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Abstract Brazil is the world’s largest producer of sugar-
cane and one of the leading suppliers of sugar and ethanol
worldwide. In the 2019-2020 crop season, the country
produced 642.7 million tons of sugarcane in a harvest area
of 8.44 million hectares. Historically, sugarcane breeding
has contributed continuously to increasing yields by regu-
larly releasing superior cultivars for use by the Brazilian
industry. In the last 40 years, an average annual increase of
155.7 kg ha™" of sugar yield has been reported, about half
of which may be attributed to breeding programs. How-
ever, due to the size of the country, the intensive expansion
of the crop to low-fertility soils in the last few years,
especially in degraded pasture areas, and the widespread
adoption of mechanization, new challenges have been
imposed on national breeding programs. This review cov-
ers the current situation with sugarcane breeding in Brazil
and the main advances that have allowed the country to
maintain world leadership in developing the industry.
Additionally, the history of sugarcane breeding, current
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national breeding institutions, germplasm development,
key breeding objectives, selection stages and methodolo-
gies are summarized. An overview is also presented of
biotechnological approaches which have become key tools
for improving Brazilian traditional breeding programs. The
adoption of strategies to increase Brazilian sugarcane yield,
aiming to consolidate crop production in a food and energy
matrix, is also discussed.

Keywords Saccharum spp. - Genetic gain -
Genotype x environment interaction - Biotechnology -
Molecular breeding - Transgenics

Main Characteristics of the National Industry

Brazil is the world’s largest producer of sugarcane, fol-
lowed by India, China, Thailand, Pakistan and Mexico
(FAO-Food and Agriculture Organization of the United
Nations 2020). The country has 404 sugar, flex-ethanol and
distillery plants (sugarcane mills) and approximately
70,000 growers (UDOP-Unido Nacional da Bioenergia
2020; UNICA-Unido Industria de Cana-de-Actcar 2020).
According to the Brazilian National Food Supply Com-
pany, during the 2019-2020 crop year, 642.7 million tons
of sugarcane were produced in the country, in a harvest
area of 8.44 million hectares (Fig. 1; Table 1). The Central-
South region was responsible for 92% of domestic pro-
duction, with more than 589 million tons, while the North
and Northeast regions produced 52.8 million tons, which
corresponded to 8% of production (CONAB-Companhia
Nacional de Abastecimento 2020).

Starting in 2005, there was significant growth in sug-
arcane production in Brazil, as shown in Fig. 1. This
growth may be explained by the increased ethanol demand


http://orcid.org/0000-0002-6740-5964
http://orcid.org/0000-0001-6669-164X
http://orcid.org/0000-0002-2938-5464
http://orcid.org/0000-0002-9636-433X
http://orcid.org/0000-0001-6549-4222
http://orcid.org/0000-0002-0276-4077
http://orcid.org/0000-0003-3503-7682
http://orcid.org/0000-0002-7488-0536
http://orcid.org/0000-0003-4831-3666
http://orcid.org/0000-0003-3913-0761
http://orcid.org/0000-0002-9835-7205
http://crossmark.crossref.org/dialog/?doi=10.1007/s12355-021-00951-1&amp;domain=pdf
https://doi.org/10.1007/s12355-021-00951-1

Sugar Tech (Jan-Feb 2022) 24(1):112-133 113

Fig. 1 Harvested area and gy Harvested area  —#—Production

sugarcane production in

Brazil—2005-2006 to 10 700

2019-2020 crop years
= 9 600 E
© [S)
= %]
Y =
[S) o
a 8 500 =
2 £
E 400 §
b k3]
g =
< 6 300 9

o
5 200
O
P

Table 1 Basic statistics and information regarding the current sugarcane industry in Brazil

Total area

10.04 million hectares

Total harvest area
Total planting area
Total nursery area
Total production
Total number of sugar mills 404
Proportion of sugar to ethanol production 65.1%
Total ethanol production

Proportion of sugar to sugar production 34.9%

Total sugar production

Average number of growers 70,000
Average yield in past five years 74.09 t/ha
Average number of ratoon crops 3.71
Mechanically harvested area 88.4%

Major diseases and pests

34 billion liters

29.8 million tons

8.44 million hectares
1.33 million hectares
265,000 hectares
642.7 million tons

Diseases: ratoon stunting disease, leaf scald, orange rust, smut, mosaic and brown rust

Pests: borer, billbug, spittlebug, roots and rhizomes beetle and giant borer

Major abiotic stresses

Drought, low and high temperature, frost and low fertility soils

with the adoption of vehicles with flex-fuel technology,
which offer environmental and socioeconomic benefits
(Antunes et al. 2019). In 2008, low sugar and ethanol
prices, coupled with the global financial crisis, limited
investment and affected the renewal of sugarcane planta-
tions in the following years. In addition to the negative
effects of the market, successive droughts further harmed
Brazilian sugarcane production and agriculture as a whole.
Significant decreases in sugarcane yield were observed
especially after 2011 (Fig. 2). Moreover, the intense
implementation of mechanized harvesting and expansion
of the crop to low-fertility soils, especially in degraded
pasture areas, also negatively impacted crop productivity
(Antunes et al. 2019).

In the 2019-2020 crop year, the average cane yield in
Brazil was 76.13 t ha~!, with a mean total recoverable
sugar (TRS) of 139.3 kg t ' and an average crop produc-
tivity, in tons of TRS per hectare, of 10.6 t ha~!, as shown
in Fig. 2 (CONAB-Companhia Nacional de Abastecimento
2020). TRS is the total sugar contained in sugarcane and is
used to quantify sugar and ethanol production (CON-
SECANA-Conselho dos Produtores de Cana-de-Agucar
Agiicar e Alcool do Estado de Sdo Paulo-SP 2006). This
information is given in kilograms of sugar per ton of
sugarcane and is the most used metric in the country to
represent sugarcane quality. The percentage of TRS allo-
cated to ethanol or sugar varies mainly according to the
market; in the 2019-2020 crop year, 65.1% of the TRS was
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allocated for ethanol production, while 34.9% was allo-
cated for sugar production (CONAB-Companhia Nacional
de Abastecimento 2020).

Brazilian ethanol production in the 2019-2020 crop year
was 34 billion liters: 23.89 billion liters of hydrous ethanol
and 10.12 billion liters of anhydrous ethanol. In Brazil, the
mandatory percentage of anhydrous ethanol added in
gasoline is 25%. The volume of ethanol exported was 1.9
billion liters, representing an increase of 6.2% compared to
the previous crop year. The devaluation of the Brazilian
currency (Real) against the US dollar and the increase in
the supply of fuel in the country are the main reasons for
this growth. Consequently, the balance between exports
and imports of ethanol showed a surplus of 238.57 million
liters, i.e., USD 286.06 million in value (CONAB-Com-
panhia Nacional de Abastecimento 2020).

Regarding sugar, 29.8 million tons were produced in the
2019-2020 crop year, of which approximately 18.9 million
tons were exported, generating approximately US$ 5.8
billion for the country. This value was 4.6% lower than in
the previous cycle and can be explained by the increase in
the global sugar supply, which forced the reduction in
international prices. As a result, Brazilian production units
showed reduced interest in supplying sugar to the inter-
national market. The drop could have been even greater,
but exports recovered in the final half of the crop year after
news of weather issues and declined production in India
and Thailand (CONAB-Companhia Nacional de Abastec-
imento 2020).

In addition to its use for sugar and ethanol production,
sugarcane in Brazil has also been increasingly used as a
source of power, in a so-called cogeneration system. The
country has the technical potential for the cogeneration of
146,000 GWh, if there was full use of the biomass present
in the sugarcane fields. In 2018, 21,500 GWh were pro-
duced, i.e., only 15% of the potential (UNICA-Unido
Industria de Cana-de-Agticar 2020). Other products that
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can be obtained from sugarcane are second-generation
ethanol or cellulosic ethanol; biogas originating from
vinasse; biomethane obtained from biogas, whose appli-
cation is the same as natural gas; plastic; and other uses in
the chemical industry.

Harvesting in Brazil is now predominately mechanized.
The percentage of mechanized harvesting increased from
24.4% in 2007-2008 to 88.4% in 2019-2020. In the Cen-
tral-South region, where the terrain is more favorable to
mechanization, the adoption rate of mechanized harvesting
is currently 92.9%. In the North and Northeast regions, the
percentage of mechanized harvesting stands at 23%; in
Alagoas and Pernambuco, which represent more than 60%
of the harvested area in the region, the percentages of
mechanized harvesting adoption are 21.3% and 1.9%,
respectively (CONAB-Companhia Nacional de Abasteci-
mento 2020). The low level of adoption of mechanized
harvesting in the North and Northeast regions is explained
by the rugged terrain in some of the production areas and
the greater availability of labor for manually harvesting.

In terms of longevity, the index used in Brazil to eval-
uate the aging level of sugarcane plantations is the average
cutting cycle. This index is measured in years and is cal-
culated as the weighted average of the harvested area at
each cutting cycle in a given mill or region. The higher the
average cutting cycle is, the older the cane fields are, while
the lower the average cutting cycle is, the younger the cane
fields are. In the 2017-2018 crop year in the Central-South
region, this index was 3.77, while the intensity of sugar-
cane field renewal, i.e., the rate of tilling the old stubble
and re-establishment of new plantings, given by the
planting/harvest ratio, was 13.7%. In the North and
Northeast regions, the average cutting cycle was 4.39,
indicating that their sugarcane fields are older than those in
the Central-South region. On the other hand, the planting/
harvest ratio was 14.7%; thus, the sugarcane field renewal
intensity was higher than that of the Central-South region
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(Braga Junior et al. 2019). Even so, the presence of older
sugarcane plantations and the greater variations in water
distribution explain the lower productivities in the North
and Northeast Regions than in the Central-South region: In
the 2019-2020 crop year, the average agricultural pro-
ductivity of the former was 59.38 t ha™' and that of the
latter was 78.11 t ha~' (CONAB-Companhia Nacional de
Abastecimento 2020).

Other factors that may negatively impact the produc-
tivity of Brazilian sugarcane plantations are diseases and
pests. In the country, the diseases that cause most damage
to crops are ratoon stunting (bacterium, Leifsonia xyli
subsp. xyli), leaf scald (bacterium, Xanthomonas albilin-
eans), orange rust (fungus, Puccinia kuehnii), sugarcane
smut (fungus, Sporisorium scitamineum), mosaic disease
(sugarcane mosaic virus—ScMV) and brown rust (fungus,
Puccinia melanocephala). Generally, the most recom-
mended control method used in the country for these dis-
eases is the planting of resistant varieties. In the case of
ratoon stunting, leaf scald, sugarcane smut and mosaic
disease, planting of healthy seedlings with resistant vari-
eties is recommended. Although it is not possible to esti-
mate the percentage of crop planted with certified disease-
free cane, the demand for healthy propagating materials
among Brazilian sugarcane growers has increased, partic-
ularly in the last two or three years.

The pests that cause greatest damage to sugarcane crops
in Brazil include the sugarcane borer (Diatraea sacchar-
alis), Sphenophorus (Sphenophorus levis), spittlebug (Ma-
hanarva fimbriolata and Mahanarva posticata), Migdolus
(Migdolus fryanus) and giant sugarcane borer (Telchin
licus). The control of these pests is based on the adoption
of various pest management practices throughout sugar-
cane cultivation, from soil preparation to sugarcane field
renewal; the measures most used by Brazilian growers
comprise biological and chemical control methods. In
2017, CTC20BT was commercially released, a genetically
modified variety resistant to sugarcane borer. Use of this
variety has been gradually expanded, and the results of pest
control in fields planted in CTC20BT have been positive
(Cheavegatti-Gianotto et al. 2019).

Brazilian sugarcane plantations are also subject to
damage by abiotic stress. Among adverse environmental
factors, drought is the most common, especially in the
North and Northeastern regions and in some Central-South
states. In the more southern states of the country, growers
deal with low temperatures and frost, conditions that may
occasionally also affect other states in the Central-South
region. The flowering of sugarcane, which is influenced by
environmental conditions, can also cause losses, especially
in the North and Northeastern regions, where the condi-
tions are extremely conducive to this phenomenon. In the
Central-South region, flowering can also affect crop yield,

but the frequency and intensity vary according to year and
location.

History and Breeding Achievements

In Brazil, breeding has always provided a major contri-
bution to increase the agroindustrial yield of the sugarcane
production chain. For more than three centuries, cultivation
of S. officinarum varieties, such as Creole and Caiana, was
predominant. The first hybrids were introduced in the
1930s, including POJ 2878, Co 290, Co 419 and Co 331
(Andrade 1985; Landell and Bressiani 2008).

Pioneering milestones for sugarcane breeding in Brazil
were achieved in the 1930s by Campos Brasil (CB), from
the Experimental Sugarcane Station of Campos de Goyta-
cazes/Rio de Janeiro, and the Ministry of Agriculture and
the Agronomic Institute of Campinas (IAC, for its initials
in Portuguese) in the state of Sao Paulo. In the CB variety
program, CB41-76 and CB45-3 stood out in the subsequent
decades (Fig. 3) (Andrade 1985; Cesnik and Miocque
2004). The IAC program is the oldest ongoing program in
Brazil. Until the second half of the twentieth century, the
most important varieties were IAC48-65, IAC50-134,
TAC51-205 and TACS52-150. At the end of the last century,
the program underwent a restructuring/reorganization of its
activities, in partnership with the sugarcane industry, and a
hybridization station was created in Urucuca, Bahia
(14°28" S, 39°04’ W, 90 m) (Fig. 4). Since then, 19 com-
mercial releases have occurred; currently, the most
prominent varieties are TAC91-1099, IACSP95-5000 and
TACSP95-5094 (Cesnik and Miocque 2004; Landell and
Bressiani 2008; Instituto Agrondmico de Campinas 2020).

In 1933, the federal government created the Sugar and
Alcohol Institute (IAA, for its initials in Portuguese), which
for more than half a century had the following missions:
establishment of sugarcane production quotas for sugar-
cane mills and suppliers; administration of the price of
sugarcane, sugar and alcohol; establishment of export
rules; and other interventionist measures. Between 1960
and 1970, the average Brazilian yield was below four tons
of sugar per hectare (IAA 1972; Barbosa et al. 2012).
During this period, there was massive investment by the
public—private sectors, both in the import of germplasm
and in the implementation of new breeding programs. In
1966, the IAA introduced an early-maturing variety from
Chacra Experimental Agricola Santa Rosa—northern
Argentina (NA56-79). This variety made important con-
tributions, including in facilitating expansion of the har-
vesting period, and changed sugar production benchmarks
in the 1980s. During that period, the cane payment method
was also changed according to the sucrose content or the
quality of the raw material in the Central-South region.
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Cultivation of NA56-79 ceased in the following decade due
to its susceptibility to sugarcane smut (IAA 1972; Mat-
suoka et al. 2009) (Fig. 3). However, in 1966, the IAA and
the production sector of the state of Alagoas created a
hybridization station in Serra do Ouro, in Murici, Alagoas
(09°13' S, 35°50" W, 500 m), where the RB (Republica do
Brasil) varieties originated (Fig. 4).

In 1971, the TAA initiated the National Sugarcane
Improvement Program (PLANALSUCAR), a research and
development institution in agricultural and industrial areas,
which was fundamental for the establishment in 1975 of
the National Alcohol Program (PROALCOOL), which
boosted the Brazilian sugar and alcohol industry, with the
massive production of fuel ethanol to replace imported oil.
In that year, PLANALSUCAR took over sugarcane
hybridizations at Serra do Ouro, Alagoas, to obtain the RB
cultivars (IAA 1972; Barbosa 2018). In two decades, this
program released 19 varieties, with its greatest contribution
being variety RB72454, which led in terms of planted
sugarcane area in Brazil between 1995 and 2010 (Fig. 3).
At that time, due to its extensive cultivation area, it was
considered the most cultivated variety in the world. How-
ever, RB72454 is no longer planted due to its susceptibility
to orange rust (Puccinia kuehnii) (Braga Junior et al. 2011;
Barbosa et al. 2012). In 1990, RB varieties occupied only
5% of the sugarcane plantations of Brazil, and in that year,
the TAA/PLANALSUCAR was ended. The physical
structures, human resources and technologies of the pro-
gram were transferred to the federal universities in their
areas of influence: Federal University of Alagoas (UFAL),
Federal University of S@o Carlos-Sao Paulo (UFSCar),
Federal Rural University of Pernambuco (UFRPE), Federal
University of Vigosa-Minas Gerais (UFV), Federal Rural
University of Rio de Janeiro (UFRRIJ), Federal University
of Parana (UFPR), Federal University of Sergipe (UFS),
Federal University of Goias (UFG), Federal University of
Mato Grosso (UFMT) and Federal University of Piaui
(UFPI) (Fig. 4). As a result, the Inter-university Network
for the Development of the Sugarcane Industry (RIDESA-
Rede Interuniversitaria Para o Desenvolvimento do Setor
Sucroenergético) was established in Brazil. A public—pri-
vate partnership was then established between RIDESA
and companies from the national sugarcane sector, which
started to provide research funding. In 30 years, RIDESA
released 75 RB varieties. Several contributions were made
by the network; in the Central-South region, for example,
there were releases of early-maturing varieties that came to
stand out—RB835054, RB835486, RB855156, RB855453
and RB855536. This maturation profile allowed the sug-
arcane crop season to start two months earlier in this
region. Currently, RB855156, RB855453 and RB855536
are still very important in the national scenario, occupying
the 5th, 6th and 10th positions, respectively, among the

most cultivated varieties in the country (Table 2). How-
ever, the greatest contribution by that network in recent
years was the release of variety RB867515, which has been
the most cultivated variety in Brazil in the last 15 years,
allowing planting in low-fertility soil conditions without a
marked decline in yield (Table 2). RIDESA continues to
justify the investments by the partner companies because in
the last decade, two RB varieties have predominated in
sugarcane plantations: RB92579 in the Northeast region
and RB966928 in the Central-South region (Fig. 3;
Table 2).

The contribution of private initiatives began in 1969
with Cooperativa Central dos Produtores de Actcar e
Alcool do Estado de Sdo Paulo (COPERSUCAR), which
produced the SP (Sao Paulo) varieties and established a
hybridization station in Camamu, Bahia (13°91'S,
39°16'W, 100 m) (Fig. 4). Between 1985 and 2000, the SP
varieties dominated sugarcane cultivation in Brazil
(Fig. 3), especially SP70-1143 and SP71-1406. Subse-
quently, these two varieties stopped being used due to their
susceptibility to brown rust (Puccinia melanocephala).
SP71-6163 was subsequently shown to be very productive
but was discarded due to susceptibility to sugarcane yellow
leaf virus (ScYLV) (Cesnik 2004). Between 2000 and
2015, other SP varieties had significant cultivation areas—
SP79-1011, SP80-1816, SP80-1842, SP81-3250 and SP83-
2847. Among these, SP81-3250 was one of the most cul-
tivated varieties but also stopped being cultivated due to its
susceptibility to orange rust (Braga Junior et al. 2011;
Barbosa 2018) (Fig. 3). However, due to the large contri-
bution of this variety to the area cultivated with sugarcane,
it continues to be among the ten most cultivated varieties in
the country (4%) despite its ongoing replacement with
other varieties (Table 2). COPERSUCAR’s program ended
its activities in 2003, and since 2004, it has been managed
by the Sugarcane Technology Center (CTC, for its initials
in Portuguese), which has been developing CTC varieties
(Fig. 4). Since then, there has been a great increase in the
cultivation area of these varieties, especially for CTC4 and
CTC15, which are the 4™ and 9™ most cultivated varieties
in Brazil, respectively (Table 2), and CTC9001 (Fig. 3).

According to the Brazilian Ministry of Agriculture,
Livestock and Supply (Ministério da Agricultura and
Pecudria e Abastecimento 2020), there are a total of 214
sugarcane cultivars registered in Brazil, among which 68
are RB, 38 are CTC, 37 are SP, 33 are IAC and 38 are other
varieties. In addition to the breeding programs of the CTC,
JAC and RIDESA, since 2012, BioVertis/GranBio, a
Brazilian company founded in 2011, has been working on
developing sugarcane varieties with high biomass (ener-
gycane) yield and low production cost, with the main
objective of obtaining varieties with low-cost biomass and
high energy efficiency and that can be grown in restrictive
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Table 2 List of the ten sugarcane varieties most cultivated in Brazil in the 2017/18 crop year. Area of coverage: 5,053,842 hectares

Variety Parents Grandparents % cultivated Main Disease
area characteristic(s)

RB867515 RB72454 x? CP53-76 x? 25% Hardiness Moderate susceptibility to Red Stripe

RB966928 RB855156 x RB72454 x TUC71-7; IAC49-131 12% Adapted to Intermediate resistance to Smut
RB815690 x NA56-79 mechanization

RB92579 RB75126 x Co0278 x?; NCo334 x? 10% High yield Intermediate resistance to Smut and
RB72199 Orange Rust

CTC4 SP83-5073 x? SP71-1406 x SP71-1088 5% Adapted to Moderate susceptibility to Brown

mechanization Rust

RB855156 RB72454 x CP53-76 x?; CP52-68 x CP62-258 5% Precocity Intermediate resistance to Orange
TUC71-7 Rust

RB855453 TUC71-7 x? CP52-68 x CP62-258 4% Upright growth Intermediate resistance to Red Stripe

habit
SP81- CP70-1547 x CP62-374 x CP57-526; CB49-260 4% Ratoon sprouting  Susceptible to Orange Rust
3250 SP71-1279 x ?
SP83- HJ5741 x SP70- H40-1184 x?; IAC48/65 x? 3% Hardiness Intermediate resistance to Smut
2847 1143

CTC15 SP84-2025 x? Co1007 x SP71-6180 2% Hardiness Susceptible to Orange Rust

RB855536 SP70-1143 x TAC48/65 x?; CP53-76 x? 2% Ratoon sprouting  Intermediate resistance to Red Stripe
RB72454

Source: RIDESA-Rede Interuniversitaria Para o Desenvolvimento do Setor Sucroenergético (2020)

areas to avoid competition with food production. Currently,
the company has 11 varieties registered in the country,
under the name Vertix®. It should be noted that in 2003,
with resources from the private group Votorantim and the
technical staff of ex-professors/researchers linked to the
Federal University of Sdo Carlos, the program CanaVialis,
whose varieties are named CV, was started. This program
was acquired by Monsanto in 2008 and ended in October
2015; there are CV varieties that, although not yet released,
are cultivated (free of charge) in representative areas in the
country.

Among the four ongoing breeding programs in Brazil
(Table 3), the CTC is the only one that has a publicly
traded company with shares listed but not traded in the
“Bovespa Mais” segment (CTCA3) and uses royalties as a
source of revenue for financing the research and

Table 3 Organizations involved in sugarcane improvement in Brazil

development of varieties. This model was also adopted by
the BioVertis/GranBio breeding program. In contrast, both
the IAC and the universities affiliated with RIDESA, all
public, receive contributions through signed agreements
with mills and sugarcane grower associations. In general,
the values are based on the amount of sugarcane produced
by the mills or delivered by the members in the different
processing units. In addition, there are other financing
models for different lines of research, such as biotechnol-
ogy, physiology, microbiology and crop science, among
others, which have been contributing continuously to
public breeding programs. They include the FAPESP
Bioenergy Research Program (BIOEN), the Funding
Authority for Studies and Projects (FINEP) and the
National Institute of Bioethanol Science and Technology
(INCT-Bioethanol).

Key activities Website

Organization Funding sources
Sugarcane Technology Center—CTC Royalties
BioVertis/GranBio Royalties

Agronomic Institute of Campinas—IAC

Agreements with mills and

grower associations

Inter-university Network for the Development
of the Sugarcane Industry—RIDESA

Agreements with mills and
grower associations

Sugarcane breeding and biotechnology =~ www.ctc.com.br

Energycane breeding and biotechnology ~www.granbio.com.br

Sugarcane breeding and biotechnology =~ www.iac.sp.gov.br

Sugarcane breeding and biotechnology =~ www.ridesa.com.br
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In Brazil, sugarcane breeding has enabled constant
gains. In 1970, sugar productivity was 3712 kg ha™"', and
in 2011, it reached 9148 kg hafl, an average annual
increase of 155.7 kg ha™' year™' from 1970 to 2011. This
corresponds to 4% per year, with half attributed to breed-
ing, representing a contribution to the country of 175
million dollars in the 2011-2012 crop year (Barbosa et al.
2012); 66% growth in agricultural productivity and 34%
growth in cane sugar yield between 1975 and 2010 (Dal-
Bianco et al. 2012); and a sugar yield gain of 1.5% per year
in the state of Sdo Paulo since 1945 (Hoffmann et al. 1999).
In the same state, between 1986 and 1991, SP cultivars
provided a gain of 130 million dollars (Fernandes and
Tatizana 1991); in Alagoas, there was an annual increase of
80 kg ha™' of sugar between 1975 and 1992 and of
140 kg ha™' between 1993 and 2010, with the cultivar
RB92579 contributing 1830 kg ha~' more sugar than the
standard cultivar in the 2010-2011 crop year, with a gain
of USD 625.54 ha—! or 50 million dollars (Barbosa 2018).

Barbosa (2018) reported that among the oldest varieties
grown in northeastern Brazil, Co 331 and CB45-3 had a
useful life of approximately 50 years and are the longest-
lived cultivars in Brazil in the twentieth century (Matsuoka
et al. 2009). Furthermore, the useful life of the most recent
varieties is as follows: RB72454 and SP81-3250, 20 years;
SP79-1011 and SP80-1842, close to 30 years; RB855156
and RB855453, 25 years; RB867515, 23 years; SP83-
2847, 20 years; RB92579, 17 years; and RB966928,
10 years. In Brazil, the protection of plant varieties is
regulated by the Ministry of Agriculture, Livestock and
Food Supply, which is responsible for registering the
varieties with the National Plant Variety Protection Service
(SNPC, for its initials in Portuguese), and the protection
time is 15 years.

Germplasm Collection and Development

Sugarcane germplasm collections in Brazil vary in size and
are formed by species of the Saccharum complex, com-
mercial cultivars and elite clones with advantageous traits
for breeding (Table 4). Over the years, several efforts have
been made to characterize accessions in terms of the main
traits of economic value and to spur improvement. How-
ever, these activities are highly complex, and many
accessions still need to be characterized for better use in
breeding, which are performed at different improvement
institutions. Currently, there are five germplasm collec-
tions, all located in northeastern Brazil, as it offers favor-
able climatic conditions for the profuse flowering of
sugarcane and the production of fertile pollen. Two of
these serve the RIDESA (RB) programs, one the CTC
program, one the IAC program and one the BioVertis/

GranBio program, with the latter dedicated exclusively to
energycane breeding (Fig. 4). Despite the achievements in
sugarcane breeding, almost all varieties planted worldwide
are derived from a few parent plants, with an apparent
narrowing of the genetic base of modern clones (Berding
and Roach 1987). This factor, combined with the complex
sugarcane genome, has limited breeding advances (Singh
et al. 2008).

Over the course of decades, several expeditions were
carried out, resulting in the incorporation of various species
into two world collections, one in India and another in the
USA. These collections serve as genetic reservoirs avail-
able to breeders for the production of new cultivars that are
more productive and resistant to pests and diseases. With
these accessions, since the 1960s, many programs began to
perform introgression to expand the genetic base of their
breeding populations and, consequently, increase the
genetic variability of their progenies for various traits.

Moreover, with the growing need for renewable energy
sources, interest in biomass emerged, but without much
emphasis on sugar. In the 1980s in Brazil, some programs
selected clones with high biomass but discarded them in
the conventional selection process due to low sucrose and
high fiber content. These programs were not successful in
convincing the sugarcane industry of the importance of this
strategy for selecting and developing more productive and
fibrous sugarcane.

In the 1990s, a Brazilian program began an introgression
project with Erianthus, specifically with E. arundinaceus,
in the search for clones that maintained the current sucrose
levels and presented high agricultural productivity, with
upright architecture, higher fiber content, excellent
sprouting, greater resistance to pests and tolerance to saline
soils, drought and cold. Observations over the last 30 years
showed that due to its genetic distance from the Saccharum
genus, less than 30% of Erianthus accessions were able to
produce viable seeds, especially when used as pollen sup-
pliers. When Erianthus is employed as a female parent,
seedlings are most often apomictic and are easily identified
by the absence of dewlap.

In the last 20 years breeding programs in Brazil have
imported hundreds of basic germplasm accessions and
historical hybrids from the world collection in Miami for
use in introgression and development of energycanes.
Since then, several introgression activities with wild spe-
cies, especially S. spontaneum, have started, directing
selection toward resilient plants with high fiber and less
sucrose but with high biomass productivity (Carvalho-
Netto et al. 2014; Matsuoka et al. 2014). The main activ-
ities carried out in Brazil were developed by companies
that are no longer in operation (Canavialis, Vignis and
AGN Bioenergy) to obtain energycanes. Currently, these
activities continue to be performed with less effort by IAC
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Table 4 Germplasm collection composition of the Flowering and
Crossing Stations of Serra do Ouro, Devaneio (RIDESA) and
BioVertis/GranBio

Species/hybrids Serra do Devaneio® BioVertis/
Ouro® GranBio
Saccharum 44 6 53
officinarum
Saccharum sinense 5 2 10
Saccharum robustum 9 4 26
Saccharum 39 6 166
spontaneum
Saccharum barberi 6 5 18
Saccharum edule 1 1
Erianthus ssp. 6 1 33
Miscanthus 2 - 13
Unknown species 159 1 -
Hybrids/others 2794 970 480
Total 3065 996 800

“RIDESA-Rede Interuniversitaria Para o Desenvolvimento do Setor
Sucroenergético

and RIDESA and with full dedication by BioVertis/
GranBio.

Recent introgression efforts led to the registration and
protection at the Ministry of Agriculture, Livestock, and
Supply of 11 energycane cultivars developed by BioVertis/
GranBio with the acronym Vertix; these cultivars are in the
initial phases of multiplication by the companies in the
sector. However, the success of this strategy will only be
achieved in the coming years with greater commercial
adoption and also with entrance of second generations
technologies in the market.

Current Key Breeding Objectives
Sugarcane

In general, sugarcane breeding programs seek to obtain
new varieties that are more favorable to different growing
conditions, by maximizing the presence of desirable traits.
However, this is a complex process due to several factors,
such as the long cycle of generating a new variety, which
can extend from 10 to 15 years (Gazaffi et al. 2010, 2016;
de Morais et al. 2015). During this period, the economic
value of traits may change, and new diseases may deter-
mine whether a genotype, previously considered appro-
priate, becomes obsolete. To that end, each breeding
program establishes its objectives according to the needs of
the sugarcane industry. The main objectives for RIDESA,
in decreasing order of importance, are high cane and sugar
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yield, disease resistance, sprouting and ratoon ability (de
Morais et al. 2015), among others, as described below.

The cane and sugar yield can be defined as the sugar
production per area and can be obtained by two secondary
components: tons of sugarcane per hectare (TCH) and
sugar content (measured by Pol% cane and/or TRS). Both
factors are extremely important because they are used to
determine the price and payment method of sugarcane in
Brazil (CONSECANA-Conselho dos Produtores de Cana-
de-Aciicar Acticar e Alcool do Estado de Sdo Paulo-SP
2006). The TCH component has moderate heritability
(Balsalobre et al. 2016) and can be inferred based on the
traits height, diameter and number of stalks (tillering). The
Pol% cane trait has high heritability (Balsalobre et al.
2016) and is a function of Brix, fiber and purity (Cursi et al.
2016). Therefore, the indirect components should also be
considered for the composition of the main factor.

Disease resistance is the second most important trait
because it replaces the need for the use of agrochemicals
for the control of fungal diseases. The diseases with great
importance for Brazilian agriculture and with genetic
resistance mechanisms are orange rust (Puccinia kuehnii),
brown rust (Puccinia melanocephala), sugarcane smut
(Ustilago scitaminea) and mosaic disease (SCMV—sugar
cane mosaic virus) (de Morais et al. 2015). In addition, the
search for genetic resistance to other diseases is also highly
desired, as is the case of ratoon stunting disease (RSD).
However, due to the complexity in the selection of varieties
resistant to RSD—arising from the difficulty in the rapid
and efficient diagnosis of the disease—the use of clean
seeds, hot water treatment and disinfection of equipment
are sought as preventive methods for disease prevention.
Nevertheless, according to Urashima et al. (2020), between
2013 and 2018, the mean RSD infestation in Brazilian
sugarcane plantations was approximately 40%, when con-
sidering the five most planted varieties.

Sprouting and sugarcane ratoon ability have gained
greater importance in Brazil since the introduction of
mechanical harvesting and the gradual ban on controlled
burnings for harvesting (Cortez and Baldassin Jr. 2016).
The presence of straw has numerous benefits (Bordonal
et al. 2018) but can also create challenges, such as greater
difficulty in ratooning (Cortez and Baldassin Jr. 2016).
Furthermore, increased use of heavy agricultural machin-
ery can lead to increased soil compaction and, conse-
quently, to the reduction in sugarcane ratoon yields. This
issue is addressed by selecting genotypes with high
sprouting ability.

Additional objectives include adaptability and yield
stability; growth rate; upright growth habit; absence of
flowering; self-trashing; high fiber content (depending on
the objective); and resistance or tolerance to abiotic
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stresses, such as drought, low temperatures, frost, high
aluminum concentration and low phosphorus levels.

Energycane

Different objectives can be considered in energycane
improvement. At GranBio, there is an ongoing search for
varieties with the following profiles:

1. High biomass production potential, supporting the
production of renewable energy that contributes to
mitigating the greenhouse effect, with high conversion
capacity of atmospheric C into organic C;

2. High energy density, that is, having more efficient raw
material than that of food plants;

3. High resistance to biotic and abiotic stresses, allowing
production with less input (less fertilizer, pesticide and
energy) and in lands with lower agronomic value, i.e.,
less fertile, with less water availability, more extreme
temperatures (both low and high) and more saline
soils;

4. Possessing a fasciculate and exuberant root system
with high efficiency in soil C fixation and erosion
control.

In general, the energycanes are classified into two cat-
egories: Type I and Type II. Type I is described as a cane
closer to the conventional sugarcane but with lower sucrose
content and thus lower purity but a higher fiber content
than conventional sugarcane. Type II is a cane with only
marginal sugar content but with higher fiber content than
Type I, to be used exclusively for biomass production (Tew
and Cobill 2008). For GranBio, it is expected that the cane
fiber content for Type II varieties will be twice as high in
the medium term, with a 20% to 50% lower sugar content
in juice compared to sugarcane. It is also expected that
energycane would be more tolerant to pests and diseases
and that it has a much faster improvement cycle than that
of sugarcane: four to six years instead of 8 to 12. Finally, it
is believed that the multiplication rate of energycane is
much higher than that of sugarcane and may reach 1:400 in
one year, 16 times higher than that of sugarcane.

Based on the objectives listed above, GranBio estab-
lished the product concept for the selection of Vertix type 1
and Vertix type 2 cultivars, as shown in Table 5.

Regardless of the type of sugarcane sought by breeding,
it is possible that over time, new challenges will emerge for
crops, for example, the introduction of new diseases and/or
pests, that alter the priority list over time. In this case,
knowledge of the crop and the prospecting ability are
essential for the breeder in the development of a future
variety (de Morais et al. 2015).

Breeding Methods
Sugarcane

Conceptually, a sugarcane breeding program can be orga-
nized into three main stages, namely generation of genetic
variability, selection and cloning in the initial stages,
characterized by experiments with few replications and
small plots, and selection in the final stages, with a suffi-
cient number of replicates and sites to perform experiments
with high precision (Gazaffi et al. 2010). Usually, this
structure is common both in Brazil and in other countries;
therefore, the main difference is in the way each stage is
organized and conducted.

The generation of genetic variability occurs through
crossing heterozygous individuals and the selection of
superior individuals in the segregating population. As a
source of variability, sugarcane breeding programs in
Brazil use different germplasm collections described pre-
viously. One common challenge for all breeding programs
is the synchronization of flowering among the different
genotypes present in the germplasm collection. Staggered
planting can be performed to mitigate the asynchronization
issue; however, it is not an efficient strategy for all cases.
With the purpose of circumventing this type of adversity,
in 2010, the TAC sugarcane breeding program implemented
the first automated photoperiod chamber in Brazil
(FAPESP-Fundacdo de Amparo a Pesquisa do Estado de
Sdo Paulo 2010a). This chamber is mainly used for ener-
gycane breeding (FAPESP-Fundac¢do de Amparo a Pes-
quisa do Estado de Sao Paulo 2010b), and to our
knowledge, it is still the only facility for this crop in Brazil.
However, IAC crosses for sugarcane breeding mostly
continue to be performed through natural induction of
flowering.

Using a strategic approach, RIDESA constantly seeks to
renew its germplasm collection through a recurrent selec-
tion process, with the annual inclusion of elite clones
identified as performing well for key traits in advanced
stages of selection as well as the introduction of domestic
(other breeding institutions) and foreign clones. Histori-
cally, the network exchanges elite (protected) varieties
with other Brazilian breeding programs. This strategy
proved to be efficient because the kinship coefficient
among the ten most planted varieties in Brazil has always
remained relatively low since 1974 (Dal-Bianco et al.
2012). In recent years, the network has actively partici-
pated in variety exchange processes with several sugar-
cane-producing countries, such as Australia, Argentina,
Colombia and Reunion Island, and more recently, new
agreements were established with China, Ecuador, South
Africa and the Philippines; approximately 60 varieties are
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Table 5 Difference in traits between sugarcane and energycane (type 1 and type 2)

Trait Sugarcane Vertix type 1 Vertix type 2
Productivity (X) X > 15X >20X
Sugars (kg/t) 150 > 100 < 100

Fiber (%) 15 18 to 22 > 25
Number of cuts 4t05 8to 10 > 10
Resistance to pests and diseases + ++ +++

Industrial use Sugar and Ethanol

Ethanol 1G, 2G, Biochemicals,
Energy and Biomethane

Sugar, Ethanol and Energy

exchanged annually. The main objective of this initiative is
the introduction of new sources of variability for the dif-
ferent traits of agroindustrial importance and resistance to
pests and diseases. In genetic terms, RIDESA constantly
seeks to increase the germplasm collection to include new
or increase the frequency of favorable alleles for continued
improvement of varieties. The removal of unproductive
parents is based on two main criteria: (1) the parental
performance over family (progenies) trials, i.e., parents
constantly contributing to low cane and sugar yield fami-
lies and/or high incidence of diseases; (2) genotypes
exhaustively used for crossing for RIDESA breeding pro-
grams. Currently, for some universities involved in
RIDESA, the parental evaluation is fully based on family
test results, where breeding values are estimated via a
mixed models (REML/BLUP) procedure.

Various forms of crosses are performed for the pro-
duction of progenies that can be selected for superior
individuals. The most common are biparental crosses,
polycrosses and free pollination (this strategy can be used
due to the abundance of viable flowers). In RIDESA
breeding programs, approximately 5000 crosses are per-
formed annually. Of this, approximately half are performed
in the Flowering and Crossing Station of Serra do Ouro,
with the highest proportion of crosses corresponding to
multiparental crosses (45%), followed by biparental
crosses (31%), specific multiparental crosses (14%), free
pollination (9%) and self-pollination (1%). The other half
are performed by the Flowering and Crossing Station of
Devaneio (08°19" S, 35°24’ W, 514 m) (Fig. 4), with the
following percentages: polycrosses (67%), biparental
crosses (20%) and self-fertilization (13%). These numbers
and proportions of crosses may vary according to the
strategy of each breeding program. Among the 94 com-
mercially released RB varieties, approximately half were
generated by biparental crosses and the other half by
polycrosses.

The correct choice of parents is one of the main chal-
lenges encountered by breeders because the total number of
possible combinations is extremely high for a large number
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of parents, but due to technical and economic criteria, only
a small part is used every year. The correct choice of
parents ensures the genetic progress of future generations
within breeding programs, and therefore, each institution
has its own strategy. In RIDESA, the following concepts
are considered when choosing parents:

1. Behavior per se of the parents: Considering the
presence of additive genetic effects for the most
important economic traits, the use of elite clones
assists in the process of obtaining superior varieties.
All resulting varieties are then fed back into the
germplasm collection in a recurrent process; therefore,
the new accessions added to the germplasm collection
are clones shown to be superior throughout the
selection stages.

2. Pedigree of the parent: This concept is widely used in
animal breeding, emphasizing the importance of
genetic diversity, which can be evaluated based on
agronomic traits and/or the degree of kinship between
genotypes. Crosses between distantly related geno-
types are preferred.

3. Combining ability: Estimating parameters such as
general combining ability (GCA) and specific com-
bining ability (SCA) are essential for the correct choice
of parents. The disconnected factorial design has been
widely used in some programs within the network,
mostly with the formation of small groups of crossings,
usually 3 x 3 or 4 x 4, aiming to maximize the
number of parents to be evaluated in a single
experiment (Burdon and Buijtenen 1990). In some
programs, the use of reciprocal recurrent selection
(RRS) schemes has also been considered to efficiently
exploit both the nonadditive and additive effects
involved in the expression of traits of economic
importance. Preliminary studies have indicated
promising results for establishing gene pools for the
systematic exploration of heterosis (de Resende and
Barbosa 2005; Mendes de Paula et al. 2020).

4. History of the parent: An estimate of general combin-
ing ability can also be made based on the history of a
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parent in producing commercial cultivars. For exam-
ple, RB72454 is considered to be a superior parent
because it is the parent of 25 commercial varieties
(Daros et al. 2015). Similarly, the cross between SP70-
1143 and RB72454 generated five RB varieties of
great importance and is considered a benchmark for
high specific combining ability effects.

5. Marker-assisted selection: The use of molecular
markers for clone selection can be used to define
crosses (parental selection). The best known, and to
our knowledge the only, example for sugarcane is the
gene Brul, which is responsible for the control of
brown rust resistance (Le Cunff et al. 2008; Costet
et al. 2012). In this case, the crosses use parents, at
least one of which has a resistance haplotype, to
minimize the presence of genotypes susceptible to the
disease in the population. We believe new results will
be available in the future since several studies have
been performed to characterize the genetic architecture
of important sugarcane traits (see details in the
molecular genetics and biotechnology section).

After generating variability, the following steps are
established according to the strategy of each breeding
program. At the Federal University of Sdo Carlos (UFS-
Car), which operates in the main sugarcane-producing
region of the country (Central-South) and is one of the ten
federal universities that make up RIDESA, these stages are
divided into progeny assessment trials (Phase 1), clonal
assessment trials (Phases 2 and 3) and final assessment
trials (Phase 4), as described below.

Phase 1: Currently, UFSCar and other universities in the
network use a combined between- and within-family
selection as a strategy in the initial breeding phase.
According to previous studies, this methodology provides
selection gains of approximately 11% over other methods
(Cursi et al. 2019). This stage has the largest effective
population size with approximately 200,000 seedlings
produced by UFSCar alone and distributed to three dif-
ferent locations in the Central-South region of Brazil.
Considering all the universities in the network, more than 3
million seedlings are planted annually throughout the
country. These experiments are set up in an incomplete
block design (unbalanced data), with the experimental unit
consisting of two furrows that are 27 m in length and 1.5 m
apart, with 108 seedlings per family (plot), spaced 0.5 m
apart. In the plant cane stage (12-month-old cane), phe-
notypic data are collected at the family level for the sug-
arcane yield traits (tons of sugarcane per hectare—TCH),
obtained through the full mechanized harvesting of each
plot and weighed using a truck with a load cell. Due to the
high number of clones at this phase and limited resources,
the sugar content (Brix) is estimated by sampling ten stalks

selected at random within each plot. In addition, incidence
of diseased plants is assessed within each family. To
minimize problems inherent to the initial phases, the mixed
model approach is used to correct spatial variability, thus
increasing the accuracy of the estimates (Gilmour et al.
1997). In the second year, selection occurs favoring the
best families, i.e., the selection intensity is increased due to
the smaller number of crosses involved. Families classified
below average are not disregarded but rather subject to
more intense selection.

Phase 2: In this stage, the number of individuals is
reduced but is still a large sample that can range from 1000
to 3000 individuals, depending on the selection site of the
initial phase. The selection intensity ranges from 1.5%
(low-fertility soils) to 6% (high-fertility soils). The exper-
imental design used is an augmented block design (Federer
1956), and the experimental unit consists of a single 5-m-
long furrow, with only one replicate and the use of com-
mercial varieties as controls. Morphological characteristics
(conceptual grading scale), incidence of pests and diseases,
and yield components are evaluated in both the plant cane
and first-ratoon stages. Finally, clones with high potential
are selected based on the sugarcane yield, second-ratoon
sprouting and desirable morphological traits and disease
resistance.

Phase 3: In this phase, around 200 clones are planted in
a trial with a randomized block design, with individual
plots consisting of two furrows that are 5 m in length and
spaced 1.5 m apart, with two replicates. Approximately six
different sites are considered within the states of Sdo Paulo
(SP) and Mato Grosso do Sul (MS), states that are affiliated
with UFSCar, aiming at an initial identification of the
interaction between genotype and environment. In addition
to the desirable morphological and phytosanitary traits, the
technological parameters are evaluated in plant cane and
first-ratoon stages, and the clones with high potential in the
second-ratoon stage are selected.

Phase 4: This phase is similar to Phase 3 but involves a
smaller number of clones (approximately 25) such that it is
possible to increase the number of observations (replicates)
and evaluation sites. The experiment uses a randomized
block design with a split plot design (different cuts). The
experimental unit consists of four 12-m-long furrows (may
vary with site), spaced 1.5 m apart, with four replicates.
Approximately 10 different sites are considered among the
states of SP and MS to capitalize on the identification of the
interaction between genotype and environment and subse-
quent recommendations. Different phenotypic data are
collected in the plant cane stage, first-ratoon stage, second-
ratoon stage and, in some cases, until the fourth ratoon. For
all phases, the harvests are performed mechanically, and
the mixed model approach is considered for the best pre-
diction of the genotypic values of each clone under
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experimentation. In addition, all promising clones, both in
Phase 3 and Phase 4, are subjected to artificial and natural
tests for resistance to the main diseases present in the
country. Subsequently, validation steps are established with
growers and partner mills for better dissemination and
validation of the performance of potential clones for
commercial release. Additionally, maturation curve
experiments are conducted for a better understanding of the
maturation process of the genotypes and, therefore, the
correct recommendation of different harvesting times. It is
important to note that all clones that show high potential in
the final selection stages are distributed to the other
RIDESA member universities, meaning that they are also
tested in the different sugarcane regions of the country.

To complement the evaluation and selection stages, the
supply of disease-free material for the establishment of
nurseries, making the multiplication and commercial
exploitation of new varieties more efficient, is a common
objective among all breeding programs in Brazil. In 2019,
UFSCar, in partnership with a company performing plant
propagation from meristems (Explante Biotecnologia),
started a project that delivered 2,794,000 healthy plantlets
to 127 industries and growers associations in the Central-
South region of Brazil. In 2020, it is estimated that
3,136,320 seedlings will be delivered to 132 units. In
addition to the two initiatives, it is estimated that 5,930,320
meristem-derived seedlings will be supplied, without
additional costs for the affiliated mills. Furthermore, the
IAC Cane Program has disseminated methods to reduce the
volume of seedlings necessary for the multiplication of
new varietal technologies, with the objective of incorpo-
rating production gains through healthy seedlings. This
method, called pre-sprouted seedling (PSS) (Landell et al.
2013), has been widely adopted by Brazilian growers and
mills.

Notably, the breeding stages should be complemented
with additional studies aiming to incorporate new knowl-
edge and technologies to ensure genetic gains and maintain
the continual commercial release of superior varieties.
From this perspective, in recent years, RIDESA has
invested in technologies to assist in the phenotyping pro-
cess, i.e., inferring environmental variability to minimize
residual effects (minimizing noise), e.g., using high-spec-
tral-resolution field sensors (spectroradiometer), high-res-
olution proximal sensors (electromagnetic induction soil
sensor) and multispectral subaerial sensors (UAVs, drones)
(Natarajan et al. 2019). This information can be included in
the statistical analyses, especially using the mixed model
approach. Another newly developed technology is the use
of a portable near-infrared spectrometer as a nondestruc-
tive, quick-read and environmentally friendly tool for the
evaluation of the technological components of sugarcane,
e.g., Pol, Brix and fiber, in the different breeding phases.
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Because these are new fields of study, the applicability of
this type of technology is still ongoing, and it is currently in
the development and validation phase.

Energycane

In the GranBio energycane improvement program, both the
performance per se of the clone and the result of its pro-
geny are considered for the selection of parents of a given
population. A source of local selection can be found in the
clonal selection phases. Early selection has been ongoing to
reduce the recurrence time and, consequently, increase the
generation gain. However, early selection involves an
increase in the experimental error in assessments since the
plots are smaller and are almost always in a single envi-
ronment. Therefore, it is imperative to use progeny infor-
mation as an auxiliary measure in the choice of parents and
in clonal selection. If the progeny has a yield above the
standard, the parent is identified as proven and used in a
greater number of crosses. In addition, seeds remaining
from the cross are used for germination and seedling
utilization.

GranBio performs approximately 450 crosses annually,
of which 300 are for obtaining Type II (F1 between com-
mercial or pre-commercial hybrids crossed with Saccha-
rum spontaneum genotypes from wild collection)
energycane cultivars and 150 are for obtaining Type I (BC1
between F1 energycane types crossed with commercial or
pre-commercial hybrids) energycane cultivars. Eighty
percent of the crosses are exploratory (general combining
ability), and 20% are considered proven (specific com-
bining ability). The criteria for parental selection in ener-
gycane are the dry matter yield of the progenies both under
GCA and SCA, associated with smut resistance, ratoon
ability presence of rhizomes, no pithiness and absent of
flowering. Yield of sugar per area which is the main issue
in sugarcane is relevant only for the selection of energy-
cane type 1, due to the commercial positioning of these
type 1 varieties: poor environment of first-generation
ethanol and sugar industry. For energycane type 1 selec-
tion, we add limits for fiber (lower than 35% up sugarcane
standard) and sugars (higher than 75% of sugarcane
standard).

Planting in Phase 1 is performed with the progenies
grouped into families, and clonal selection is performed in
a modified sequential manner (Bressiani et al. 2005).
Families values from plant cane are used from parent
selection and also for a ranking of the families to create the
selection index, using families averages and genetic vari-
ations between and within families, that will suggest the
number of individuals for the selection in first ratoon in
each family. Individual selection at first ratoon is a visual
selection taking into consideration number of stalks, stalk
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diameter, pithiness, flowering, disease resistance (smut,
leaf scald, mosaic virus and rusts) and morphological
aspects.

Phase 2 and in Phase 3, plots are planted in augmented
blocs design (Federer) and selection is performed visually
first for the same traits in stage 1 and then pre-selected
individuals area submitted to biometrics and quality anal-
ysis in the laboratory at the plant cane and ratoon cane
stages. Clones are confirmed to the next stage based on dry
yield, fiber and sugar composition and grouped in type 1
and type 2 to continue the selection process.

In the experimental phase (Phase 4), a group of 20
clones plus 4 checks are planted in randomized block
design experiments with three reps and five locations, and
the plots are sampled for laboratory analysis, harvested
manually or mechanically and weighed in their entirety.
Tons of dry biomass, wet biomass, cane, fiber and sugars
are measured. Also, disease and pests occurrence are
quantified.

A summary of the selection steps of the GranBio
improvement program is shown in Table 6.

Molecular Genetics and Biotechnology

Biotechnological approaches can be used to improve tra-
ditional breeding programs, mainly for understanding
genetic structures, genomic locations and plant transfor-
mation. Due to the unusual complexity of the sugarcane
genome, genomics studies and genetic manipulation are
challenging tasks. However, efforts involving Brazilian
germplasm have focused on the development of biotech-
nological approaches for this crop. The commercial sug-
arcane cultivar SP80-3280 has been used as a model for
genomic, genetic and transgenic studies in Brazil, although
other cultivars also have been studied.

Several molecular studies have elucidated aspects of
sugarcane genome constitution and structure (Souza et al.
2011, 2019; de Setta et al. 2014). In this sense, the
Brazilian Sugarcane Expressed Sequence Tags (ESTs)
Sequencing Project (SUCEST) database is an important
resource for managing sugarcane genome data and since
2003 has accumulated over 238,000 ESTs from different
sugarcane tissues and cultivars grouped into approximately
43,000 sugarcane assembled sequences (SASs) (Vettore
et al. 2003; Dal-Bianco et al. 2012). This database inte-
grates the Sugarcane EST Project (SUCEST) (Vettore et al.
2003), the Sugarcane Gene Index (SGI), gene expression
data (Papini-Terzi et al. 2009; Waclawovsky et al. 2010;
Ferreira et al. 2016) and records of phenotypic data of the
main Brazilian sugarcane cultivars (http://sucest-fun.org).
Recently, Souza et al. (2019) and collaborators presented a
gene space assembly for SP80-3280, including 373,869

putative genes and their potential regulatory regions, and
showed that SP80-3280 has particular regulatory elements
involved in sucrose synthesis not found in its ancestor
Saccharum spontaneum.

Transcriptome and metabolomics projects have con-
tributed to advances in the understanding of gene regula-
tion systems of sugarcane, such as nitrogen supply
metabolic pathways using RB975375 and RB937570
(Bassi et al. 2018), bud sprouting potential among 16
sugarcane Brazilian varieties (Ferreira et al. 2018) and
drought responses using CTC15 and SP90-3414 (Budzinski
et al. 2019). Several transcriptome analyses have been
conducted considering Brazilian cultivars and with differ-
ent purposes, such an RNA-Seq transcriptome profile for
lignin content using IACSP04-065 and IACSP04-627
(Vicentini et al. 2015); leaf transcriptomes for six sugar-
cane genotypes (SP81-3250, RB925345, SP80-3280,
RB835486, IACSP96-3046 and IACSP95-3018) involved
in biparental crosses (Cardoso-Silva et al. 2014), tran-
scription of circadian rhythm genes from different organs
in field-grown SP80-3280 (Dantas et al. 2020); and ethy-
lene-induced transcription responses at ripening (Cunha
et al. 2017). Additionally, microtranscriptomes (miRNA
expression patterns) (Ferreira et al. 2012; Gentile et al.
2013) have provided a working model of the defense
strategies that might be regulated by miRNAs in sugarcane
exposed to drought (Ferreira et al. 2017). These genes can
be promising targets for genetic modification of the studied
traits, although confirmation of their function is still nee-
ded. In these transcripts, SNP alleles can be found, which
may be within the regulatory sequences that cause trait
variation by modifying the expression levels of transcript.
Such SNPs can be used as promising markers to direct
crossings in the initial phases of breeding programs.

Understanding the molecular mechanisms of infection in
sugarcane is important and can allow identifying molecular
markers for disease resistance (dos Santos et al. 2017,
Yang et al. 2018). An RNA-Seq approach was used to
investigate the changes in temporal expression of tran-
scripts by the sugarcane immune system when challenged
by P. kuehnii. The authors revealed that P. kuehnii initially
suppressed sugarcane genes involved in plant defense
systems and that late overexpression of specific regulatory
pathways suggested the possibility of an inefficient
recognition system by a susceptible sugarcane genotype
(Correr et al. 2020). Other pathosystems, such as sugarcane
smut (Schaker et al. 2016; Peters et al. 2017) and sugarcane
ratoon stunting (Cia et al. 2018), have also been studied.
Moreover, molecular markers have been useful for
molecular diagnosis in sugarcane, especially for Puccinia.
The Brul frequency among Brazilian cultivars indicates
that this gene is the prevalent source of brown rust resis-
tance in Brazilian sugarcane breeding programs and could
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Table 6 Selection phases of GranBio’s regional sugarcane improvement programs in 2020

Phases
(month/
year)

Planting  Assessment
(month/
year)

Assessment type

Hybridization: April to June/year 0; 450 crosses/year. Seed germination in July and August/year O

Phase 1 (P1) = 50,000 seedlings Oct/00

Planting in families, (2 x 40 m)—two replicates, plots of
one double furrow x 40 m in length—randomized
blocks with common treatments

Individual planting, with shoots spaced 0.70 m apart in the
row and 0.90 x 1.50 m apart in the interrow

Phase 2 (P2) = 3000 clones Aug/01

Plots with a double row of 3 m, spaced 0.90 x 1.50 m
apart in the interrow. Experimental design: Federer
blocks

Phase 3 (P3) = 300 clones Sep/02

Plot with three double rows of 10 m, spaced at
0.90 x 1.50 m, using the Federer block design

Phase 4 (EP) = Final assay (20 clones) Oct/03

Plot with three double rows of 10 m, spaced at
0.90 x 1.50 m, using a randomized block design with
three replicates in five locations, 5[3(3 x 10)]

Phytotest = Sugarcane smut Dec/05

Evaluation with fungal inoculation in a glasshouse; two
replicates x 25 plants per replicate

Commercial release Dec/06

Sep/01 Weighing, technological analysis and survey of diseases in
plant cane progenies

Jul/01 and  Phenotypic selection in ratoon cane by evaluation of cane

Jul/02 diameter, height, number of tillers and morphological

and phytosanitary aspects

Jun/02 Phenotypic selection through biometric evaluation—cane
diameter, height, tillers—and phytosanitary aspects.
Technological analysis of preselected material

Jun/03Jun/  Selection in plant cane and ratoon cane

03

Sep/03 Phenotypic selection through biometric evaluation—cane
diameter, height, tillers, Brix—and phytosanitary aspect

Sep/04 Technological analysis of preselected clones

Selection in plant cane and ratoon cane

Oct/04 Technological analysis and 1st cut with quantification of
TGMH, TDMH, TFH and TSH. Selection of promising
clones for planting in nurseries

Oct/05 Technological analysis and 2nd cut with quantification of
TGMH, TDMH, TFH and TSH. Expansion of nurseries
and distribution to clients

Oct/06 Technological analysis and 3rd cut with quantification of
TGMH, TDMH, TFH and TSH. Protection and
registration of commercial cultivar

May/06 Quantification of black whips and classification of clones

according to resistance to sugarcane smut (scale of 1-9)

Brix percentage of soluble solids in cane juice, TGMH tons of green matter per hectare, TDMH tons of dry matter per hectare, 7FH tons of fiber

per hectare, TSH tons of sugar per hectare

be used to predict resistant phenotypes (Barreto et al. 2017;
Neuber et al. 2017). Additionally, molecular markers
associated with resistance to orange rust (e.g., G1 marker,
Yang et al. (2018)) have been evaluated as molecular tools
that can be used by Brazilian breeding programs in the
search for resistant sugarcane cultivars (Fier et al. 2020).
In recent years, numerous initiatives to produce geneti-
cally modified (GM) sugarcane have been put into place in
Brazil. Genetic transformation mediated by Agrobacterium
and biobalistic systems has been the most commonly
adopted method for generating transgenic events. In proof-
of-concept experiments, variety SP80-3280 has usually
been used because the protocols of in vitro regeneration are
well described. For GM sugarcane, several traits are being
studied, e.g., herbicide tolerance; pest resistance (cry
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genes); resistance to abiotic stresses, such as drought
(higher accumulation of proline and trehalose); accumu-
lation of sugar and biomass (Falco et al. 2000; Molinari
et al. 2007, 2019; Ramiro et al. 2016; Ferreira et al. 2017;
Cristofoletti et al. 2018; de Souza et al. 2019). In late 2017,
CTNBio, the Brazilian government regulatory authority
responsible for the approval of biotechnology-derived
products, approved the first GM sugarcane, CrylAb-ex-
pressing sugarcane, for cultivation in Brazil (Velini 2017).
Developed by CTC, this transgenic commercial event was
obtained by bombarding embryogenic cells (callus) of the
immature inflorescences of sugarcane cultivar CTC20 with
microprojectiles containing purified CTC2.nptll DNA
fragments from the pGH-CTC2.nptll vector, which con-
tains the crylAb and nptll genes, generating insect-
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resistant sugarcane. Currently, there are at least three
commercially approved GM sugarcane varieties in Brazil,
all of which are insect resistant (Bt technology: CrylAb
and CrylAc gene). CrylAb and CrylAc proteins target
receptors found only in Lepidoptera, causing selective
toxicity. These proteins have proved very effective, as their
toxicity is specific, and can thus be used to target specific
lepidopteran pests (Kennedy et al. 2018). Few studies have
been carried out with genome editing technology, but some
have focused on sugarcane genome editing using CRISPR/
Cas9 for targeted mutagenesis of ethylene biosynthesis.
Molecular markers have been used in genetic diversity
studies, cultivar identification and genetic mapping (de
Morais et al. 2015). The markers commonly used in sug-
arcane, such AFLP, TRAP, SSRs and SNPs, are able to
differentiate cultivars and enable cost-effect mapping
studies. The genotyping costs depend on several factors,
including the nature of the study, number of genotypes, the
type and density of markers, the required coverage of the
genome, the time of analysis, and the level of knowledge
and experience of workers (Puckett 2017; Rasheed et al.
2017). For sugarcane, the genotyping cost per sample can
range between US$50.00 and US$80.00 for sequencing-
based markers and between US$5.00 and US$20.00 for
gel-based markers. These genotyping values should be
considered carefully as they are determined by sample and
not by data point. In the first case, hundreds to thousands of
markers can be obtained per sample, while in the second
case, the number of markers is much smaller, in the tens if
multiplexing is used (Slater et al. 2013; Thomson 2014;
Puckett 2017; Rasheed et al. 2017; Ahmad et al. 2018). In
Brazil, the use of molecular markers has advanced over
time, and some approaches are employed by sugarcane
breeding programs. As discussed below, genetic diversity
studies to support the choice of parents and introgression of
different genetic backgrounds and biparental and associa-
tive mapping studies with the objective of identifying
genomic regions have been performed to further assist in
the selection and development of diagnostic markers.
Diversity studies have been carried out with Brazilian
and foreign germplasms using several types of molecular
markers (Creste et al. 2010; Garcia et al. 2013; Manechini
et al. 2018). Recently, Medeiros et al. (2020) evaluated the
expanded Brazilian Panel of Sugarcane Genotypes
(BPSG), composed of 254 accessions of the Saccharum
complex, with eight TRAP markers anchored in sucrose
and lignin metabolism genes. The authors suggest that even
for genes under selection processes, such as those involved
in sucrose and lignin, there is still a possibility of the
introgression of new and favorable alleles. This further
development is possible because these genes showed,
through TRAP markers, sufficient variability to separate
groups of accessions and to identify exclusive fragments.

Therefore, the TRAP markers could be used to evaluate
foreign accessions in a targeted manner, opening a path to
germplasm exchange and assisted selection with functional
molecular markers. In addition, Kanthack Junior et al.
(2020) evaluated the genetic variability of 96 sugarcane
genotypes through TRAP markers derived from candidate
genes involved in sugar and lignin metabolism. The authors
suggest that not only S. officinarum but also S. spontaneum
made significant contributions to the genetic variability of
genes involved in sugar metabolism of Brazilian com-
mercial sugarcane cultivars and that considerable vari-
ability in lignin metabolism genes remains underexplored
by sugarcane breeding programs. Diversity studies have
also enabled a practical application of molecular markers to
confirm the genetic fidelity of the sugarcane seedlings
produced or resolve doubts about a variety cultivated in the
field (Manechini et al. 2018).

Sugarcane genetic maps and mapping studies using
Brazilian clones or cultivars were initiated by Garcia et al.
(2006), who developed the first integrated genetic map
from a cross of two precommercial cultivars, SP80-180 x
SP80-4966. Subsequently, Oliveira et al. (2007) added to
the pre-existing genetic map molecular markers developed
from expressed sequences, namely EST-SSRs and EST-
RFLPs. Additionally, quantitative trait locus (QTL) map-
ping studies were performed with progeny of a cross
between SP80-180 and SP80-4966. Pinto et al. (2010)
evaluated fiber percent, cane yield (TCH), sucrose content
(Pol) and tonnes of sugar per hectare (TSH) and detected
120 marker-trait associations (MTAs). Pastina et al. (2012)
identified 46 QTLs (13 for TCH, 14 for TSH, 11 for fiber
percent and eight for Pol) through a strategy for QTL
detection in multiharvest-location trial data, based on
interval mapping and mixed models. Furthermore, Mar-
garido et al. (2015) evaluated fiber content, Pol and TCH
and detected QTLs using multitrait multienvironment
mixed models with a multiple QTL mapping approach. A
total of 13 QTLs exhibiting QTLs by location, QTLs by
harvest or a three-way interaction were found. Similarly,
Palhares et al. (2012) constructed a genetic map for a
population derived from the cross between cultivars
IAC66-6 and TUC71-7. This map was constructed with
AFLP markers, EST-SSRs and sclvana_1-based markers.
sclvana_1 is an LTR retrotransposon family member of the
Copia superfamily. Two other studies used a population
that originated from the cross between IACSP95-3018 and
TACSP93-3046. The first, by Santos et al. (2015), evaluated
MTAs and epistasis for brown rust resistance using SSR
and AFLP markers, and the second, by Costa et al. (2016),
was the first genetic map in which SNP markers segregated
in a 1:2:1 fashion, and therefore, codominant, were inclu-
ded together with information about ploidy level. Asso-
ciative mapping has also been performed; Barreto et al.
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(2019) used a mini core collection of sugarcane composed
of 134 accessions from the BPSG to perform a genome-
wide association study (GWAS) for Brix, SH, stalk number
(SN), SW, and TCH using 100 SSR markers. Four sub-
populations were detected, and linkage disequilibrium was
stronger in the first 15 ¢cM and present in a large extension.
The GWAS detected MTAs for all traits. The four MTAs
with the highest percentages of explained phenotypic
variation indicate that the presence of at least one copy of
the allele could also be important for driving strategies in
breeding programs. Therefore, these MTAs should be
validated as an initial approach to support breeding pro-
grams with introgression or selection processes. In addi-
tion, new methods of analysis are still in development to
increase the understanding of complex genomes and enable
mapping and association studies with further levels of
allelic information. The BPSG has been expanded and is
evaluating SNP markers with single and multiple dosage
information. These results showed the advances in
molecular studies of sugarcane in Brazil, including differ-
ent molecular markers, populations with different genetic
backgrounds and analysis approaches. Furthermore, this
timeline demonstrates the intention of breeding programs
to include molecular information in the process of selection
and/or choice of parents for crosses. A successful case,
already reported in breeding programs around the world, is
the use of the marker associated with brown rust resistance
gene, Brul, as an auxiliary tool in the selection of resistant
genotypes (Barreto et al. 2017).

Despite this progress, the genetic complexity of sugar-
cane continues to challenge the integration between
quantitative traits and molecular data. Thus, the incorpo-
ration of new technologies is important to decrease this gap
(Rasheed et al. 2017). New technologies for the high-
throughput genotyping of sugarcane populations were used
by Balsalobre et al. (2017), who reported, for the first time,
the development and application of genotyping-by-se-
quencing (GBS) for mapping studies in sugarcane. Single-
dose SNP results from GBS data analysis were combined
with SSR and TRAP markers to construct an integrated
genetic map of the population that originated from the
cross between SP80-3280 and RB835486. The map length
was 3682.04 cM, with an average marker density of
3.70 cM, the highest density for sugarcane genetic maps to
date. The QTL map for Pol, Brix, SD and FIB identified
seven QTLs. In addition, QTLs for Brix and FIB traits had
markers linked to candidate genes that could be validated
in other populations. Another initiative to use high-
throughput genotyping was carried out by Brum (2018),
who used SNPs markers and evaluated the efficiency of
genomic selection in the CTC breeding program. Clones of
two breeding cycles were genotyped, and plot weight, Brix,
fiber and sucrose content were phenotyped. The genomic
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prediction accuracy of the model ranged from 0.07 to 0.39
in cross-validation within a breeding cycle and from 0.01
to 0.32 in predictions across cycles, showing that overall
the fiber content exhibited the highest values. A strong
genotype by year interaction was observed. Furthermore,
the association analysis and genomic prediction showed
advantages when high dosage of alleles were considered.
Therefore, MAS and genomic selection have advanced in
Brazil, primarily genotyping and multiple dose analysis
approaches. Improving the phenotyping of quantitative
traits for a large number of genotypes will be essential to
allow the efficient use of genomic selection in breeding
programs.

Conclusions

In the last 40 years, Brazil has increased sugar production
by 155.7 kg ha™! per year. In addition, the country has
become a world leader in the production of byproducts,
such as biomass used for the cogeneration of electricity and
bioethanol used as fuel for vehicles. In addition, in this
period, the frontiers of cultivation of sugarcane were
expanded, achieving an approximate eightfold increase in
area. Despite this expansion, the main sugarcane-growing
regions in the country remain hundreds of kilometers away
from the Amazon rainforest edges (Fig. 4). However, most
expansions occurred in “nontraditional” regions, mostly
those with low-fertility soils and low and/or irregular
rainfall, thus challenging the resilience of this crop; in
association with new diseases, accelerated adoption of
mechanical harvesting and less investment in sugarcane
field a nonsignificant change in yield can be observed in the
last decade (Fig. 2). With the expansion of industrial parks,
the demand for raw material increased, as did that for an
expanded crop season, which was achieved by Brazilian
breeding efforts. In addition, more than 200 high-yield
varieties adapted to different production environments and
exhibiting longevity, disease resistance and mechanization
adaptation were developed and made available to the
industry. Despite great advances, the national average
production is still far below the theoretical potential of the
crop and lower than that of some other countries. Con-
ventional sugarcane breeding in Brazil has consistently
been a major contributor to the agroindustrial yield
improvement in the country and provided security against
pest and diseases outbreaks. However, due to the high
genetic complexity of the crop, the low narrow-sense
heritability of most traits of economic importance and the
crop’s long breeding cycle, detailed knowledge of quanti-
tative genetics and possibly new innovative breeding
strategies are required to continue advance breeding. The
emergence of new technologies has enabled a deeper
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understanding of genetic and environmental factors and
consequently a more accurate understanding of the archi-
tecture of additive and non-additive genetic components. In
addition, the use of biotechnology in breeding platforms,
driven by recent advances in genomic resources in sugar-
cane, is already a reality in the search for genetic progress
in traditional breeding programs in Brazil. For example,
GM cultivars with insect tolerance are already marketed;
however, difficulties remain in obtaining sugarcane bred
for complex characteristics, e.g., higher sucrose and dry
matter content. Furthermore, pre-breeding activities remain
a key factor in the expansion of genetic diversity, espe-
cially for alleles conferring resistance to pests and diseases,
and in the search for allelic complementation for some
traits, such as sugar content. Measures for strengthening
and ensuring the continuity of germplasm exchange among
the breeding programs of the world will be essential to
expand the genetic base of breeders’ working collections
without total dependence on the variability present in
ancestral species. Introgression processes should be used
predominantly to compose the gene pool of the energycane
ideotype. Furthermore, multidisciplinary approaches and
the development of trained teams will be key factors to
ensure genetic progress in sugarcane crop production.
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