0.0 5.1 6.4 0.0

Expansin 4.4 5.3 5.8 6.3

Expansin 0.0 6.8 6.8 7.6

Expansin 13.6 0.0 15.1 7.1
endo-1,4-beta-glucanase	Glycosyl	hydrolase	family	9 0.0 9.0 9.2 10.4

endo-1,4-beta-glucanase	Glycosyl	hydrolase	family	9 0.0 0.0 6.7 0.0

endo-1,4-beta-glucanase	Glycosyl	hydrolase	family	9 6.6 8.2 8.1 6.9

Glycosyl	hydrolase	family	1 2.8 5.8 6.7 6.1
Glycosyl	hydrolase	family	1 0.0 4.2 6.1 0.0

Glycosyl	hydrolase	family	1 3.3 6.2 6.7 6.1

Glycosyl	hydrolase	family	1 0.0 0.0 11.5 0.0

Glycosyl	hydrolase	family	1 0.0 0.0 7.9 0.0

Glycosyl	hydrolase	family	1 0.0 0.0 4.9 0.0
glycosyl	hydrolase	family	3	protein 0.0 0.0 17.3 0.0

glycosyl	hydrolase	family	3	protein 5.0 5.3 6.3 6.2

glycosyl	hydrolase	family	3	protein 0.0 7.7 9.1 9.3

16

TOTAL	OF	GENES 48

Wall	porosity	

Glycomic	code	

Macrofibrilar	
structure	

Soluble	polymers	
(HG,	RGI,	MLG,	XG,	AX)	

Hemicellulose	
(AX,	XG)	

Cellulose	
	(Cellulose,	XG,	Xylan)	

Laccases,	endo-polygalacturonases,	pec n-acetyl-
esterases,	pec n-methyl-esterases,	feruloyl	
esterases,	xylan	acetyl	esterases,	endo-β-
xylanases,	β-xylosidases,	lichenase,	β-

glucosidases,	xyloglucanases,	galactanases,	
arabinosidases	

Endo-β-xylanases,	β-xylosidases,	endo-
xyloglucanases,	β-galactosidases,	α	-xylosidases,	

feruloyl-esterases,	endo-β-mannanase	

Expansin/swolenins,	cellulases	and	other	β-
glucosidases,	xylanases,	xyloglucanases	

LIMITING	STEP	 CELL	WALL	DOMAIN	 DEGRADING	ENZYMES	

THREE	LEVELS	OF	CELL	WALL	ARCHITECTURE	THAT	CONFER	
RESITANCE	TO	HYDROLYSIS	IN	SUGARCANE	CELL	WALLS	

Tavares E.Q.P., De Souza, A.P., Buckeridge, M.S.  (2015) How
endogenous plant cell wall degradation mechanisms can help achieve
higher efficiency in saccahrrification of biomass. Journal of
Experimental Botany, doi:10.1093/jxb/erv171

RNAseq (unpublished)



Website of
INCT

http://www.inctdobioetanol.com.br
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Buckeridge, M.S., Dos Santos, W.D., Tiné, M.A.S., De Souza, A.P. (2015) The Cell Wall Architecture of 
Sugarcane and its Implications to Cell Wall Recalcitrance. Compendium of Bioenergy Crops: Sugarcane 
edited by Eric Lam. CRC Press, Taylor and Francis

Lattice	parameters	(Angstrons)
Enzyme organism a b c Reference

Beta-glucosidase maize 60 118 70 Czjzek	et	al.	Biochem	J.	(2001)	354,	37-46
CBH1 Trichoderma	reseei 60 50 40 Divne	et	al.	(1994)	Science	265:524-527
Endopolygalacturonase Aspergillus	niger 65,5 201,24 49,07 Santen	et	al.	(1999)	JBC	274:30474-30480
Pectin	Methyl	Esterase carrot 49,5 77,6 89,2 Johansson	et	al.	(2002)	FEBS	Letters	514:243-249
alpha	galactosidase rice 63,7 71,4 84,2 Fujimoto	et	al.	(2003)	JBC,	278:20313-20318.
beta-galactosidase Trichoderma	reseei 67,4 69,2 81,5 Maksimainen	et	al.	(2011)	J.Str.	Biol.	174:156-163
XTH Nasturtium 116,1 116,1 63,1 Bauman	et	al.(2007)	The	Plant	Cell	19:1947-<963
Lichenase barley 49.6 82.9 77.5 Muller	et	al.	(1998)	JBC	273:3438-3446
beta	expansin maize 35 30 24 Yennawar	et	al.	(2005)	PNAS	103:	14664-14671

According to Carpita et al.  (Science, 1979, 205:1979-

1147) the size exclusion limit for root hair cells of 

Raphanus sativus and Gossypium hirsutum are 35-38 

and 38-40 Angstrons respectively

For sugarcane stalks, Maziero et al. (J.Agr.Food

Chem, 2013) calculated 50 Angstrons, varying from 

more to less porous from top to bottom of the plant

TWO EVIDENCES FOR THE ROLE OF 
POROSITY IN RECALCITRANCE


