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1. Introduction

1.1. History

Cotton has been sporadically cultivated in Australia since the late 1700s with varying degrees
of success until the advent of the modern intensively managed and mechanised industry in
the latter half of the Twentieth Century. There were initial attempts to establish an industry
during the mid 1800s to fill the demand in Britain for lint caused by declining production
during the US Civil War, but with the return of US production after the war this new incar‐
nation of an Australian industry was relatively short lived. In the early 1900s, financial
incentives were introduced by the Queensland State Government to promote production in
that State and by 1934 around 4000 tonnes of cotton lint, primarily from imported cultivars,
were being produced. However, by the mid 1900s production was again virtually non-existent
because of the prohibitively high cost of labour [1]. By the 1960s, the development of proper
infrastructure for irrigation and mechanised pickers led to a rapid increase in area and
production in northern NSW and southern and central Qld which was aided by the develop‐
ment of locally adapted cultivars in the 1980s and 1990s. An industry was also attempted in
the Ord River Irrigation Area in the tropical region of Western Australia. However, this had
collapsed by 1973 predominantly due to insect resistance to pesticides, but the crop continued
to flourish in the Eastern part of Australia where the insect pressure was lower. Genetically
modified cotton (Ingard®-Monsanto’s MON531 Cry1Ac Bt) was first commercialised in 1996
and by 2005 over 90% of the area was grown to GM cultivars (Monsanto’s Bollgard II® and
Roundup Ready Flex®). In the 2011/12 season, the cotton area exceeded 700,000 ha, was >99%
GM and produced over one million tonnes of lint.

The Australian cotton industry covers a wide north-south geographical range of 13° latitude
(Figure 1); is based on a combination of heavy clay soils; and is challenged by a range of pests
and diseases. The industry is predominantly upland cotton (Gossypium hirsutum), with up to
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2% of pima cotton (Gossypium barbadense). Since 2010, as a result of a long drought and
eventually loss of infrastructure to support its processing, there has been no Pima cotton grown
in this country. The Commonwealth Scientific and Industrial Research Organisation (CSIRO)
cotton breeding program has developed and released over 100 very successful cultivars
adapted to local conditions with a high yield and quality. By 2000, these had displaced all
imported cultivars and any other local competition and currently all cotton grown commer‐
cially in Australia stems from that program. Between 1995 and 2009, yield progress from the
CSIRO program was an impressive 18.3 kg ha-1 year-1, with 48% of that yield improvement
directly attributed to cultivar, 28% to improved management and 24% to the interaction
between cultivar and management [2], making Australia one of the highest yielding cotton
producers per hectare globally.

Figure 1. Australian cotton production regions
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1.1.1. History of cotton breeding programs in Australia

Cotton breeding in Australia began in a very piecemeal manner with most early growers
relying on unimproved and imported US cultivars. The first concerted effort to breed locally
adapted cultivars came when a cotton research station was established in Central Queensland
in 1923 and a Queensland DPI breeding program eventually released local cultivars to replace
some of the imported cultivars. The first locally selected cultivar was Miller 43-9-0. This
program also worked on insect host-plant resistance, producing a jassid-resistant hairy cultivar
that was discontinued with the advent of widespread mechanical harvesting that was less
tolerant of hairy leaf trash adhering to the cotton. This breeding program closed in 1990.

With bounties to encourage production and construction of dams to facilitate irrigation, cotton
expanded into more temperate areas in the 1960s and particularly through the 1980s. In 1972,
breeding programs in southern NSW (CSIRO) and in northern Western Australia (CSIRO)
were all consolidated at one location at Narrabri in northern New South Wales (NSW), where
NSW Agriculture had established a breeding program in 1960. The NSW Agriculture program
initially screened overseas cultivars for suitability to the unique combination of soils and
climate in northern NSW, but evolved to study resistance to Verticillium wilt. This program
closed in 1980. The CSIRO breeding program in southern NSW had a particular emphasis on
earliness and suitability for ultra narrow row systems. This program used a wide range of
germplasm for breeding, including from USSR and US Texas material to produce a number of
early-maturing cultivars such as Riverina Poplar and Riverina Gold [3]. This program closed
in 1972 with the move to Narrabri.

Until the mid-1980s, the majority of cultivars grown in Australia were still imported from the
US, principally Deltapine Smoothleaf, DP16, DP61 and DP90. The Delta and Pineland Com‐
pany established a breeding program in 1990 and marketed a number of cultivars, particularly
GM, over the next decade. This US company changed hands and withdrew from marketing
cultivars in 2010 as CSIRO developed cultivars had displaced the majority of even their locally
bred offerings, but it still retains a breeding station in Australia.

The CSIRO breeding program in northern Western Australia originally concentrated on
adaptation to a system of sowing before the tropical wet season, then relying on fruit set during
the dry season before harvest in winter [4]. This system and regional production collapsed due
to heavy insect pressure and resistance by Helicoverpa armigera to insecticides. This program
moved to northern NSW in 1972 and initially had strong emphasis on host plant resistance,
with success in releasing okra leaf cultivars with tolerance to mites and Helicoverpa [5, 6] that
set the foundations for future cultivar development by CSIRO. This program has grown
rapidly since 1972 and has released many cultivars which now dominate the Australian cotton
production system [7].

2. Challenges faced in breeding of Australian cultivars

Breeding challenges have largely been dictated by unique biotic and abiotic limitations on
production and the need for Australia to remain competitive with other producing countries
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that have lower labour costs. There has therefore always been a high focus on improving yield
potential as a first priority and incremental increases in fibre quality to meet changing spinning
requirements that might restrict the marketability of Australian cotton. Overlaid on these
efforts has been targeted breeding for yield protection from losses caused from individual
biotic and abiotic factors. Some of the early emphasis on breeding for host-plant resistance to
insects has changed with the advent of genetically modified traits, but this has just moved the
priorities to other challenges. A key asset to the breeding has been access to a diverse collection
of germplasm from around the world, building on a quite diverse suite of base cultivars
developed in the early 1970s and 1980s that have allowed CSIRO to tackle challenging insect,
disease and weed issues.

2.1. Insects

A number of important pests of cotton are found in Australia that have necessitated the
establishment of intensive pest management programs [8]. Cotton breeders have initiated
programs to address host plant resistance and eventually released local cultivars containing
Bt traits to confer resistance to the most important Lepidopteron pests.

The key pests of cotton in Australia are the larvae of two lepidopteron species, Helicoverpa
armigera and H. punctigera, together with cotton aphid (Aphis gossypii), green mirid (Creontiades
dilutus), spider mites (Tetranychus urticae) and silverleaf whitefly (Bemisia tabaci B-Biotype).
From the 1960’s to early 2000’s, pest management was highly reliant on use of insecticides,
mostly broad spectrum organophosphates, carbamates and pyrethroids as well as endosulfan.
Crops were sprayed around 12-16 times per season [9]. This has brought with it predictable
problems of pesticide resistance, destruction of natural enemy populations resulting in pest
resurgence and outbreaks of secondary pests such as aphids [10] and spider mites [11], health
concerns and off-farm movement into sensitive riverine environments [9].

Deployment of Ingard® (Monsanto’s Bollgard) cotton in 1996 reduced insecticide use on those
crops by about 50%, but efficacy was limited due to declining expression of Cry1Ac through
the growing season. Ingard® cotton was always seen as an interim technology and during this
period its area was capped at 30% to reduce the risk that Helicoverpa spp. would develop
resistance to this critical insecticidal protein. This regulation limited the influence of the
technology on the industry. The strong reliance on insecticides continued on the remaining
70% of conventional cotton and led to ongoing selection for resistance to insecticides in H.
armigera, secondary pest problems and selection of pesticide resistance in these secondary
pests. For instance, by the early 2000’s spider mites were resistant to organophosphates, the
pyrethroid bifenthrin and chlorfenapyr, and cotton aphids were resistant to organophos‐
phates, the carbamate pirimicarb and pyrethroids [12].

The deployment of Bollgard II® in 2003/04, for improved resistance management and removal
of the 30% area cap, resulted in a dramatic uptake of this technology. It also led to a massive
decline in pesticide use (by about 85% [13]), especially relative to earlier years but also in
comparison with contemporary conventional cotton that had also significantly reduced its
reliance on pesticides. This technology essentially saved the cotton industry from insecticide
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resistance in H. armigera, although a pre-emptive Bt resistance management strategy was
initiated [12].

Over the past 10 years, silverleaf whitefly has occasionally reached pest status in some regions
of the Australian cotton industry. It was first reported in cotton regions in 1994 [14], and the
first major outbreak occurred in the Emerald production region in 2001/02. There are limited
effective chemical control options for whitefly and they are also very expensive, so there is
large emphasis on sampling protocols, thresholds and cultural control of this pest [15].

A range of other minor pests have occurred since 2000, many of which are related to the
introduction and use of Bollgard II®. Reduced spraying for Helicoverpa has allowed survival
of pale cotton stainers (Dysdercus sidae), jassids (Austroasca viridigrisea) and thrips (Frankliniella
schultzei and F. occidentalis) late in the season and in some years these species have all caused
damage and sporadically required control [12].

2.2. Weeds

In Australia, weeds are generally less of a problem in cotton than insects such as Helicoverpa,
but many areas do have a reasonably high incidence of problematic weeds particularly on
former grazing and/or flood-prone land [16]. Some of the problem weeds are Ipomea spp.,
Cyperus rotundas, Polymeria spp., Conyze bonariensis, and Datura spp. Weed control systems have
changed in the last decade: production has changed from a cultivation-based system with
residual herbicides and hand hoeing, to a system of minimal cultivation, with the use of
herbicide tolerant cultivars (glyphosate and glufosinate) and few if any residual herbicides
[17]. This has caused weed composition to shift to glyphosate tolerant species (particularly
Conyze sp.) and has the real risk of developing glyphosate resistant weed populations.

2.3. Diseases

Many diseases of cotton are present in Australia and have necessitated the establishment of
breeding projects to confer host resistance.

Bacterial blight of cotton caused by Xanthomonas axonopodis pv. malvacearum was historically
the most important and widespread disease in Australian cotton. This disease was present in
all crops and averaged around 20% of bolls affected though the mid-to late-1980s. The use of
standard differential cultivars showed that Race 18 of the pathogen was predominant [18] and
that infected seed was the major factor in the epidemiology of the disease. The disease was
partially controlled through the production of blight-free planting seed. The CSIRO breeding
program has released cultivars with immunity to blight and this disease is no longer found in
Australian production systems due to 100% uptake of blight-resistant cultivars.

Verticillium wilt caused by Verticillium dahliae has been an important disease in Australia for
many years, especially in the older growing regions of the Namoi, Gwydir and McIntyre. It is
assumed that this pathogen is endemic to Australia. To date, all the Australian Verticillium
isolates that have been tested are categorised as ‘non-defoliating’ strains [19]. Despite not
having the more severe ‘defoliating’ strains that occur in other countries, yield reductions of
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up to 20% have been recorded [20]. The majority of cultivars now grown commercially have
relatively strong resistance to Verticillium wilt, but in seasonal conditions that favour the
disease (temperature between 22-27°C [21]) and high number of rain days during the boll
filling period [Allen S.J, pers comm.], significant productions losses still occur in some regions
so improving resistance remains a breeding focus at a somewhat lower priority than other
diseases.

Fusarium wilt caused by Fusarium oxysporum f sp. vasinfectum, was first recognised in Australia
in 1993 [22] and is characterised by causing plant mortality at any time throughout the season,
from seedling emergence through to harvest. By the end of 1999, the disease was present in
six of the ten cotton production areas in Eastern Australia, but only widespread in two of those
areas [23]. Subsequently, it has been shown that this is a unique strain of Fusarium and is
substantially different to strains that are pathogenic to cotton in other countries [24]. This new
Australian strain is identified as race 6 and is associated with alkaline clays, absence of
nematodes [25], seedling death and an optimum temperature of 18 to 23°C [26]. Fusarium in
the USA are races 1 and 2 and are associated with acid sands and nematodes [25], symptoms
occur in mid-season with no plant mortality and an optimum temperature of 30 to 32°C [27].
It is assumed that the Australian pathogen evolved locally on weeds within our production
system [28]. The extreme virulence and persistence of this pathogen and its ability to be readily
transported in soil, water or trash raised concern within the industry when it was first
discovered [29], particularly because most commercially grown cultivars in 1994 were highly
susceptible. Production losses of virtually 100% have been reported for some fields. Substantial
progress has been made in developing more resistant cultivars. However, for fields that have
a high level of inoculum, the most resistant cultivar may still only have 10% survival in seasons
that favour the disease so it remains a significant breeding challenge.

Cotton bunchy top disease (CBT) was first recorded in the late 1990s when a severe outbreak
occurred in several Australian growing regions. Economic losses in that season alone were
estimated at AUD$70 million [30], with nearly all Australian cotton cultivars being susceptible
to the disease. The cotton aphid (Aphis gossypii) was identified as the vector and since then,
there have only been sporadic outbreaks as the vector has generally been well controlled but
its incidence is now very widespread across the industry. The causal agent has subsequently
been identified as a Polerovirus and has some similarities to cotton blue disease found in Africa,
Asia and the Americas [30]. Currently no commercial cultivars in Australia have resistance to
this disease, although a readily accessible source of resistance has been identified in Australian
material and cultivars are due for release around 2017.

Black root rot caused by Thielaviopsis basicola was first reported on cotton in Australia in 1990
[31]. It is now present in almost all cotton fields in NSW, as well as many in Qld. Diseased
plants show stunted growth early in the season when the cooler temperatures favour the
pathogen. While the pathogen does not kill plants, it can cause significant yield loss in cooler
and shorter season regions due to the delay in crop maturation. The wide host range of the
pathogen and persistence of the chlamydospores makes effective control through crop rotation
very difficult. No G. hirsutum or G. barbadense cotton cultivars have been shown to have any
significant resistance to this pathogen, so breeders must look to primary, secondary or tertiary
germplasm or to GM approaches for control of this disease.
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Alternaria leaf spot caused by Alternaria macrospora has caused severe defoliation of cotton
grown on less fertile soils when the crop is exposed to extended periods of wet weather. These
conditions occasionally occur in some Queensland growing regions. All upland cultivars
currently grown have some degree of resistance, so the disease is considered of minor
importance [20].

Reniform nematodes, Rotylenchulus reniformis, associated with stunting of cotton plants have
only recently been identified in Australia [32] and are yet to be considered of economic
importance. There was an isolated detection in 2003 in central Qld, but a more widespread
identification was made in 2012, so it may become more important with time and pre-emptive
breeding for resistance may be desirable.

2.4. Other industry challenges

A range of other industry challenges are also being, or need to be, addressed through breeding.
There is a constant awareness of the dangers of having a narrow genetic base from which
cultivars are developed. However, it is also acknowledged that broadening the genetic base
through the introduction of exotic germplasm can often have a detrimental effect on yield [33].
In Australia, there is clear evidence of continuing yield improvement through selection within
a ‘narrowing’ germplasm pool. In a high input, high yield industry such as Australia, there is
a requirement for continued yield improvement to counter the ever increasing cost of pro‐
duction. While some of these improvements can come from improved management, historical
data indicates that new cultivars are expected to provide at least 50% of the increase [2].

Many of the new challenges are related to the introduction of new technology or new envi‐
ronmental standards. The introduction of GM insect resistance traits into Australia in the mid
1990s simplified many aspects of pest management. However, it was soon discovered that the
combination of high fruit retention of insect-protected crops together with early-maturity
genotypes resulted in crops that had a fruiting cycle shorter than the available growing season
and thus were not capitalising on the inherent yield potential of the cultivars. This had a
detrimental effect on yield, so longer season, more indeterminate germplasm was subsequent‐
ly used to deploy the GM traits. This remains a challenge as the industry expands into the
southern (shorter season) regions of Australia where yield expectations of growers are similar
to the fuller season traditional regions and may require a different approach to breeding.

Most Australian cotton is exported to Asia and spun on ring-spinning frames. Although this
spinning technology has been used for around 100 years, modern machines continue to run
faster and spinning companies demand greater throughput. This places greater stresses on the
fibre, so there is a continual demand for higher quality fibre. There are well documented
negative associations between yield and quality [34] which makes the simultaneous improve‐
ment of both yield and fibre quality difficult. In addition, breeders are also expected to address
changing future fibre quality requirements due to changes in spinning technology or the yarn
that is required by the textile industry.

At a time of increased awareness of the potential for climate change, greater scrutiny is also
being placed on climate-related aspects of agricultural production [35]. Australia already has
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a limited water supply, so increases in water-use efficiency (WUE) are being sought through
management and breeding. In addition, the energy consumed and the emissions produced by
a cotton crop are also being closely examined. Due to the heavy influence that yield has in the
WUE calculation, this must continue to be the major focus of breeding programs. The efficient
use of other resources, such as nitrogen fertiliser, will significantly influence the emissions
from a crop [36, 37], so breeding programs also have responsibilities to continue research in
this area.

3. Content and description of Australian cotton germplasm collections

Initially, Australian plant breeders acquired and maintained their own germplasm collections.
However, in the early 1980s the Commonwealth and State governments established a series
of genetic resource centres to conserve national germplasm collections. The Australian
Tropical Crops and Forages Genetic Resource Centre (ATCF) Biloela, Qld is the centre that
included cotton. Currently, the only other two cotton collections in Australia reside at CSIRO
Plant Industry in Narrabri, NSW and Canberra, ACT.

Unfortunately, the ATCF cotton collection is, at present, only funded to maintain germplasm
under long-term storage, so the collection is not actively maintained or expanded. However,
germplasm can still be requested from this collection. The CSIRO collection at Narrabri is
maintained and funded by the dedicated breeding program. The CSIRO collection in Canberra
is largely dedicated to the long-term storage of indigenous Australian species that have been
collected through germplasm explorations [38] over the last few decades. Table 1 describes the
number of cultivated tetraploid accessions amalgamated across the ATCF and CSIRO Narrabri
collections. This includes both cultivars as well as locally developed and introduced germ‐
plasm. Table 2 describes the wild accessions held in all three collections.

Species Description Number of accessions

G. hirsutum Germplasm 952

Cultivars 611

Landraces 10

Total 1573

G. barbadense Germplasm 51

Cultivars 45

Landraces 3

Total 99

Other hybrids/genetic stocks 12

Table 1. Number of cultivated tetraploid accessions in Australian collections.
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Species Number of accessions Genome*

Primary gene pool

G. tomentosum 6 AD3

G. mustelinum 1 AD4

G.darwinii 1 AD5

Secondary gene pool

G. herbaceum 39 A1

G. arboreum 211 A2

G. anomalum 4 B1

G. logicalyx 1 F1

G. thurberi 5 D1

G. trilobum 1 D8

G. davidsonii 2 D3-d

G. klotzschianum 1 D3-k

G. armourianum 1 D2-1

G. harknessii 1 D2-2

G. aridum 1 D4

G. raimondii 1 D5

Tertiary gene pool

G.sturtianum 64 C1

G.robinsonii 3 C2

G. stocksii 3 E1

G. somalense 2 E2

G.australe 159 G

G.nelsonii 39 G

G.bickii 28 G1

G.costulatum 1 K

G.cunninghamii 2 K

G.enthyle 1 K

G.exiguum 3 K

G.nobile 1 K

G.pilosum 1 K

G.populifolium 1 K

G.pulchellum 1 K

G.rotundifolium 3 K

unclassified 8

* As per [39]

Table 2. Number of wild primary, secondary and tertiary tetraploid and diploid accessions in Australian collections.
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3.1. Australian native Gossypium

Australia is home to 17 native Gossypium species that are found exclusively in Australia and
are distantly related to cultivated cotton. These contain the C, G and K genome species. The
distribution and characterisation of these diploid species has been reasonably well document‐
ed [40-43]. The potential for transferring traits from these species, together with techniques for
the production of fertile hybrids has also been reported [44, 45]. There is interest in a number
of traits from these species, however, research has largely focused on disease resistance [46,
47], glandless, and seed-glanded plants [45, 48]. Despite this research, there are no documented
cases of successfully transferring economically important traits from the wild Australian
Gossypium species to cultivated cotton. There still remains interest in this area and improve‐
ments in molecular techniques may facilitate the successful introgression of traits.

3.2. Plant quarantine requirements

Australia has strict plant quarantine regulations which aim to safeguard Australia’s plant
health status to maintain overseas markets and protect the economy from the impact of exotic
pests and diseases. This is administered by the Commonwealth (Federal) Department of
Agriculture, Fisheries and Forestry (DAFF) Biosecurity based on policy determined in
consultation with industry stakeholders (http://www.daff.gov.au/bsg) [verified December
2013]. For cotton, these requirements are quite onerous and costly, which restricts capacity for
importing cotton seed into Australia.

3.3. Focus of the collections

Both the ATCF and the CSIRO Canberra collections have actively collected wild Gossypium
accessions. As can be seen in Table 2, this has largely focused on G. sturtianum, G. australe, G.
nelsonii and G. bickii. However, the major focus of the CSIRO Narrabri and ATCF collections
have been the collecting of overseas cultivars, predominantly G. hirsutum, for use in the
Australian cotton breeding programs. Over time, these programs have had a range of objec‐
tives as mentioned previously which is reflected in the material accumulated. Major areas of
interest have been general genetic diversity, targeted host-plant resistance to insects and
diseases, crop maturity, fibre quality and yield.

3.4. Key contributors to collections

Over time, germplasm representing most cotton producing countries has been sourced. This
has either come directly from breeders (through exchange), acquisition of commercially
released cultivars, or requests to centralised cotton collections. Initially, germplasm was
sourced in larger numbers to rapidly develop the collections, however, as time has gone on,
the requests for germplasm have been much more focused, as for example when Fusarium
wilt was discovered in the early 1990s in Australia. Although this is a locally evolved strain
that is unique to Australia, significant efforts went into searching for germplasm that had
improved levels of resistance. Extensive literature searches were undertaken to identify
potential germplasm from other countries to evaluate for resistance. Once a genotype had been
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identified, various databases were searched and institutions contacted in an attempt to find a
source for the material. Although germplasm was sourced from a number of countries, the
USDA collection in TX proved to be an extremely valuable resource for resistance to Australian
isolates of Fusarium. This example highlights the need to be aware of what is available, to seek
out that germplasm and request it under as favourable terms as possible.

3.5. Current status of collections

Although the ATCF collection is acknowledged as a valuable national resource, funding of
this collection remains uncertain. On the other hand, the CSIRO collection at Narrabri is a live
collection associated with an active breeding program. Although not an extensive collection
by world standards, containing around 1000 introduced cultivars and germplasm, it is
nonetheless a critical component of the CSIRO breeding program. The collection is continually
being added to when new material is identified which may contain diversity for traits of
interest. Many of these relate to insect and disease resistance, but yield, fibre quality and
maturity are also targeted.

3.6. Storage and renewal of germplasm collections

The ATCF collection is maintained under long-term conditions in which germplasm is
preserved as fuzzy seed that is dried to 6% moisture content at 15°C. Once the seed is dry, it
is sealed in laminated aluminium bags and stored at -20°C. Under these conditions, it is
expected that viability will be maintained for at least 50 years. Previously, when funding was
available, all accessions were routinely monitored for germination every 10 years and regen‐
erated if germination fell below 60% of the starting germination. Seed was either regenerated
in the field or greenhouse with controlled pollination. Germplasm was extensively character‐
ised in the past, but this is no longer undertaken. The collection maintains an in-house seed
management database that manages germplasm passport, collection, characterization,
inventory, seed health, regeneration and distribution data. The passport and characterisation
data are freely available via the Australian Plant Genetic Resources Information System Web
site (http://www2.dpi.qld.gov.au/extra/asp/auspgris) [verified December 2013]. A national
review of Plant Genetic Resource Centres in Australia has determined that this website will
be replaced with GRIN-Global. However, a deadline for this transition has not been finalised.

The CSIRO Narrabri collection is maintained in short-term storage as delinted seed at 7°C and
50% relative humidity. Around 1 kg of each accession are stored in cotton bags. A 10g backup
collection is also maintained in sealed laminated aluminium bags at 4°C in an additional facility
on the same site. Each accession is regenerated in the field every 10 years, or when stocks have
been depleted to less than 200g. During regeneration, accessions are inspected and compared
to known visual characteristics and off types are removed. Accessions that are photoperiod
sensitive are grown in the greenhouse during the winter when the short days promote
flowering. In addition, those accessions in which purity is considered vital to maintain are also
grown in the greenhouse. The CSIRO breeding program maintains an internal database where
accession data is recorded. This database is not publicly available.
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The CSIRO Canberra collection is in long-term storage at -20°C. This collection provides a
resource, but is not currently funded or maintained. Many of its accessions are also available
from major US germplasm collections, as US researchers were often involved in the initial
exploration. As the majority of these lines have been collected during genetic explorations, an
internal database contains details of the collector, location and date. This database is not
publicly available. There has been a decline in funding in CSIRO over the last few decades for
extending germplasm collections for native Gossypium and other crop relatives like Glycine, as
more and more biodiversity research shifts to consolidation of national collections, electronic
archiving of data and making them more broadly accessible on-line.

There are increasing challenges associated with maintenance and regeneration of these
collections. Ensuring genetic purity of accessions has always been difficult when regeneration
is conducted in the field. However, the GM era has added another level of complexity to the
problem. Even though Australia does not have large numbers of insects that will cause cross
pollination in cotton (only the European honey bee), measurable out-crossing can occur in
some seasons and some locations [49, 50]. Care must be taken to locate regeneration blocks
away from known sources of bee activity as well as isolated from commercial GM cotton crops.
CSIRO also has substantial activities in areas of biotech research in addition to the traits sourced
from third parties and some of these activities are discussed in a later section. This research is
geographically isolated (in Canberra) from the breeding program and only traits that have
reached the advanced field evaluation stage are grown at Narrabri. As CSIRO is developing
cultivars for release commercially, stewardship of germplasm and GM traits is extremely
important and internal quality assurance protocols are rigorously adhered to. These protocols
dictate that all material needs to be tested via protein or DNA analysis prior to handover to
commercial partners for seed increase and sale.

3.7. Germplasm passport data

The current status of the accession descriptions varies depending on when and who imported
them, as well as the donor. As many characteristics are either invisible or not able to be
determined except in specific environments (e.g., disease resistance), the data provided by the
donor is often critical. However, in many cases, particularly for older material, this information
is simply not available for many accessions that may have been obtained via an intermediary
collection or supplier. When it was actively funded, the ATCF collection generated substantial
passport data on all lines including morphological characteristics, boll size, lint percent and
fibre quality parameters. This is invaluable information for a breeder searching for specific
characteristics. Descriptions in the CSIRO collection are more ad-hoc. This is largely a function
of the collection not being ‘public’, and simply a resource for the breeding program that
operates it. The data that does exist largely relate to the traits that were initially identified as
being of interest i.e., HPR to insects and disease or fibre quality.

3.8. Sharing and exchange

The ATCF collection is based on a national collection model with small quantities (20-30 seeds)
of germplasm freely available to researchers worldwide. The CSIRO collection is not publicly

World Cotton Germplasm Resources12



available, but historically, genuine exchange with other breeding programs has been practised.
In recent years however, commercial agreements and patents have made this exchange
difficult. This has restricted the amount of new material added to the collection. However, it
is imperative that exchange of germplasm continues. Many of the patent and commercial ‘in
confidence’ issues can be addressed with specific (though often restrictive) material transfer
agreements. This can allow new germplasm to be evaluated prior to negotiating further
freedoms to utilise germplasm in a breeding program.

4. Other cotton germplasm resources beyond seed collections

4.1. Mapping populations

Improving disease resistance against indigenous Australian strains of Fusarium has been a
high priority in the Australian breeding program and a number of new sources of resistance
have been identified through the screening of introductions (mostly) from the US, China and
India where Fusarium is also endemic. To investigate the genetic basis of the Fusarium wilt
resistance in the Indian G. hirsutum cultivar MCU-5, a bi-parental cross was made between
MCU-5 and Siokra 1-4; a Fusarium susceptible Australian okra leaf G. hirsutum cultivar [51].
An F3 population consisting of 244 lines was developed from this cross, and from single seed
decent from each F3 line, 244 F4 lines subsequently produced. The F3 and F4 populations were
assayed for Fusarium wilt resistance using a glasshouse bioassay [52] and genotyped with 151
markers (95 SSR and 56 AFLP). QTL analysis revealed the presence of multiple regions that
were associated with resistance that provide targets for introgression into elite cultivars to
improve Fusarium wilt resistance [51]. Subsequently, it was found that MCU-5 which was
derived from a multi-line cross between Indian Cambodia-type cultivars (MCU-1 and MCU-2)
and cultivars from East Africa, the West Indies and the US, including some contribution from
G. barbadense, also possesses significant resistance to non-defoliating strains of Verticillium
dahliae, as well as possessing significantly longer fibre than Siokra 1-4.

In an international collaboration with CIRAD (France), CSIRO obtained a 140 RIL inter-specific
population ranging from the F6 to F9 stages of selfing through single seed descent. The two
parents; Guazuncho 2 (G. hirsutum), and VH8-4602 (G. barbadense), were chosen for their
agronomic performance (Guazuncho 2) and superior fibre quality parameters (VH8-4602) [53].
This population was grown in several countries including Australia in the glasshouse and field
and analysed for many different traits (including fibre, leaf shape hairiness, boll size and
number and earliness) and genotypes consisting of 1,745 loci derived from 597 SSR and 763
ALFP markers [54-56]. Not all of the lines performed well under Australian conditions with
only about 55 flowering within an acceptable timeframe for harvesting and thus seed stocks
are severely restricted for most of the RILs. The QTLs associated with fibre traits identified in
Australia may help generate markers for selection for these traits in breeding populations. The
population also represents a resource for linking markers with mite resistance, as the parent
lines show differentiation in resistance.
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4.2. Near isogenic lines of host plant resistance traits

Cotton mutants can be of interest to cotton breeders for their agronomic or host plant resistance
possibilities. Near Isogenic lines (NIL) are plants that mostly genetically identical except in
DNA regions associated with a specific trait or gene mutation. They are usually created by the
repeated backcrossing of a mutant plant to a recurring parent, and are useful for quantifying
the effect of the mutation or phenotype on agronomic performance, by reducing genetic
background differences between the mutant and the normal plant type. Although very
important for defining the agronomic value of an altered phenotype, NILs require a large
investment of time to produce. Thomson [57] developed NILs for glabrousness (T2

arm), frego
bract (fg), okra leaf (L2

0), and nectariless (ne1,ne2). These mutations are known to affect
resistance to specific insects and diseases, and in the case of glabrous also reduces lint trash
[57]. All 16 NIL combinations of the four mutants were developed in the Deltapine 61 back‐
ground. The 16 NIL were derived from an initial crossing of a Deltapine-related experimental
line homozygous for all four mutant characters and Deltapine 61. Four backcrosses were then
made with Deltapine 61. A final backcross was made and from a large F2 population homo‐
zygous genotypes were selected and maintained. Subsequent hybridizations were done using
lines from this original population as parents and a total of nine cultivars were released up
until 1999 including the original Siokra and Sicot cultivars.

4.3. Mutant populations

Mutation and mutation breeding is a tool for producing novel variation that potentially cannot
be found in existing cotton species, for genetic improvement and in aiding the study of gene
function. Mutations are nucleotide base changes within the genome of an organism that are
not brought on by normal recombination and segregation, and occur naturally at a low
frequency. Many naturally derived mutant cotton plants have been isolated that contain no
fibre, which has aided our molecular understanding of fibre formation [58]. The rate of
mutation can be greatly increased or induced in plants using chemical mutagens, ionizing
radiation or transposable elements. Induced mutants have been generated and used to create
valuable traits in many major crops, but have only occasionally been used in improving cotton.
Mutagenesis of cotton has resulted in ‘naked and tufted’ seeds, herbicide resistance and plants
with longer fibre [59-62] that have direct application within the cotton industry. Other mutants,
such as those possessing inferior fibre traits, provide powerful tools for understanding what
genes are associated with fibre formation [58].

CSIRO is investigating the general usefulness of mutagenised cotton populations for conven‐
tional plant breeding. Populations of G. hirsutum, G. barbadense and G. arboreum have been
mutagenised with the chemical mutagens sodium azide and ethyl methanesulfonate, as well
as heavy-ion mutagenesis using the Riken Ring Cyclotron at the RI Beam facility in Japan in
collaboration with Dr Tomoko Abe. The mutagenised populations are currently being screened
for a number of traits including: herbicide resistance, fibre traits, boll size, plant architecture
and flowering.
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4.4. Transgenics

A transgenic cotton plant contains gene/s that have been artificially inserted. The inserted gene
(known as a transgene) may come from another cotton plant, or from a completely different
species, such as Bt cotton; which possesses the Bt toxin from the bacterium Bacillus thuringien‐
sis. Transgenic technology enables plant breeders to bring together in one plant traits from
potentially any organism, not just from within Upland cotton or sexually compatible species.
Potentially this technology could be a quicker and cleaner method of bringing in traits from
poor agronomic sources compared to backcrossing, but regulatory costs makes this currently
unfeasible. Transgenic technology also provides the means for studying specific genes in
cotton and enables the definitive assignment of genes to specific functions through either over-
expression or silencing of individual genes or gene families.

It is difficult and time consuming to generate transgenic cotton, as it requires Agrobacterium
tumefaciens mediated gene insertion via callus, generated via tissue culture. It was found in the
1980s that Coker cultivars were generally superior for gene transfer using tissue culture,
although a small number of Australian cultivars could be transformed with relatively low
efficiency [63]. Coker 315 is the cultivar used for all transformation events in Australia as it
was thought to possess better agronomic traits under Australian conditions compared to other
transformable Coker cultivars, such as Coker 312 that have been used by international biotech
companies. Currently, all transgenic traits present in Australian commercial cultivars were
obtained internationally under License from either Monsanto or Bayer CropScience. The focus
of Australian transgenic R&D work has been on developing potential traits of more specific
relevance to the Australian Industry and on basic research to understand gene function,
particularly the functions of genes involved in fibre initiation and formation, plant defence
and seed oil formation. Such work has demonstrated the importance of GhMyb 25 [64],
GhMyb25-like [65] and GhHD-1 [66] for fibre initiation and for controlling fibre initial
numbers. As part of CSIRO research, transgenic cotton plants that are altered in the expression
of GhMYB109 were imported under a Material Transfer Agreement for research use [67].
CSIRO transgenic research has demonstrated through altering the expression of a cotton
sucrose synthase [68] or overexpressing a potato sucrose synthase [69] the essential role of the
different sucrose synthases in cotton fibre and seed formation. Expression of the Talaromyces
flavus glucose oxidase gene in cotton demonstrated increased resistance against Verticillium
wilt [70], and plants with suppressed Cadinene synthase gene expression revealed its role in
bacterial blight infection [71]. Although cotton is principally a crop grown for fibre, its seeds
are also a valuable source of oil. Transgenic silencing of key fatty acid desaturase genes altered
the cottonseed oil composition to improve its nutritional profile, making it more competitive
with other oilseed crops has also been achieved, although commercialisation of this trait is still
under discussion [72]. Currently none of these CSIRO transgenic derived traits have been
incorporated into commercial cultivars.

Successful expression of transgenes in cotton also requires the ability to precisely express genes
at high levels. Experiments with transgenic plants have demonstrated the value of the soybean
lectin gene promoter to drive transgenes in the embryo of cotton seeds [73], and subterranean
clover stunt virus promoters and terminators [74] for general and high level expression in
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cotton. The CSIRO derived sub-clover duplicated stunt7 viral promoter was deregulated in
2008 as a commercial event in cotton (T304-40) driving the Cry1Ab insect resistance gene and
forms part of Bayer CropScience's TwinLink product. A cotton rubisco small subunit promoter
has also been shown to be expressed at high levels in green photosynthetic tissues throughout
the development of cotton in the field and hence a useful promoter for expressing transgenes
in leaves [75].

5. Molecular markers for germplasm characterisation

Molecular markers are DNA tags or sequence differences (polymorphisms) that provide the
ability to quickly track the presence of specific DNA regions associated with a trait, through
a segregating population. They are widely used for basic research in plant biology and genetics
and are now essential to the CSIRO cotton breeding program for selecting homozygous
transgenic lines on a large scale, monitoring the purity of transgenic breeding lines, and
stacking traits by marker assisted selection. Upland cotton has limited intra-specific genetic
polymorphism compared to other crops as revealed by a number of molecular marker and
genetic diversity analyses [76-78], due to the relatively recent polyploidisation (estimated 1-2
mya) [79, 80] that created the species as well as domestication and selection. This has hindered
application of molecular markers to breeding, as to obtain large numbers of polymorphic
markers for detailed mapping required crossing G. hirsutum to G. barbadense (inter-specific),
which are largely unsuitable for cultivar improvement in breeding programs.

Two major technological breakthroughs have occurred in the marker field since ~2010 that
have removed many limitations associated with marker technology and its application in
cotton.

1. Next-generation sequencing (NGS) can sequence DNA millions of more times than
previous methods [81]. This has opened up the possibility to discover a larger number of
single nucleotide polymorphisms (SNP, single DNA base changes) in cotton that are the
most common form of difference between individuals or cultivars, and should be
sufficiently abundant to discriminate between any two G. hirsutum lines. NGS has also
enabled the completion of the genome sequence of the diploid cotton Gossypium raimon‐
dii [82] that is related to the D-genome present in Upland cotton. The genome sequence
of a diploid A-genome containing cotton species is likely to be publicly available in the
near future, and will make it easy to compare and align any short sequence reads from
NGS to find large numbers of widely distributed nucleotide differences between cultivars
that can be used for mapping and breeding.

2. New high-throughput genotyping (HTG) platforms based on SNPs have been developed
that can accurately call millions of SNPs in large populations [83, 84]. These technologies
enable complete genome coverage of markers between G. hirsutum cultivars in a fraction
of the time required by conventional marker approaches.

World Cotton Germplasm Resources16



5.1. SNP discovery in germplasm important for Australia

To ensure that SNPs are informative to the breeding populations being developed in Australia,
it is essential to find SNPs among cotton cultivars that constitute the major germplasm sources
of the elite cultivars we are developing. The most straightforward method to identifying SNPs,
in the absence of the Upland cotton genome sequence, is to sequence expressed gene transcripts
(RNA-seq) by isolating mRNA and converting it into cDNA for sequencing. This method has
been used successfully for many other plants such as maize and wheat [85]. RNA-seq targets
SNP discovery to genes that are actively transcribed and therefore more likely to be associated
with conferring trait differences. The disadvantage is that cDNA is likely to have lower SNP
frequencies than non-expressed regions as they are constrained by the genes function. CSIRO
RNA-seq data was generated on a set of 18 cultivars that represented significant genetic
variation present within current Australian commercial cultivars were selected; containing old
Australian and US cultivars, as well as cultivars from China and India. Over 50 million reads
(of ~90 bp) for each Upland cotton sample was obtained. We found the key to identifications
of varietal SNPs confidently was when a sub-genome-specific SNP was also found in close
proximity to the varietal SNP (Figure 2). This enabled representative sequences from both
genomes in each cultivar to be identified and compared. From the 18 cultivars ~38,000 varietal
SNPs were identified. A selected subset of >1,500 of these putative SNPs were analysed using
a combination of SNP platforms (GoldenGate and Sequenom) and it was found that these SNP
could be validated at a rate >90% [Zhu, Q-H, pers comm.].

‐

Cultivar-1A  ……AGCGTAGTCAGATTAAGTGGAATCCCTGATG…… 

Cultivar-1D  ……AGCCTAGTCAGATTGAGTGGAATCCCTGATG…… 

Cultivar-2A  ……AGCGTAGTCAGATTGAGTGGAATCCCTGATG…… 

Cultivar-2D  ……AGCCTAGTCAGATTGAGTGGAATCCCTGATG…… 

Figure 2. Stretch of DNA sequence from two cultivars showing the sequences for both the A and D genomes. SNPs
with the best validation rates are where a varietal SNP (in red) is in close proximity to a sub-genome-specific SNP (in
blue) that allows determination of which genome the specific short reads sequences are derived from.

Although RNASeq data has allowed us to progress towards being able to effectively use SNPs
for genotyping in breeding projects, the protein coding regions of genomes have been found
to have a significantly lower level of DNA polymorphism than non-coding regions, so
polymorphisms within genes between closely related cultivars are going to be less frequent
and hence less useful. With the availability of the assembled G. raimondii genome and possibly
of the G. arboreum genome soon, to serve as a framework for short read sequence alignment,
our SNP identification will in future be performed using genomic DNA sources.

5.2. International cotton SNP consortium

SNP Chips enable high throughput parallel analysis (millions at a time) whereas older markers
like SSR markers tend to be performed only one or a few at a time. Therefore SNP Chips
represent a significant improvement over older technologies for large-scale genotyping.
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Recently an international cotton consortium was formed to create a 70,000 public Illumina
Infinium SNP array for cotton. This array was made available for purchase in late 2013 and
contains ~ 50,000 intra‐specific G. hirsutum SNPs, ~16,000 inter-specific SNPs predominantly
from G. barbadense but also G. tomentosum and G. mustelinum, and small numbers (~4,000) of
SNPs from two diploids G. longicalyx and G. armourianum. The publicly available SNPs were
provided by a number of international groups including; CSIRO, Texas A&M, University of
California-Davis, Cotton Incorporated, Brigham Young University and United States Depart‐
ment of Agriculture-Agricultural Research Service, Centre de Coopération Internationale en
Recherche Agronomique pour le Développement (CIRAD), Council of Scientific and Industrial
Research-National Botanical Research Institute (CSIR-NBRI), and Dow AgroSciences. These
arrays will provide unprecedented numbers of makers to be screened across cotton germplasm
and will likely be the genotyping method of choice for a number of years.

5.3. Genotype-by-sequencing

SNP Chips represent a major advance in genotyping of cotton. However, SNP Chip platforms
still possess limitations. Since cultivated cotton is an allotetraploid it is often difficult for these
platforms to differentiate between the two cotton sub-genomes, and from our experience only
~34% of the polymorphic SNP markers act as co-dominant markers (can discriminate between
both homozygous alleles and their heterozygote class, see Figure 3A) on a GoldenGate or
Fluidigm platform, whereas the majority act as dominant markers (can only differentiate
accurately between both homozygote classes but the heterozygote class cannot be differenti‐
ated from one of the homozygote classes, see Figure 3B). Dominant markers reduce the amount
of information that can be obtained from an individual, but they are still very useful for
mapping (eg., commonly used AFLP markers are all dominant markers). In addition SNP
platforms can only interrogate the SNPs that have already been indentified and placed on the
chip, and once manufactured, new SNP Chips are unlikely to be remade for several years, so
any newly discovered SNPs will be unable to be included and assayed.

We are investigating genotyping using NGS alone, which is called Genotype-by-Sequencing
(GBS). GBS uses an amplified subset of genome from individual lines or plants to identify base
differences between them [86, 87]. Using bioinformatic analyses the SNPs are found on-the-go
when comparing the two sets of sequences, so no prior information about the genotypes is
required. The SNPs found are then analysed as separate markers. The advantage of GBS is that
SNPs are found in the analysis of the DNA fragments compared, and so informative SNPs
linked to a trait are more likely to be identified. Also SNPs from different genomes can be easily
separated based on the presence/absence of specific sub-genome related SNPs (which are much
more common than varietal SNPs) and so most markers can be selected to be co-dominant (i.e.,
heterozygous alleles can be scored). This makes this genotyping technology especially suitable
for polyploids such as cotton, and is becoming the genotyping method of choice in, for
example, wheat which has three similar genomes (A, B and D) [86].
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Figure 3. Typical G. hirsutum varietal SNP profiles using the Sequenom platform. Each spot represents a different culti‐
var being assessed for the presence of a specific SNP. A) Co-dominant example, a particular polymorphic nucleotide is
scored either as homozygous A (Green) or C (Blue) or heterozygous for C and A (Yellow). B) Dominant example, a par‐
ticular polymorphic nucleotide can only be scored either as homozygous A (Blue) or heterozygous CA (Yellow), homo‐
zygous C (blue) cannot be scored due to tetraploid nature [Zhu, Q-H, pers comm.].

5.4. Genetic diversity analysis

Possessing significant genetic diversity within a breeding program is extremely important for
future crop improvement. Where detailed pedigree information is known, breeders can
specifically select parents for crossing based on their trait package and degree of relatedness.
However, it is often the case that detailed knowledge about the pedigrees of cultivars is lacking,
especially for imported cultivars, and this may hamper their use in cotton improvement.
Molecular markers provide an alternative means of determining levels of relatedness and
ancestry between cultivars. Many studies have used markers to determine the diversity levels
with cotton populations [88], however most have suffered from insufficient numbers of marker
required to generate accurate estimates. The first major use of a large public cotton SNP chip
and other high throughput genotyping technologies by CSIRO will be to enable more accurate
diversity estimates within breeding populations and seed repositories. Breeders should be
quickly able to determine diversity estimates and phylogenies between cultivars, as well as
identify shared genetic regions between members of the same pedigree. This data will enable
the use of more diverse germplasm which may contain unique traits to be effectively integrated
into the breeding program.
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5.5. Linking SNPs to traits

With improvements in SNP identification and the availability of large scale public cotton SNP
chip, the availability of molecular makers will no longer be a limiting issue in cotton research
and the main task will be linking markers to important traits that will aid in their introgression
into elite varieties. Most of our initial focus will be to link SNPs to disease resistance traits, as
increased disease resistance has been responsible for a significant amount of our variety based
yield improvements. Common methods for linking markers to traits involve the creation of
bi-parental crosses that segregate for the trait of interest, followed by selfing, genotyping and
trait assessment in the F2 or F3 populations. Where possible immortal genetic populations, in
which each line is inbred and can be propagated simply by self-pollination, such as recombi‐
nant inbred populations or inbred backcross (IBC) populations are used as phenotyping is
much simpler (only looking at homozygote classes) and repeatable. These immortals lines have
been very helpful when assaying for disease resistance (Verticillium wilt, Fusarium wilt and
black root rot) as disease phenotypes are often environmentally affected and difficult to score.
The new high-throughput marker technology should greatly accelerate these traditional
genetic studies in cotton. However, such populations require significant amounts of time and
labor invested in their creation. With the availability of high throughput SNP genotyping
between G. hirsutum cultivars, other approaches consistent with conventional breeding
strategies can now be routinely performed. One such method involves locating chromosomal
segment substitutions derived by repeated backcrossing of the trait into an elite cultivar.
Backcrossing is used by breeders to transfer a limited number of desirable traits from one
parent (possibly poor agronomically) to an elite parent, and involves multiple rounds of
crossing back to a recurring elite line; with each backcross reducing the amount of donor DNA
present in the offspring. This methodology can be used to find markers linked to the trait(s)
after as little as 3 cycles of backcrossing and then selfing, as individuals with the desired trait
can now be compared using whole genome SNP analysis to reveal which genomic regions are
associated with the donor parent. The markers in the donor regions can be confirmed as being
linked to the trait in a further cycle of backcrossing, selfing and selection. Once the marker
linkage has been verified, marker-assisted backcrossing can then eliminate the need for further
trait phenotyping until the desired elite cultivar is obtained. We are using this system to find
linked markers for disease and fibre traits and for introgression of traits from other cotton
species.

The ability to scan the whole genome quickly and identify regions from the donor plant makes
this strategy practical in cotton and is limited only by reliability and robustness of the trait and
the time it takes to cycle through multiple generations. An added advantage of this method to
find markers is that the germplasm produced at the end of the process is already partly
introgressed into an elite cultivar and can be a parent for more advanced crosses with other
elite material. A SNP Chip can also be used to identify backcrossed individuals with the lowest
levels of donor DNA at each backcrossing step, reducing the number of backcrosses required
to produce an elite cultivar with the trait of interest. This is especially useful to separate the
trait of interest from regions nearby that may carry genes that result in poor yield (linkage
drag), such as Okra leaf trait.
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5.6. Genome wide association mapping

Large scale genotyping of cotton at an economical price enables genotyping large diverse
collections of G. hirsutum lines. To link SNP markers to important traits in cotton the most
manageable route is to perform genome wide association studies on elite cultivars and their
pedigrees, avoiding the time and energy required in the creation of specialised genetic
populations examining small numbers of traits. Association genetic analysis is a method for
linking specific markers with phenotypes using established populations of individuals, and
has been extensively used in human/animal genetic analyses where defined genetic crosses
are often difficult to generate [89]. The extent of genome-wide allelic association (linkage
disequilibrium: LD) is the key starting point for association mapping. The extent of LD has
been quantified and association mapping has been successfully applied for many plant species
(e.g., [90]) including cotton [91, 92]. The application of LD-based association mapping for
cotton will facilitate comprehensive utilization of existing genetic diversity conserved within
cotton germplasm cultivars.

CSIRO is interested in using association analysis on a large number of well defined cotton
varieties to find markers linked to disease resistance, fibre quality and yield component traits.
The bottleneck for this type of research is the difficulty in adequately phenotyping a large
number of cultivars for agronomically important traits. To obtain an accurate measurement of
the most important trait, yield, requires significant replication both within a field, across
geographical regions and over multiple seasons. This restricts the numbers of varieties that
can be tested lowering the power of the analyses. It is also possible to model genetic/environ‐
mental (GxE) interactions for specific traits using association analysis, but that requires a
magnitude larger level of replication under different management conditions, as well as
significant knowledge about the environmental conditions in which the traits were measured
(and therefore is unlikely to be undertaken by our research teams in the near future).

5.7. Mining diversity in other cotton species

The cotton genus (Gossypium) contains ~50 species that are widely geographically distributed
from arid to tropical regions and morphologically diverse ranging from herbaceous perennials
to small trees. These species are usually divided into three gene pools with regard to their use
for genetic improvement of Upland cotton though only a few sources have been extensively
used. The primary gene pool consists of G. barbadense, G. tomentosum, G. mustelinum and G.
darwinii which are tetraploid species with the same A and D genome complement that are
sexually compatible with Upland cotton. The secondary gene pool is represented by diploids
with A, D, B or F genomes that require synthetic tetraploid formation or a synthetic hexaploid
bridging species for traits to be introgressed into Upland cotton [39, 44]. The tertiary gene pool
consists of other diploid species with a completely different genome type such as C, E, G or K
that show relatively poor or no recombination with the A or D-genome and thus traits from
these species are likely to require isolation of the causal genes and transfer into cultivated
Upland cotton by genetic modification.

Once a representative A-genome diploid sequence is completed, and its information added to
the already published D genome, it will be possible to use this information as a scaffold to
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determine the gene coding regions for different Gossypium species. The coding sequences from
these genomes will identify new diversity within genes already associated with disease and
stress that could be targets for introgression. Traditionally the work required to introgress
traits from anything other than G. hirsutum or G. barbadense has been prohibitive. However the
ability to identify important genes via re-sequencing of other Gossypium species means that
markers for these traits can be found rapidly and used in marker assisted backcrossing
strategies as mentioned above. Therefore, in future we will be able to access much more diverse
germplasm for unique traits with potential targets for introgression including glandless seeds
(in a glanded plant) and Fusarium wilt resistance that are present in indigenous Australian
Gossypium species [47, 48].

5.8. Exploiting mutant collections of cotton

As previously mentioned, induced mutations can produce novel variation that can be directly
used for crop improvement and aid in identifying which genes are important for specific traits.
Now that a genome sequence is available for cotton, the major basic research challenge is to
uncover the genes responsible for major agronomic traits from the more than 50,000 genes
present in this species. The advent of NGS technology and the completed G. raimondii genome
sequence has opened up practical ways of achieving this via a reverse genetics approach; where
a mutation in a specific gene sequence is first identified in a plant by sequencing and the
phenotype of this plant is then compared against the not mutated or wild-type plant to identify
the physiological, morphological or agronomic consequences of the disruption of that gene
and hence its possible function. Traditionally mutated plants with interesting phenotypes are
selected from large populations of mutagenised plants, and researchers work back to find
where the mutation that caused the novel trait is located within the genome (forward genetic
approach). However the space/land required in order to select for interesting mutants is
substantial for a large plant like cotton, and the tetraploid nature of Upland cotton, potentially
makes finding valuable mutants more difficult (as for some traits both the A and D genome
genes would need to be simultaneously mutated to result in a phenotype). The reverse genetics
approach, is to first obtain a large collection of plants carrying chemically or radiation induced
mutations spread throughout the genome that are identified through NGS. Since NGS can
rapidly re-sequence a genome as long as an existing reference genome is known, sequencing
the randomly mutated plants will identify single base changes in gene sequences caused by
chemical mutagenesis similar to how SNPs are already identified between cultivars. Using
specialised DNA capture technologies that only isolate DNA from expressed regions of the
genome to reduce the sequence complexity [93, 94], this procedure would be cost effective. A
large library of plants harbouring these known mutations, would be made by subjecting cotton
seeds to induced mutagenesis and plants (M1 generation) grown and allowed to self seed. The
M2 seeds would then be planted, leaf material isolated and the gene sequences of these plants
sequenced and the multiple mutations in each plant identified. By collecting seeds from the
M2 plants, a database of the sequence changes would be identified and associated with specific
seed lots and mutations causing loss of gene function of any selected gene could be identified.
The M3 seeds from that plant would be planted and using markers specific for the mutation
(a type of SNP marker), plants selected that were homozygous for the mutation [95]. The
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phenotype of these plants would then be compared to homozygous wild-type plants at this
location from the same seed lot.

The availability of mutant lines in most or all of the cotton genes would provide the cotton
community with the means of testing gene function in a large number of genes at an unpre‐
cedented rate. Lines with mutations in a particular gene would need to be found in both sub-
genomes, then crossed and progeny selected that were mutated for both copies of the genes
in order to categorically define its function. Once a gene has been confirmed as being associated
with an important trait, the sequence of this gene could be sequenced from many different
cotton cultivars and related species to identify variants that may possess superior qualities for
targeted introgression. Currently, large mutagenic populations of G. arboreum and G. hirsu‐
tum are being established at CSIRO in order to locate genes involved in fibre formation and
disease and insect resistance.

5.9. Seed genotyping

NGS and high throughput genotyping will enable large numbers of specific traits to be linked
to specific markers, thus increasing the importance of marker assisted selection in the breeding
of cotton. However the ability to easily stack a moderate number of traits becomes quickly
impractical in the field, where extremely large population would need to be grown to identify
plants carrying all the correct combination of markers. To overcome this problem a number of
companies have developed non-destructive seed based screening methodologies to screen
markers. ‘Seed chippers’ [96] use complicated robotics and liquid handling equipment to
remove small portions of embryo, extracting DNA and performing genotyping. This technol‐
ogy was first demonstrated in maize and then soybean but is beginning to be adapted to work
in cotton. Seed-based screening will play an essential role in future transgenic trait stacking
and marker-assisted breeding of disease and fibre traits in cotton as it will allow the very small
proportion of plants with the favorable allele combination to be identified. Seeds selected that
contain the correct marker combinations will be planted in the field and selections for fibre
and yield traits performed normally, with the knowledge that other desired traits are already
present.

6. Success stories of germplasm utilization in Australian cotton
improvement

6.1. Disease resistance

As mentioned previously, bacterial blight was the most important disease in Australian cotton
when the modern Industry first started with estimated yield losses up to 20%. Bacterial blight
resistance was introduced to the CSIRO breeding program from Tamcot SP37, which supplied
the B2, B3 and B7 genes [97]. The first blight resistant cultivar was released in 1985 and had
rapid adoption. Importantly, this cultivar also had high yield, high gin turnout, wide adapta‐
tion and the okra leaf trait. This cultivar was selected from a large breeding population that

Australian Cotton Germplasm Resources
http://dx.doi.org/10.5772/58414

23



was initially developed in 1974, which demonstrates the considerable lag from introduction
of a trait to commercial release.

Verticillium wilt continues to be an import disease for the Australian industry. However, there
have been major successes in developing cultivars with good resistance to this disease. A major
breakthrough was the release of Sicala V-1 in 1991, the first CSIRO cultivar with significant
resistance, and its higher yielding replacement, Sicala V-2 in 1994. These cultivars show greatly
reduced levels of infection, less severe symptoms and higher yields compared to their
predecessors and have transformed those regions where Verticillium wilt severely limited
yields. None of the parents of the population these cultivars were developed from had
significant resistance to Verticillium wilt and would generally have been considered suscep‐
tible. The source of resistance has therefore been considered to be the result of additive effect
of alleles at multiple loci. Molecular techniques may one day be able to determine the source
and composition of this resistance.

After Fusarium wilt was first identified in Australian cotton in the early 1990s, new cultivars
were required to allow viable production in the regions where the disease was present. It was
quickly established that there was cultivar variability for resistance and a few cultivars did
show some degree of resistance (Sicot 189, Delta Emerald). Most other commercial cultivars
were very susceptible to the disease and had survival rate of close to zero in some situations.
An initial screen from the CSIRO germplasm collection in 1994 tested 36 G. hirsutum genotypes
from the USA, South America, Africa, Asia and Europe. As with the local cultivars, most were
susceptible, but a few genotypes showed field survival up to 50% higher than the best
Australian cultivars. Over the next few years over 200 genotypes from the collection were
evaluated, with material from countries/regions/programs that showed promise in the early
evaluations targeted. In 2004 a new cultivar, Sicot F-1, was released from the CSIRO breeding
program which had at least twice the resistance of the best cultivar in 1994. Progress in breeding
for improved Fusarium resistance continues, with the initial sources of resistance being
derived from Indian and Chinese G. hirsutum parents and more recently, improved resistance
from G. hirsutum and G. barbadense landrace cottons.

The key to the breeding success of soil borne fungal diseases has been the availability of
screening sites with high levels of inoculum and therefore the opportunity for selection of
reduced disease incidence and symptoms, together with high yield. The germplasm collections
have been invaluable in accessing material for evaluation of resistance.

6.2. Commercial utilisation of the okra leaf mutant

The okra leaf (OL) mutant of upland cotton is characterised by deep lobing and some reduction
in leaf area. This L2

o allele is partially dominant over the normal leaf (l2) shape. Although
considerable research has been done on the effects of this leaf shape, only in Australia have
OL cottons been grown on a major scale, accounting for between 40-60% of Australian seed
sales between 1987 and 1993. As reviewed by Thomson [6] the published benefits of OL include
host plant resistance to a range of insect and mite pests (boll weevil Anthonomus grandis,
whitefly Bemisia tabaci, spider mites Tetranychus spp. and bollworms Heliothis and Helicoverpa
spp.), earlier maturity, increased water-use efficiency and reduced boll rot. However, the OL
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trait has been associated with increased numbers of plant bugs (Lygus spp.), mirids (Creontiades
spp.) and cotton flea hoppers (Pseudatomoscelis seriatas). The yield effect of OL has been reported
as being anywhere from negative to positive and is thus far from clear cut.

In the 1970s, the CSIRO breeding program at Narrabri was focused on increasing yield, quality
and disease resistance, but also had a strong commitment to increasing resistance to insects.
To this end, significant effort was allocated to the OL trait, with large breeding populations
developed as well as considerable research into the effect on yield. It was concluded that while
there was a small (5%) reduction in yield potential, under commercial production systems with
normal levels of insect damage there was no significant yield difference between OL and
normal leaf (NL) near-isogenic lines. In addition, in situations where some insect damage was
permitted, OL out-yielded NL by up to 10% [6]. A similar observation was reported by Brook
et al. [98] who stated that OL was infested with fewer pests than NL and suffered less damage
from a given density of pests and the reduction in yield caused by pest damage at high yield
levels was less in OL than NL.

Thomson [6] reported the reasons why OL has been so successful in Australia when it has
either largely failed or been ignored in other countries. As mentioned at the beginning of this
chapter, the modern cotton industry is relatively new in Australia, only being a significant
industry since the early 1960s. Because growers did not have a long tradition of growing cotton,
they had no fixation on what a cotton plant should look like – their concern being solely on
performance. The absence of a yield penalty in commercial production systems as mentioned
above was also a significant factor in the adoption of OL cottons. Importantly, the Australian
OL cottons were not developed by backcross as most other studies have reported (e.g. [99-101].
Rather, as reported by [6], they were developed by hybridisation using wide crosses and large
populations with heavy selection pressure for yield performance. Research, together with
commercial experience demonstrated the host plant resistance of OL to spider mites and
Helicoverpa as well as improved insecticide efficacy probably due to better spray penetration
in the crop canopy. Lastly and of significant importance, the first OL cotton released for
commercial sale (Siokra 1-1) was also the first cultivar in Australia to be completely resistant
to bacterial blight. This was undoubtedly a significant factor in its rapid acceptance by growers.

7. Conclusions

The challenge of maintaining genetic diversity in this era of fierce intellectual property
protection and commercial reality is significant. One of the ways this is being addressed in the
CSIRO breeding program is by developing diversity through utilisation of the genetic
resources outside the cultivated tetraploids. This can mean using landrace cottons, but more
importantly evaluating traits in the secondary germplasm pool (A and D genomes) and
accessing those traits by developing synthetic tetraploids. This approach to diversity requires
considerable effort and a long-term vision; however, it does have the potential to pay sub‐
stantial dividends in unlocking traits previously unavailable from within elite cultivars. To
justify this approach, there generally must be present a crucial trait of commercial importance
not available in existing germplasm and/or forward-looking funding.
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Access to a broad germplasm pool and the ability to import material from other breeding
programs combined with rigorous selection regimes for yield and quality under the unique
Australian climate has meant that the CSIRO cotton breeding program has maintained yield
progress while many other programs are plateauing in yield. Australian cultivars have had
considerable success in the US, particularly Texas where there are some similarities in climatic
challenges and are now being marketed worldwide under the FiberMaxTM brand.

New DNA sequencing technologies will accelerate the identification of genes involved in
important agronomic traits, and via marker assisted seed selection, new and novel traits will
be introgressed into elite cultivars that should further improve Australian cotton yield and
quality.
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