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Abstract Thailand is currently ranked as the world’s fourth
largest sugarcane producer after Brazil, India and China and
the world’s second largest sugar exporter after Brazil. In the
past five years (2015-2020), average sugarcane yield in
Thailand was around 63 tonnes/hectare, with an average
commercial cane sugar (CCS) content of 12.41%. An esti-
mated 330,000 sugarcane growers are now cultivating sug-
arcane in Thailand. In the 2017/18 milling season, crop
production reached a peak of 134.9 million tonnes of sug-
arcane with 1.58 million hectares of cultivated area. How-
ever, the production has since shown a declining trend due to
recurring drought and a shift in farmers’ preference for more
profitable crops. Since its inception in 1938, sugarcane
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breeding has continuously increased the cane productivity by
releasing improved varieties with the most notable one,
Khon Kaen 3 (KK3), which now covers ~85% of the sug-
arcane production in Thailand. To continue improve the
productivity and sustainability of the Thailand sugar indus-
try, current breeding programs are mainly focusing on cane
yield and sugar content, with increasing emphasis on fiber
yield, pest and disease resistance, environmental adaptabil-
ity (e.g., sandy soil, clay soil, drought conditions), ratooning
ability and suitability for mechanical harvesting. The
development and integration of biotechnology will no doubt
contribute to further improvement of desirable traits. This
review covers the main characteristics of the national sugar
industry, key institutions currently involved in breeding and
its supporting research, history and achievements of sugar-
cane breeding programs, current methods used in breeding
programs as well as major cultivars and germplasm collec-
tions. The history and current status of the research and
application of genetics and biotechnology for sugarcane
improvement are also presented.

Keywords Sugarcane - Yield improvement -

Commercial cane sugar - Molecular breeding -
Sustainability

Introduction

Main Characteristics of the National Industry
Sugarcane is ranked third in economic importance in

Thailand among the major crops, after rice and rubber trees
(Fig. 1). In the past 5 years, it accounted around 7-8%
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Fig. 1 Percentage of major economic crop production areas (left) and sugarcane production in different region in Thailand (right). Source:
(Ministry of Agriculture and Cooperatives 2020; Office of the Cane and Sugar Board 2019)
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Fig. 2 Number of sugar mills during the period 2002-2019 (left) and the area of cultivated cane in Thailand between 1982/83 and 2019/20
(right). Source: (Office of the Cane and Sugar Board 2020; Thai Sugar Millers Corporation Limited 2018)

Table 1 Thailand sugarcane area, production, yield and sugar production from 2009/10 to 2019/20. Source: (Office of the Cane and Sugar Board
2020)

Crop Harvested area (M Cane production (M Cane yield (tonnes/ CCS Sugar production (M Sugar yield (kg/tonne

year ha) tonnes) ha) (%) tonnes) cane)

2009/10 1.10 68.49 62.13 11.58 6.93 101.17
2010/11 1.25 95.36 76.44 11.78 9.66 101.33
2011/12 143 97.98 68.50 12.04 10.25 104.63
2012/13  1.49 100.00 67.00 11.64 10.02 100.28
2013/14 1.57 103.67 65.81 12.56 11.29 108.93
2014/15 1.75 105.96 60.44 12.23 11.30 106.66
2015/16  1.75 94.05 53.75 11.95 9.78 104.05
2016/17 1.56 92.95 59.56 12.28 10.02 107.81
2017/18 1.58 134.93 85.25 12.48 14.68 108.78
2018/19 1.94 130.97 67.63 12.64 14.58 111.30
2019/20 1.86 74.89 40.31 12.68 8.29 110.75

(about 1.77-1.83 million hectares) of the total agricultural ~ provinces. The planting areas are located in the north,
land (Ministry of Agriculture and Cooperatives 2020;  north-eastern, central and eastern regions of Thailand with
Office of the Cane and Sugar Board 2020), and grown in 47  approximately 25%, 46%, 24% and 5% of the total
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Table 2 Basic statistics on current sugarcane industry in Thailand

Current total area growing sugarcane (M ha) 1.86
Average yield in past five years (tonnes/ha) 63
Average commercial cane sugar content (%) 12.41
Average number of ratoon crops 2

Total sugar production (M tonnes) 8.29
Average number of growers (households) 330,000
% of area mechanically harvested 20
Number of sugar mills 57

Major diseases and pests

Major abiotic stresses

Diseases: sugarcane white leaf, sugarcane grassy shoot, smut,
red rot wilt, sugarcane green grassy shoot, leaf scald

Pests: sugarcane borer, white grub, long horn beetle, termite

Drought, waterlogging, alkaline & saline soils

cultivated area in each of these regions respectively (Office
of the Cane and Sugar Board 2019).

The sugar industry plays an important role in the eco-
nomic development of Thailand. Among sugarcane pro-
ducing countries, Thailand is currently the world’s fourth
largest cane producer and the second largest exporter of
refined sugar (Workman 2020). The exported value was
approximately 3.36 billion USD for sugar and sugar con-
fectionery in 2019, which represented 12.6% of the
national export balance for food and beverages (UN
Comtrade 2020). All refined sugar produced in Thailand is
supplied by the local sugarcane production. The policies
and strategies of the sugar industry in Thailand are driven
and coordinated by the Office of the Cane and Sugar Board
(OCSB) which is under the jurisdiction of the Ministry of
Industry (Sukyai et al. 2016).

In the last decade, Thailand’s sugarcane production has
increased dramatically. The national production gains were
mainly attributed to the increase of the cane cultivated area
driven by a strong support from the OSCB policies and an
attractive selling price for farmers compared to other crops.
The national cane production was 30 million tonnes on
average in the 1980s, increasing to 50 million tonnes on
average in the 1990s, and jumping to 100 million tonnes on
average during the period 2010-2019 (Fig. 2). As a result,
the number of sugar mills operating in Thailand constantly
increased during the last 20 years, from 46 mills in 2002 to
57 mills in 2019.

During the 2017/18 milling season, production reached a
peak with 134.93 million tonnes of cane (Office of the
Cane and Sugar Board 2020), mainly attributed to favor-
able weather conditions. This represented a 45% increase
compared to the previous milling season (Table 1). How-
ever, during the 2019/20 milling season, cane production
dropped to 74.9 million tonnes (approximately 43%). This

major decline of the cane production was attributed mainly
to two factors: severe drought conditions resulted in a
major decline in yield of approximately 35% compared to
the previous year and a significant proportion of farmers
shifting to alternative crops with more profitable revenues
such as cassava, corn or Jasmin rice (United States
Department of Agriculture 2019).

Currently 80% of the sugar produced in Thailand (7-11
million tonnes/year) is exported while 20% (2.5-2.7 mil-
lion tonnes/year) is consumed domestically. Domestic
consumption of sugar is expected to grow by only 0.7% in
2020 because of rising health awareness and the imposition
of sugar tax on the beverage industry. The beverage
industry is the major consumer of sugar (44% of total
domestic consumption), followed by food (26%) and dairy
products (22%) (Krungsri Research 2020). The sector will
face several challenges over the next few years such as the
application of Taxes on non-alcoholic drinks based on
sugar content and the development of the market for non-
sugar-based sweeteners.

In the past five years (2015/16-2019/20), Thailand’s
sugarcane yield was on average around 63 tonnes/hectare,
with an average commercial cane sugar (CCS) content of
12.41%, from an estimated number of 330,000 sugarcane
growers (Table 2).

In Thailand, farmers generally start planting sugarcane
from November to March, depending on the regions, when
the temperatures are lower and the soil moisture is opti-
mum for planting. Cane is then harvested 10-12 months
later when the crushing season starts. Generally, the sug-
arcane crushing season in Thailand extends for about
180 days starting from November or December and ending
on March or April of the following year. Sugarcane is
mainly grown under rain-fed conditions and less than 10%
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of the cultivated area irrigated, with an average of two
ratoon crops.

The majority of sugarcane farms are classed as being
small to medium in size: 52% are less than 10 hectares and
31% between 10 and 32 hectares, with an average annual
production capacity of 1000-2000 tonnes. Only 17% of
farms are considered large (over 32 hectares), with an
annual production above 2000 tonnes (Khon Kaen
University 2014). Recently, large sugarcane farms are
using mechanized solutions for planting, weeding, har-
vesting and de-trashing to facilitate their work and to
overcome labor shortage to some extent. At present,
mechanization covers almost 100% of the land preparation,
about 80% of the planting process, but only 20% of the
harvesting process. That is, 80% of the crop is harvested
manually, which is labor intensive and costly. The mech-
anization of harvesting is expected to increase by 50%
within the next 5 years.

Despite the fact that the burning reduces sugar quality
and quantity, burning of the cane field before harvesting is
a common practice on approximately 60—-80% of the cul-
tivated area in order to facilitate manual harvesting, save
money on labor costs and for management of leaf trash.
Sugarcane burning is now considered as a serious problem
in Thailand. It is blamed for creating smog and hazardous
fine dust in some provinces with large sugarcane planta-
tions. Since 2019/20, the Thai government has imple-
mented a plan to support sugarcane farmers with additional
measures to harvest fresh cane and discourage burnt cane
in order to reduce pollution. The plan seeks to force sugar
mills to accept only 30% of burnt sugarcane for milling in
2019/20, with a further reduction to 20% for the 2020/21
crop year and to no more than 5% for the year 2021/22. As
a result of these restriction policies, green cane harvesting
in 2019/20 was 50.35% higher than in 2018/19 (Office of
the Cane and Sugar Board 2020).

Major Constraints of Sugarcane Production
Diseases and Pests

Approximately 40 diseases, including major and minor
diseases, caused by fungi, bacteria, viruses, and phyto-
plasmas have been recorded on cultivated sugarcane in
Thailand (Srisink et al. 2016). Among these, phytoplasma-
caused diseases and smut are currently the most serious
diseases. Three phytoplasma organisms are reported to
cause three different phytoplasmal disease symptoms.
Sugarcane white leaf (SCWL) and sugarcane grassy shoot
(SCGS) diseases are caused by two different but closely
related phytoplasmas that are naturally spread by the same
leathoppers (Sakuanrungsirikul et al. 2012; Rao et al. 2012;
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Marcone 2002; Hanboonsong et al. 2006). Both diseases
show distinctive white leaf symptoms but differ in that
SCGS shows profuse tillering. Since their first report in
1952 in Thailand, these two diseases have caused signifi-
cant economic losses. The control of these diseases is now
considered a national priority.

Sugarcane green grassy shoot (SCGGS) is another
phytoplasmal caused disease that was first recognized in
1995 in U-Thongl variety in a field crop research center in
central Thailand. The severely infected plant shows grassy
tillering like SCGS but without leaf chlorosis (Pliansinchai
and Suchato 1995; Pliansinchai et al. 1997, 1998). This
disease is caused by a phytoplasma of a different group
from the SCWL and SCGS, based on the studies using
sequencing of the 16S (Sakuanrungsirikul et al. 2012). The
transmission vector is still unknown so far. SCGGS can
cause great loss as infected plants generally do not produce
stalks. This disease is mostly spreading in the west and
central area with 10-20% incidence currently in the
infected fields. To date, no phytoplasma resistant variety is
available despite efforts to develop effective screening
methods for the insect vector resistant variety (Roddee
et al. 2018a). The use of healthy plant materials, roguing
diseased plants and adjusting planting time are important
measures for reducing the incidence of these phytoplasmal
related diseases.

Ratoon stunting disease (RSD), a bacterial disease
caused by the bacteria; Leifsonia xyli subsp. xyli, is not
considered as a major disease in Thailand. This disease was
reported to cause yield loss up to 41% in sugarcane
worldwide (Comstock 2008). The surveying of RSD in the
central and the northeast plantations using two PCR
detection techniques revealed very low incidence of the
infected materials. Positive materials were found in some
old varieties maintained in research centers while samples
collected from farmers’ fields elsewhere showed negative
results (Saengsai et al. 2018). Hot water treatment at
50-52 °C of seed canes before planting is practiced in
some propagation stations, which can reduce the disease
spreading incidence (Srisink et al. 2014; Yulianti et al.
2020).

Smut is a fungal disease caused by Sporisorium scita-
mineum. In the past, it was considered as a non-significant
disease. But in the recent years, Khon Kaen3 (KK3), a
moderately smut tolerant variety, dominated the cane
planting area, covering more than 80% of sugarcane
plantations (Jaisil et al. 2020). Interestingly, more smut
infected fields are being reported recently in KK3 variety.
The production loss is significant in the ratoon crops
especially after severe drought condition. The production
loss can be expected at 10-50% in the severe cases.

Wilt and red rot are caused by the fungi; Fusarium
moniliforme and Collectotrichum falcatum, respectively.
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These diseases are found mostly in irrigated cane areas
though with less than 10% incidence of the diseased plants.
The prevalence of wilt is higher than red rot. Estimated
production loss is less than 30% in the severe cases.

Borers, stem boring grub, sugarcane whitefly and ter-
mite are important pests and their management is consid-
ered as a priority (Srisink et al. 2016). Borers are the most
significant insect pests affecting productivity, with esti-
mated yield losses being up to approximately 30-50%.
Five borers infest sugarcane all through its growth stages.
Early shoot borer can cause 7% CCS reduction in mature
cane (Pitak 2009) while Stem boring grub (Dorysthenes
(Lophosternus) bugueti Guerin) can cause 13-43% cane
yield and 11-46% sugar yield reduction in plant cane, and
54% and 57% reduction of cane and sugar yields respec-
tively in first ratoon cane (Srisink et al. 2016).

Severe outbreaks of Cicada (Platypleuraces piticola
Boulard) were reported in the central and western regions
of Thailand during the long dry spell period, with losses up
to 50% in ratoon cane. However, this insect is currently
still considered as a minor pest in Thailand due to its
limited area of dispersion.

Integrated pest management including the use of natural
enemies and chemicals are being applied to effectively
control insect pests in Thailand.

Abiotic Environmental Constraints

Water availability in sugarcane plantations in Thailand is
variable, and with less than 10% of the cultivated area
being irrigated, is affected strongly by climate. Almost
every year, sugarcane production in Thailand is affected by
drought periods, causing an estimated annual average loss
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of 10 million tons of cane (about 10% of the national cane
production) (Kanjanavisut and Rattanasiwakoon 2020).
Drought frequently occurs in the sugarcane growing
regions of Thailand, especially in the north-eastern and
central regions. In 2019, the cumulative annual rainfall in
Thailand was about 1343 mm. (Fig. 3), a decrease of about
8% compared to 2018, and resulting in severe impact on
the sugarcane production.

Status of and Industry/Government View
on Genetically Modified (GM) Sugarcane

Thailand embraced agricultural biotechnology earlier than
its neighboring countries. Much research and development
has focused on producing technology tools to promote
Thailand’s agriculture into the new era of industrial revo-
lution. However, Thailand’s policies on biotechnology are
still uncertain. Although Thailand was the first country in
the region to adopt national biosafety guidelines for labo-
ratory work and field testing since 1992, the implementa-
tion of biosafety legislation and adoption of the GM crops
now lags those of neighboring countries. Thailand started
field trials of GM crops in the early 1990s. However,
intensive pressure from activists from April 3, 2001 led the
government cabinet deciding to prohibit all open field trials
of transgenic plants in Thailand. No GM crops have been
approved for field trials since 2003. Transgenic trials are
permitted only for research purposes in approved labora-
tories and/or greenhouses. While restrictions are placed on
GM production, import of GM crops continue, including
GM soybeans, GM maize, GM cotton and GM processed
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Fig. 3 Thai cane crush (M tonnes), average annual rainfall during 2006/07-2019/20 and 30 years average rainfall (1981-2010) Source: (Hydro-

Informatics Institute 2018; Office of the Cane and Sugar Board 2020)
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food (National Center for Genetic Engineering and
Biotechnology 2010; Napasintuwong 2010, 2019).

GM technology is a controversial issue in Thailand and
thus a cautious approach has been taken in the application
of genetic engineering technology in agriculture. Not sur-
prisingly, relatively few research programs have been
undertaken related to genetically modified sugarcane.
Among these, the study of transformation and expression
of chinase gene, herbicide resistance, and sucrose accu-
mulation genes in sugarcane (Saccharum officinarum L.)
(Bunnak et al. 2011; Chanprame 2011), were carried out
only at laboratory scale with no further implementation in
the field so far. Although the undecided policies and reg-
ulations have prohibited the progress of the potential ben-
efits from transgenic technology, the use of modern
technology tools such as marker-assisted selection (MAS)
is allowed while sugarcane genomics and transcriptomics
research are being supported by the government.

Key Institutes Currently Involved in Breeding
and Supporting Research

Currently, major sugarcane breeding projects are being
conducted by both governmental agencies and private
sectors, as listed in Table 3. The major funding source for
sugarcane breeding programs is the government.

Key Objectives of Breeding Programs

The Office of the Cane and Sugar Board (OCSB) devel-
oped a strategic plan for the period 2015-2036, aiming to
increase the cane planting area from 1.7 to 2.6 million
hectares, cane production from 106 to 180 million tonnes,
the average cane yield from 66 to 71 tonnes/hectare and the
sugar production from 11.1 to 20.4 million tonnes. This
plan was designed to respond to the increasing demand of
sugar products and biofuels in South-East Asia as well as to
support development of the bio-economy in this region
(Sukyai et al. 2016). To comply with a green and sus-
tainable growth of the sugarcane industry, research funding
in Thailand is supporting projects aiming to develop new
varieties with improved sugar yield and agronomic per-
formance under biotic and abiotic stress conditions.

One of the most important challenges of sugarcane
breeding is to improve cane yield per hectare. In Thailand,
cane productivity per hectare is still relatively low, com-
pared with other sugar producers and exporting countries
(Yadav et al. 2020). To limit the impact of drought periods
on the sugarcane production, the development of “drought-
tolerant” varieties is now under progress. To enhance the
productivity of the Thai sugar industry, current breeding
programs are also aiming at developing varieties with good
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adaptation, good ratooning ability, suitability for specific
locations, pest and disease resistance, and suitability for
mechanical harvesting.

Sugarcane produces potentially valuable products beside
sugar i.e., bioethanol, bagasse, molasses, vinasses, scrap
waxes (Chunhawong et al. 2018). To improve the Thai
sugar industry’s productivity, breeding programs con-
ducted in Thailand are now attempting to develop specific
varieties for each purpose. The development of varieties
specifically suitable for the production of bagasse is now
implemented in Thailand. Germplasm and crossing popu-
lations are now being screened for varieties with high fiber
yields (i.e., high biomass) and breeding programs are also
being conducted for that specific purpose.

History and Achievements of Breeding Programs

The first sugarcane breeding program in Thailand was
established in 1938 in Lampang province, in the northern
region of Thailand (Department of Agriculture 1982). This
project introduced a number of exotic sugarcane clones,
especially from the world collection, and utilized them to
improve modern sugarcane varieties. Since then, breeding
programs focused on the development of new varieties
with improved sugar yield and high CCS as a priority.
During the period 1983-2019, most commercial sugarcane
varieties were released by the DOA and the OCSB through
conventional breeding programs. Currently about 85% of
the sugarcane production in Thailand is covered by the
variety KK3. This variety presents several advantages i.e.,
high yielding, good ratooning ability, moderately tolerant
to drought, wide adaptation and water and nitrogen use
efficiencies. It was released in 2008 by the DOA, becoming
widely distributed across Thailand since then.

Even though sugarcane breeding programs in Thailand
were successful in developing and releasing new varieties,
the cane yield and sugar yield of the new varieties has not
been significantly different to KK3. Since 2008, no vari-
eties have shown better agronomic performance in com-
parison with KK3. Even the elite hybrids, Suphan Buri 80
and Khon Kaen 80, obtained from the same parents as
KK3, have displayed lower cane and sugar yields com-
pared to KK3. In order to assess the reason for this low gain
in yield, heritability of agronomic traits especially for yield
and sweetness were studied in sugarcane germplasm col-
lections. Studies are being conducted to evaluate the gen-
eral combining ability (GCA) and specific combining
ability (SCA) for yield and sugar content in germplasm
collections. The accessions with highest GCA and SCA are
expected to give promising results for future breeding
programs.

Thai breeding programs have also targeted the devel-
opment of varieties with high fiber yield suitable for
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bioenergy production. Five hybrids generated by crossing
commercial varieties with S. spontaneum were registered
and released namely, Biotechl and Biotech2 of KU; and
TPJ03-452, TPJ04-713 and TPJ04-768 of the DOA under
the DOA and Japan International Research Center for
Agricultural Sciences (JIRCAS) cooperative project. The
fiber yields of these hybrids were higher than KK3 and
K88-92 while sugar yields of TPJ03-452 and TPJ04-768
were similar to commercial cultivars (Ando et al. 2016).

Current Methods used in Breeding Programs

Since the development and application of molecular
markers for breeding is still at an early stage, almost all
sugarcane improvement programs in Thailand are follow-
ing the conventional breeding steps: hybridization, selec-
tion, yield evaluation and variety release. Breeding
programmes mainly focus on the cane yield in tonnes of
cane per hectare (TCH), and sugar content measured as
CCS, but also on fiber content and pest and disease resis-
tance, environmental adaptability (e.g., sandy soil, clay
soil, drought conditions) and yield stability in time (along
the successive ratoon generations). The majority of con-
ventional sugarcane breeding program conducted in Thai-
land take 10—12 years from initial crossing to the release of
the variety.

The choice of parents used for crossings initiate the
program and is considered as the most important step since
it impacts all subsequent stages of the program. Each year,
approximately 100-500 parents are selected in each station
for crossing. The selection of parents requires knowledge
of the agronomic characteristics of the varieties available
for hybridization. The sugarcane breeders’ task is to
combine the desired traits observed in parents into the
resulting population of progeny obtained through crossing.
However, this task is not easy in sugarcane as prediction of
trait performance is difficult due to the genetic complexity
of sugarcane. In Thailand, the selection of parents for
crossings is based on their individual phenotypic perfor-
mance for the trait targeted by the breeding program. As a
result, crosses are planned to maximize the production of
hybrids with traits of interest. As an example, parents
presenting high CCS but low cane yield are preferably used
as male while parents presenting low CCS but high cane
yield are preferably used as the female parent.

However, according to Fig. 4, the comparison of thai
commercial varieties cultivars indicates that sugarcane
breeding programs conducted in Thailand during the last
50 years have delivered varieties with improved sugar
yields through the improvement of cane yield, while the
improvement of the sugar content is limited. This obser-
vation could be explained by the fact that the genetic
background of commercial varieties in Thailand is
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relatively narrow in comparison with sugarcane varieties
from other sugarcane producing countries (Kimura et al.
2020). To overcome a potential inbreeding depression, the
selection of parents in future breeding programmes may
integrate the genetic distances between parents evaluated
by molecular markers.

Moreover, the crossing of sugarcane is severely limited
by the nature of its flowering and the asynchronous flow-
ering of targeted parents. Some parents may also fail to
produce viable seeds after crossing. The number of parents
used for crossings is relatively limited and are often sharing
a close genetic background. Since flower initiation and
spikelet fertility are related to environmental factors such
as the temperature and relative humidity, crossing stations
are located where the environment is suitable to pollen
shedding and fertility. In the north-eastern region of
Thailand, crossing is conducted at research stations at
Phurua (Loei province) and Tha-Phra (Khon Kaen pro-
vince). In the central region, crossing is done at Thong-
PhaPhoom, Sai Yok, Tha-Muang (Kanchana Buri pro-
vince) and Kampaengsaen (Nakhon Prathom province).
Among these 6 major breeding stations, the flowering rate
varies from 25% (Kampaengsaen) to almost 100% (Thong-
PhaPhoom) according to the local conditions offered by the
station during the flowering period (i.e., rainfall, tempera-
ture, altitude) (Chatwachirawong 2006). Female parents of
each cross are usually marcotted before the flag leaf stage
and cut at late tip emergence stage before being used in
crosses. The marcotted arrowing shoots are then cut from
the field to make crosses in a nursery house.

Each year, about 60,000-500,000 seedlings are pro-
duced from about 600-3000 crosses, across 6 major
breeding stations. Most seedlings produced are derived
from crossing between Saccharum hybrids (bi-parental)
and/or elite clones x commercial, and/or commercial x
commercial parents, meanwhile, less than 5% of crosses
were done between Saccharum hybrids and S. spontaneum
or Erianthus arundinaceus, essentially at Tha-Phra and
Thong-PhaPhoom crossing stations. All seedlings are then
distributed to selection research stations for subsequent
selection steps. The major stations involved in the sugar-
cane improvement are listed in Table 3. More details about
general breeding procedures in Thailand are given in
Table 4. At the end of the selection program (about
12 years after crosses are made), when a clone meets the
characteristics targeted, variety registration and release is
carried out.

The new cultivar release and recommendation mainly
can be approved by government and its organization/in-
dustry committees as well. The new variety developed by
the DOA follows specific rules, such as number of tested
locations and years, yield potential level based on the
control cultivars, environmental adaptation, major diseases
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Fig. 4 Minimum and maximum cane yield (a), sugar yield (b) and
Commercial Cane Sugar (c) potential of 40 Thai commercial cane
varieties. Values were calculated based on experimental data

susceptibility, water and nitrogen use efficiencies and
farmers’ adoption. For each new variety registered, char-
acteristics are provided by the breeder and approved by the
vote of the Plant Breeding Research Committee of the
DOA with expert representatives from public and private
institutions.

The official registration of new variety follows the
procedures under the Plant Varieties Protection Act B.E.
2542 (1999) regulated by the DOA of MOAC and a cer-
tificate is issued by the Director-General of DOA to grant
plant breeders’ rights and provide legal protection. Mean-
while, the release of new commercial varieties by breeding
organizations and private companies also happens without

submitted to the new variety registration system. Source: (Suphan
Buri Field Crops Research Center 2017; Khon Kaen Field Crops
Research Center 2016; Jaisil and Yammankong 2015)

the certification by the DOA. However, in that case, the
new variety cannot benefit from legal protection.

On average, Thai commercial sugarcane varieties have
displayed a cane yield of 95-116 tonnes/hectare and an
average sugar yield per unit area between 12 and 15 tonnes/
hectare. However, in terms of sugar content, the CCS of
Thai commercial sugarcane varieties has not improved
much between 1983 and 2019, with only one unit (%) CCS
increase.

The success of a sugarcane breeding program relies on
several factors such as the number of seedlings tested,
phenotypic data accuracy and the selection method used. In
the case of KK3, the breeding program started with more
than 100 crosses resulting in a total of 20,000 seedlings.
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Table 4 General procedures of sugarcane breeding programs in Thailand

Year Stage Method Selection criteria
Hybridization
1 Crossing Bi-parental crosses Parental selection
seed Approximately 100-500 crosses/year/station High number of millable cane
production .
High sugar content
Good ratooning ability
Resistant to red rot wilt, smut diseases
Tolerance to abiotic stress (Drought, waterlogging, saline
soil)
Selection
2-3  Seedling Approximately 10,000—50,000 seedlings/station are Agronomic and phenotypic performance i.e., cane yield, brix
stage planted in the field with interrow spacing of 1.5 m and value, stalk height, number of stalks/stool, stalk size,
(1st intra-row spacing of 0.5 m tillering and ratooning ability, hairiness, pith appearance,
Selection) Family selection and individual selection in plant and 1st ~ €anopy type
Individual ratoon crops
selection  Selection intensity 2-5%
Family
selection
4-5 Clonal stage Approximately 100—300 /station in Augmented design or Agronomic and phenotypic performance i.e., germination
(2nd Lattice design with standard varieties percentage, cane yield, brix value, CCS, stalk height,
Selection) Spacing 1.5 x 0.5 m. with 5-8 m. row length number of stalk/stool, stalk size, tillering and ratooning

Clonal selection in plant and 1st ratoon crops Selection
intensity15-10%
Yield Evaluation
6-7  Preliminary
trial

Approximately 30—40 clones in Randomized complete
block design (RCBD) with 2—4 replications with
standard varieties in 1-2 research stations (plant and 1st
ratoon Crops)

Spacing 1.5 x 0.5 m. with 8 m. row length 2—4 rows

Selection intensity 20-25%

8-10 Standard
trial

Approximately 15-20 clones in RCBD with 4 replications
in 4-6 research centers/stations/locations (plant, 1st and
2nd ratoon crops)

Plot size 48-72 m2, Spacing 1.5 x 0.5 m with 8§ m. row
length

Selection intensity 40-50%

11-13 Farm trial 3-6 clones in RCBD with 4 replications in 68 locations in

Farmers’ field (plant,1st and 2nd ratoon crops)
Plot size 72 m2, Spacing 1.5 x 0.5 m with 8 m. row length

Variety registration and release (According to government regulations)

ability, hairiness, pith appearance

Cane and sugar yield, CCS

Yield components i.e., number of millable cane, stalk height,
stalk weight

Tillering and ratooning ability

Cane and sugar yield, CCS

Yield components i.e., number of millable cane, stalk length,
stalk weight

Red rot wilt and smut diseases reaction using artificial
inoculation

Ratooning ability
Cane and sugar yield, CCS
Selection intensity 50-60%

Yield components i.e., number of millable cane, stalk length,
stalk weight

Adaptation

Phenotypic drought tolerance
Ratooning ability

Farmer’s adoption

Water and Nitrogen use efficiencies

Since only KK3 was selected, the selection ratio was of 1:
20,000 (0.005%) and it took about 12-13 years from
crossing to variety release (Sakuanrungsirikul 2020).

Since 1994, the Thai government has invested approx-
imately 1.80 million USD (National Research Council of
Thailand 2017a) in KK3 Research and Development

(R&D) projects. There were positive and significant
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Table 5 Current major cultivars in Thailand and their % of total hectarage in 2018/19. Source: (Jaisil et al. 2020)

Variety Parents

% of production

Characteristics

Khon Kaen 3 85-2-352 x K84-200 85.83

LK92-11 K84-200 x E-heaw 8.87

U-Thong5 27-2-1033 Poly cross 1.65

K95-84 K90-79 x K84-200 0.54

U-Thong12 Suphan Buri 80 x U-Thong 3 0.45

K&88-92 U-Thongl x PL310 0.43

High cane yield and sugar content

Good tillering and ratooning ability

Loose leaf sheath

Difficult to flower

Wide adaptation

Moderately resistant to smut and red rot
High cane yield and sugar content

Good tiller and ratooning ability

Suitable for irrigation area suitable for loamy clay to clay soil
Susceptible to drought Tolerance to red rot
Few flowering

High cane yield and sugar content

Good ratooning ability

Early flowering

High cane yield and sugar content Few flower
Big stalk

Poor tiller

Resistant to smut and red rot

High cane yield and sugar content
Non-flowering

Suitable for irrigation condition
Susceptible to drought

Resistant to smut and red rot

High cane yield

Few flower

Low sugar content

Resistant to smut and red rot

Lodging in high input and good condition

economic impacts, including environment and social ben-
efits (Praneetvatakul et al. 2018). Some of the most obvious
economic benefits are reduced production cost and
increased sugar production/tonne cane. In 2016, the Net
Present Value (NPV) of KK3 R&D to the Thai sugar
industry was approximately 201 million USD. The benefit
incidence proportion to cane grower, sugar mills and seed
cane dealer was about 88%, 9% and 3%, respectively with
the Benefit Cost Ratio (BCR) and Internal Rate of Return
(IRR) about 160.58 and 44%, respectively (National
Research Council of Thailand 2017b).

Recently Thai breeders have been concerned about the
limited genetic diversity among cultivars and seek to
broaden the genetic base of parental germplasm through
introgression hybridization. Successive crosses between
promising commercial varieties and wild relatives are
being conducted. Interspecific crosses, especially using S.
spontaneum, have given rise to modern commercial hybrid

varieties (Ando et al. 2016; Da Silva 2017). The intro-
gression of genes from other species has the potential to
improve the vigor, resilience and pest and disease resis-
tance of commercial varieties.

To broaden the genetic diversity of commercial varieties
and to improve their resilience against diseases and drought
stress, intergeneric hybridization with related genera such
as E. arundinaceus were implemented (Terajima et al.
2019) under the JIRCAS and KKFCRC of DOA coopera-
tion project using delayed heading techniques. The inter-
generic progenies with drought tolerance and good
ratooning ability are still under evaluation and no hybrids
have been released yet for commercial purpose.
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Table 6 Current sugarcane germplasm in main breeding institutions in Thailand

Germplasm Institution

DOA KKU KU OCSB MitrPhol
The genus Saccharum
Saccharum spp. Hybrids and S. officinarum 775 258 1,840 1,422 490
S. spontaneum 268 - 695 28 -
Other related genera 2
Erianthus arundinaceus”
Type 1 l 64 - - 768 -
Type 11 E 13 - - 36 -
Type IIT * 32 - - - -
E. procerus 44 - - _ _
Miscanthus 2 - 2 - -
Sclerostachya 9 - - - -

"Tagane et al. (2011 and 2012)

iType I (2n = 60)-small bud size, obvious pubescent leaf sheath and wax at the back of the leaf sheath

nype II (2n = 60)-big bud size, prominent root primordia and wax on the leaf sheath

3Type 1II (21 = 40)

Current Major Cultivars

The varieties KK3 and LK92-11 are the two most widely
grown varieties in Thailand (Jaisil et al. 2020). These two
varieties cover more than 93% of the cultivated sugarcane
area (Table 5). As indicated above, Thai breeders are now
concerned about the lack of diversity and associated vul-
nerability of these varieties to potential diseases and the
possible impact to the Thai sugar industry.

Germplasm Collection and Development

Several institutions across Thailand are managing sugar-
cane germplasm collection, not only for hybridization but
also for food security. The conservation of accessions is
done in field nurseries, and in some cases by cryopreser-
vation. The number and composition of accessions varies
greatly among breeding institutions (Table 6). Each
accession included in the collection is characterized with
specific morphological and physiological traits. The agro-
nomic performances are also being tested over time (plant
and ratoon stages) and in different environments. In some
cases, genetic markers are used to evaluate the genetic
distance between accessions.

The import of sugarcane material from a foreign country
is strictly regulated and must follow the criteria, procedure
and conditions under the notification of the Plant Quaran-
tine Act B.E. 2507 (No. 5) B.E. 2550 dated 26 April B.E.
2550 from the Ministry of Agriculture and Cooperatives to

@ Springer

prevent the introduction of new sugarcane pest and dis-
eases in Thailand. Because of the procedure and the strict
conditions required, only a few international exchanges of
sugarcane varieties have been reported between Thailand
and other countries, and most of the exchanges of varieties
are being done between Thai breeding institutions, at the
national scale.

Molecular Genetics and Biotechnology

Over the past 60 years, total sugarcane production has
increased across the globe, but the rate of sugar yield
improvement appears to have plateaued (Yadav et al.
2020). Better understanding of sugarcane genomics and
transcriptomics is expected to help break the yield
improvement plateau that conventional breeding is facing
in Thailand. In 2000 the Thai government began strongly
supporting R&D, persuading the private sector to invest in
in commercial research and giving financial incentives (tax
incentives, soft loans and subsidies), in order to obtain
commercial research innovation matching user demands
and social returns (Tangkitvanich 2002). The sugarcane
industry is one of the agricultural research priorities. Sev-
eral research projects related to the genetic improvement of
the sugarcane have recently been funded, including one
aimed at producing a transcriptome dataset of the com-
mercial variety KK3 (Piriyapongsa et al. 2018).
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Application of Biotechnology to Sugarcane
in Thailand—History and Current Status

Since the mid 1970s, with the development of biotech-
nology and molecular biology techniques, several research
projects aiming to improve the performance of sugarcane
varieties were conducted in Thailand.

Tissue Culture Techniques

The propagation of clean seed cane for commercial pur-
poses is mainly practiced by the KU, DOA, OCSB, the
Department of Agricultural Extension (DOAE), KKU and
most sugar companies. For about 10% of the cultivated
area, disease-free seed canes are distributed to farmers to
limit the propagation of major sugarcane diseases at the
national and international scale. Micropropagation in sug-
arcane is achieved mainly through axillary shoot formation,
adventitious shoot formation, and somatic embryogenesis
(Tiwari et al. 2011).

Mutagenesis

The application of mutagenesis techniques on sugarcane in
Thailand started in 1984 with the application of gamma
radiation on sugarcane buds aiming to develop smut
resistant lines (Srising and Thumtong 1984). Then, a
mutagenesis study conducted by Ngampongsai et al. (1992)
reported the exposure of callus and plantlets of sugarcane
derived from Q83 and U-Thong 1 with various doses of
gamma radiation, and an average better regeneration of the
variety Q83 compared to the variety U-Thongl after
exposure. In 2007, a study conducted by Punyadee et al.
(2007) successfully performed in-vitro selection of sugar-
cane cell lines resistant to the herbicide imazapyr. Kerd-
khong et al. (2018) conducted a study of the mutations in
somaclones compared to the wild type using simple
sequence repeat (SSR) markers. Among all SSRs, 3 pri-
mers showed different polymorphisms from the wild type
plant and were considered as useful to separate somaclones
into genetic clusters. Chaisan et al. (2018) reported the
exposure to gamma radiations and Ethyl-methane sulfonate
(EMS) of the cultivar KK3 to produce clones with
improved drought tolerance. After greenhouse and field
evaluations under drought conditions, 14 clones were
successfully characterized as drought tolerant which are
now intended for use in breeding programs.

Somaclonal variation, with or without irradiation or
chemical mutagens, has generated beneficial traits of
interest in sugarcane such as agronomic features and
increased disease tolerance. Nevertheless, progress in the
adoption of such technology in the generation of mutant
accessions has been extremely limited. Moreover,

considering their weak agronomical performances com-
pared to the wild type, no mutant varieties have been used
for commercial purpose yet.

Transgenic Research

Recent research work in Thailand has reported the trans-
formation of sugarcane with the BT gene CrylA(b) to
confer improved resistance against the sugarcane stem
borer (Islam et al. 2016). Genetic transformation was also
applied for the creation of clones with improved tolerance
to the herbicide glyphosate (Chanprame 2011). However,
currently, the use of genetic transformation in sugarcane is
reserved only for research purposes, and evaluation of GE
clones in field trials are not yet to be permitted by the Thai
government, as noted above. Genome editing techniques
have also been initiated in Thailand. Only a single attempt
of gene editing on sugarcane has been reported in Thailand
so far, aiming at the improvement of the sugar content
(Chanprame 2011).

Use of DNA Markers in Sugarcane Breeding
in Thailand-Current Status

The use of genetic markers to secure the management of
germplasm is starting in both governmental and private
sectors. The DOA, KU, OCSB and MitrPhol Innovation
and Research Center, are currently fingerprinting each
clone in their germplasm collections with microsatellite
markers to secure its management over time and identify
possible mislabeling. These markers are also being used to
confirm the genetic identity of unknown varieties, or at
least to measure genetic distance with varieties already
present in the germplasm. In 2007, 3,199 SSRs markers
were developed by data mining on partial sugarcane EST
database for genetic mapping purposes (Thipmongkol et al.
2007). In 2013, Random Amplified Polymorphic DNA
(RAPD) markers were tested for the selection of S. spon-
taneum and true hybrids S. spontaneum x S. officinarum
(Chaiyabut et al. 2013). Microsatellite markers have also
been used to identify true hybrids between Saccharum and
Erianthus genus at KKFCRC under the DOA and JIRCAS
cooperation project (Terajima et al. 2019). At present, 100
promising clones are in yield evaluation.

Expressed sequence tag-simple sequence repeats (EST-
SSRs) are considered valuable for breeding programs,
since they may be directly associated with the genes
expressing a particular trait. In 2009, QTL mapping of
sugar content related traits was performed on a population
of hybrids S. officinarum x S. spontaneum using AFLP,
SSRs markers. Markers associated with the sucrose syn-
thase gene were found of interest for further application in
sugarcane marker assisted breeding (Poomipant et al.
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2009). In 2015, Intron Length Polymorphism (ILP) mark-
ers associated with the sucrose metabolism were developed
and evaluated for the selection of hybrids with higher sugar
content (Pongsiripat et al. 2015). In 2019, an association
mapping study was successfully performed on a set of 200
accessions using EST-SSRs markers related to sugar-re-
lated traits (Ukoskit et al. 2019). Two EST-SSR markers
with a putative relationship with uridine diphosphate
(UDP) glycosyltransferase, and beta-amylase were associ-
ated with pol and sugar yield. These two functional
markers are now being used for marker-assisted breeding
programs in Thailand. Recently, Khanbo et al. (2021)
performed a candidate gene association mapping based on
109 genes. The study identified favorable alleles of the
candidate genes involved in signaling and transcriptional
regulation. The results will support the genetic improve-
ment of sugarcane and may help to clarify the genetic
architecture of sugar-related traits.

Pakphom et al. (2011) reported the development of a set
of markers related to the stem diameter and the fiber per-
centage. At MitrPhol Innovation and Research Center,
microsatellite markers related to high biomass have been
developed and are now being validated on crossing
populations.

Several molecular techniques have been applied to study
genetic responses to drought. Research conducted at the
National Center for Genetic Engineering and Biotechnol-
ogy (BIOTEC) in collaboration with MitrPhol Innovation
and Research Center aimed to identify candidate genes
associated with drought tolerance (Nawae et al. 2020). This
work aimed to follow the transcriptional changes of genes
between a drought-sensitive and a drought-tolerant variety
in response to drought stress. Expression profiles suggested
that the tolerant sugarcane has a more effective genetic
response than the sensitive genotype at the initiation of
drought stress, with a higher expression of genes involved
in water retention, antioxidant secondary metabolite
biosynthesis, and oxidative and osmotic stress response.
Dehydration Responsive Element Binding (DREB) genes
are coding for transcription factors produced by plants in
response to stress conditions such as salinity, drought, and
cold stress. In Thailand, Chanprame et al. (2019) isolated
and characterized one of these DREB genes from sugar-
cane (ScDREB2) believed to be associated with salinity
tolerance.

A project is being operated to develop varieties with
improved tolerance to the sugarcane white leaf disease
(SCWLD). Since the genetic determinism of defense
mechanisms against SCWLD is still poorly understood, the
project is aiming to identify candidate genes by studying
transcriptional changes between susceptible and more tol-
erant varieties of sugarcane in response to an infection by
Candidatus Phytoplasma (unpublished work). Comparative
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transcriptome analysis has revealed about 1500 differen-
tially expressed genes (DEGs). Amongst those, a set of
candidate genes with gene ontology (GO) terms and
metabolic functions related to plant defense mechanisms
was defined. After validation of their expression pattern,
candidate genes with the most promising profiles will be
tested on crossing populations for future characterization of
SCWLD resistant/tolerant sugarcane varieties.

Genomic selection (GS) is a breeding method in which
individuals are selected based on their predicted breeding
values that are calculated from genome-wide DNA marker
profiles (Meuwissen et al. 2001). Until now, only a few
studies have investigated GS for sugarcane (Yadav et al.
2020). The development of SNP markers associated with
drought tolerance via target sequencing is being done at
Thammasat University in collaboration with the BIOTEC
and MitrPhol Innovation and Research Center. After vali-
dation, these markers might constitute a reference set for
future genomic selection applications in sugarcane. Also,
SNP markers were developed by Genotyping-By-Se-
quencing (GBS) at the KKFCRC. The association of these
markers with major agronomic traits of interest is still
under progress.

The sequencing and annotation of the sugarcane genome
will lead to a greater understanding of the morphology and
physiology of sugarcane. In Thailand, the development and
integration of biotechnology will no doubt lead to further
improvement of desirable traits and support the sustain-
ability of the sugar industry.

Other Perspectives of Thailand Sugarcane
Breeding

Long breeding cycles and a narrow genetic base of the
local germplasm collections have limited the development
of varieties with desirable agronomic and milling traits. To
overcome the plateaus limiting the improvement of the
cane yield or sugar content, the efficiency and accuracy of
the selection have to be improved. To meet this objective,
breeding programs will tend to improve the evaluation of
breeding values for parental selection and integrate high-
throughput genomics and phenomics screening tools to
shorten the length of the breeding cycle. Most sugarcane
breeding research works conducted in Thailand are now
aiming at a better understanding of the association between
genotypes and phenotypes. New varieties must include
features such as a better adaptation to specific agro-climatic
environments. New varieties must also be suitable to
mechanical harvesting. Increased shedding of dead leaves
in new varieties will help to reduce the burning of cane and
hence reduce the emission of PM2.5. These directions will
support development of more profitable new varieties for
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specific uses and, as a result, will help the sugar industry in
Thailand to face future challenges.
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