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History 

In 34 years in Canada and Europe, incredible changes have taken place in the breeding, agronomics, 

malting and use of barley in the brewing industry. Barley is not native to North America, in fact arriving 

through English settlers into Eastern Canada and later on two row varieties were introduced by the 

Spanish. The six row varieties were better adapted for eastern North America, and it was only as the 

population moved west through the Great Plains that two row varieties began to flourish. Figure 1 details 

the growing areas for malting barley in North America. 

 
Figure 1: Malt Barley Production in Canada and the US 

 

Barley 

In the 1950s the first true barley breeding took place and the result was the 6 row OAC 21 variety, which 

was a blue aleurone variety (so that it could be distinguished from feed barley. A laboratory set up for 

malt barley analysis to aid in breeding was established in Winnipeg in the 1940s, and despite basic pilot 

malting equipment and limited analysis capability (malt extract and DP) you can see in Figure 2 that many 

new varieties were produced from 1950. The last “blue” was Bonanza which gave way to two row 
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Harrington and white aleurone B1602. By 1995 Harington represented close to 65% of the malt barley 

acres in Canada. The B1602 was generally loaded into unitrains for the US market. 

Figure 2: Variety Evolution  
 

When the Canadian Grain Commission integrated the barley/malt research group into their organization 

there was a rapid growth in the capabilities and equipment brought into the malt barley breeding and 

selection program. Figure 3 outlines the analyses used in developing and registering varieties in Canada. 

 

Figure 3: The changing of analyses used for registering malting barley cultivars 

 
Increased analytical capabilities dovetailed with an increased sophistication in micro-malting facilities. 

Early micro-malting units were crude with poor controls (Figure 4). 



 
Figure 4: Early Micro-malting unit 1940 and in 1950 

In the 70s out of Australia came the first truly representative micro-malting systems (Fig 5)

 
Figure 5: Phoenix and Joe White Micro-malting systems 

 

With a robust breeding system and analytical capabilities in place the development of malting barley for 

use in Canada and for export markets developed, such that now over 60% of the malting barley selected in 

Canada is exported to the US, China, South America and South Africa. 

Besides the changes from blue to white aleurone, six to two row, and the increase in extract and enzymes 

many other significant changes have taken place through barley breeding. The first major change was to 

reduce the height of the barley straw to reduce the propensity for lodging, making the barley un-selectable 

for malting. Breeding came up with newer varies that had a significantly shorter straw such that lodging, 

once a major issue has all but disappeared. Additionally with climate change breeders have reduced seed 

to harvest times by up to 3 days, this in varieties that already average 90 days. This has allowed for 

delayed seeding in wet springs, and earlier harvests in early frosts or snow conditions. Additionally, 

despite very harsh winter conditions (-45
o
C) some new winter varieties have been developed that can 

flourish in the Canadian system. With globalization comes an increased spread of diseases never present 

in North America but now making the leap across the oceans, diseases common in Africa and South 

America. As a result breeders have been under more pressure to deliver disease resistance into new 

varieties. While the pressure from other crops like corn and canola that are GMO for acres intensifies, 

breeders have been successful at increasing the yields, but these increases pale in comparison to those 

yield improvements made in the other crops. As a result corn and canola are chipping away at both wheat 

and barley acreage.  Some other special traits bred into malt barley include low lipoxegenase ability and 

low or no proanythocyanidin malt barley to enable the brewer to better control staling and enhance flavor 

stability. There are now a number of commercially successful varieties grown around the world. In 



response to climate change, drought tolerant barley is now being developed, as well as barley that requires 

less water during the malting process to reduce the water footprint. 

 

Malting 

Malting has seen a significant change as well as the quality of the barley has improved. Traditional floor 

malting gave way to automated, stainless sanitary malthouses. Flat bottom steep tanks that were not 

aerated were replaced with conical bottom vessels with aeration and CO2 removal capabilities as well as 

accurate temperature control. Batch sizes increased from 1 tonne up to batch sizes now of over 500 tonnes. 

With increased beer demand larger and larger malthouses have been built, as well as malthouses that are 

more energy efficient and automated (i.e. Tower systems). As globalization increased the small malting 

companies disappeared, swallowed up by multinational entities such that today 10 malting companies 

control 95% of the malting production in the world. Reacting to a globalized brewing market, malting 

organizations have begun to select a multitude of varieties that each have their own specifications (i.e. 

lower protein, higher enzymes, lower beta-glucan, lower peeling etc.) that are matching to the demands of 

their multinational brewing customers. Like all other manufacturing organizations maltsters are under 

pressure to become more green, reducing water usage and energy consumption. While the malting (and 

brewing industry) requires vast amounts of water, most of the water footprint for beer (75%) is in the 

cultivation of malting barley. Maltsters have thus experimented with various ways to malt barley, reducing 

steeps and increasing temperatures, as well as reducing total processing time in order to appease the 

greenies. It is fortunate that breeders anticipated these conditions and now varieties are appearing that will 

help the maltsters achieve their green goals. 

 

Brewing 

As much change as malting has seen, brewing has seen significantly more. Being a strong consumer 

facing product, the drive by customers for better, more diverse and interesting beers has resulted in major 

shifts in brewing. Like malting, the brewing industry has seen global consolidations such that the top five 

brewing organizations control 60% of the beer, with the top two controlling close to 35% alone. The 

lagerization of the world has also led to many changes in the requirement for malt. The brewers have 

demanded raw materials that deliver consistent quality in multiple breweries located around the world, 

quality such as foam, clarity, taste and flavor stability. Gone are the days that poor foam in beer was 

solved by addition of terrified wheat in the malt blend, or worse artificial foam enhancers. Similarly better 

varieties with specific traits and improved malting capabilities have aided the brew in producing beers that 

are flavor and physically stable for up to 12 months. Improvements in the brewing process such as 

automation, accurate temperature control, oxygen control and the new processes including mash filtration, 

membrane filtration and sterile filtration all contributed to better quality beer but also required better 

varieties and better malting expertise. Membrane and sterile filtration (i.e. package draft beer) have 

required varieties with very low beta-glucan (or higher beta-glucanse activity in malting) to prevent filters 

from plugging.  

 

Current Changes 

With the rise of the craft brewing industry worldwide, increased demand, further diversification and 

increased complexity is occurring in the malt barley industry. While still small in volume (in the US it just 

crept above the 10% mark) the craft industry has increased the demand for pale malt and specialty malt 

significantly. In North America the typical large brewer uses 7 kg malt per hL, the craft industry averaged 

27. As a result the North American industry will be short 66,000 tonnes of pale malt in 2016. The craft 

industry has also help hasten the decline of six row varieties, preferring two row malting varieties due to 

100% malt and no adjunct beers. This has with the 10 -20%decline in barley acres in North America put 

pressure on the whole industry. A burgeoning craft malting industry has commenced to fill the gap, with 

many going back to traditional malting such as floor malting. The craft malting industry in North America 

is where the craft brewing industry was 20 years ago, just commencing to boom. A new malthouse opens 

every week, and the size varies from 500 to 5000 tonnes. Many are farmers looking to add value to their 



crops. The rise of craft malthouses and local barley production in areas not traditional malt barley growing 

areas and the North American market becomes even more muddled. The final hitch is the fight for acres as 

malt barley has fallen out of favour with growers because of increased risk, lower returns and increased 

competition from other cereal crops. The situation is similar in Europe with the fight for acres, climate 

change driving down protein levels, and the growth of winter barley.  

 

Challenges 

Challenge1: The fight for acres. With the rise of GMO corn and canola, the return to the farmer is larger 

and there is less risk. The rise of biofuel also works against barley. Malting barley is now in most markets 

a specialty crop. The brewers, not just the maltsters will have to engage with the farmers to ensure a 

steady supply of the soul of beer. The rise of winter barley? 

Challenge 2: GMO. Barley breeding as currently done lags far behind; as a result we have seen magnitude 

changes in corn and canola (with wheat on the horizon). Malt barley breeders are ready to embrace it, but 

what of the beer consumer? 

Challenge 3: Local production. Old varieties are new again and with them they bring less hardy varieties 

in terms of yield and disease which could result in epidemics to regular malt barley. Will craft local 

production force the big malthouses and breweries into the same situation to appease the customer? 

Challenge 4: Globalization and the rapid spread of diseases not seen in usual malt barley growing areas. 

How do we protect our varieties? GMO? 

Challenge 5: Craft Brewing demand as volume increases. Demand for acres, demand for malting capacity. 

Challenge 6: Climate Change. Variations in temperature and weather patterns. In Canada we are seeing 

similar total rainfall in barley growing areas, however instead of being spread over the growing season 

fairly evenly, you may see all of the rainfall in 2 – 3 days. Temperature increases are also seeing changes 

in crops that previously could not grow in barley areas, pushing the barley out. 

Challenge 7: Analysis, as we get more and more sophisticated we tend to paralysis through over-analysis. 

Just what is important to the maltster and the brewer and what is just noise? 
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Abstract 

The Malting and Brewing Industry Technical Committee works closely with Pilot Brewing Australia to 

provide technical support to Barley Australia, the country’s peak body for barley.  The MBIBTC 

undertakes two primary functions; firstly the assessment of breeding lines and new barley varieties that 

have been pilot brewed by PBA, and secondly the review and recommendations regarding the approval of 

new agrichemicals for use on malting barley, with particular attention to grain storage chemicals.  Both 

PBA and the MBIBTC strive to maintain relevance with regard to Australia’s barley varieties.  PBA 

benchmarks international varieties to assess if Australian barley is competitive against leading 

international varieties.  The MBIBTC keeps pace with malt quality requirements of the malting and 

brewing industry and guiding barley breeders accordingly, has an appreciation for all the markets for 

Australian malting barley, including export barley and domestic malting requirement, and communicates 

with the broader industry via barley advisory council meetings. 

The MBIBTC and Pilot Brewing Australia work together as technical committees for Barley Australia to 

assess the quality of potential malting barley varieties. 

 

Pilot Brewing Australia 

Pilot Brewing Australia is the body responsible for the pilot brewing of commercially malted barley lines 

submitted for malting evaluation. PBA is an industry co-funded project with support from the GRDC, as 

well as the maltsters and barley marketers of Australia with in kind support from the Australian brewers.  

Although the evaluation quantity brewed is small, the malt has importantly come from a commercial batch 

in order to replicate commercial conditions as best as possible. The pilot brewery plant, located in 

Abbotsford, Melbourne has the ability to mimic many different styles of brewing and hence the plant can 

replicate brewing conditions for both sugar and starch adjunct brewing appropriate for many of Australia's 

target malt and barley markets. 

 

The Malting and Brewing Industry Barley Technical Committee 

The MBIBTC is comprised of technical malting and brewing experts from Australia's major malting and 

brewing companies. Among the MBIBTC's roles within the Australian barley industry is the technical 

evaluation of new malting barley varieties to examine their suitability for malting and brewing – for both 

the domestic and export marketplace.  Member companies of the MBIBTC are Barrett Burston Malting, 

Cargill Malt, Carlton & United Breweries, Coopers Brewery, Lion and Malteurop Australia. 

For each new variety of malting barley bred in, or introduced to, Australia, there are a rigorous series of 

evaluations and hurdles the variety must pass in order to gain accreditation as a malting barley variety.  

After the breeding or promoting organisations screen the variety with agronomic and quality (micro-

malting) testing, the variety is submitted to Barley Australia. MBIBTC member companies then 

commercially malt the barley and evaluate the processed malt, using analysis methodology from EBC. 

The results of the commercial malt are reviewed by the entire committee in the context of other micro 

evaluation previously carried out. When the committee is satisfied with the malting performance and malt 

quality under commercial conditions the barley variety is passed on to Pilot Brewing Australia for brewing 

evaluation. 

The results of the brewing trials are returned to the MBIBTC for review.  A recommendation for 

progression to Stage 2 or Malting accreditation is then declared or declined. This recommendation is 

forwarded to Barley Australia where, if accepted, the variety either moves into Stage 2 trials or having 

completed the evaluation process, it becomes nationally accredited as a malting barley variety (see Barley 

Accreditation Process below).  This evaluation process enables new barley varieties to arrive in the 



commercial marketplace with known performance data behind them, making for an easier transition for 

maltsters and brewers. 

 

 
 

Past, Present and Future 

 

Past 
The MBIBTC was established in 1984 to provide a structured approach for the testing and accreditation of 

malting barley varieties.  The early workings of the committee are consistent with the MBIBTC of today.  

The document “Barley Quality Definitions for the Guidance of Barley Breeders” was issued by the 

MBIBTC 24
th
 April, 1985 and highlights the same topics that are of interest today. 

Barley quality requirements for all barley users were stated as low content of screenings, low husk 

content, low gum (beta-glucan and arabinoxylan) content, sound condition, uniform grain size, nitrogen 

content around 10% protein, large grain size and white aleurone.  All of which remains important to 

malting and brewing today. 

 

  



Malt quality targets were not far behind what they are today.  A comparison of targets from 1985, 2015 

and potential future trends follows. 

 

Malt Parameter 1985 2015 - Sugar 2015 - Starch Future?? 

     

Extract (%) 80.0 min 81.0 min 81.0 min Higher 

Kolbach Index (%) 40 min 37 – 46 37 – 46  

Diastatic Power 

(WK) 

210 min 175 – 300 300 min Lower end sugar/ 

Higher starch 

Beta-Glucanase 

(IRVU) 

600 min    

Alpha-Amylase (DU) 35 min    

Moisture   5.0 max 5.0 max  

Colour  3.0 – 4.5 3.0 – 4.5  

Total Protein   9.0 – 11.8 9.0 – 11.8  

Wort Viscosity  1.56 max 1.56 max Lower 

AAL   81 max 81 min  

Wort Odour  normal normal  

Wort Clarity  Clear Clear  

FAN  150 min 150 min Higher 

Friability  80 min 80 min  

Wort Beta-Glucan   150 max 150 max Lower 

DMS Precursor  5.0 max 5.0 max Lower 

LOX    ?? 

 

During the last two decades of the twentieth century the quality of Australian barley fell behind that of our 

main competition, viz Europe and in particular Canada.  This was most apparent towards the end of this 

period in which the Australian barley export industry and local malting industry suffered as a result of the 

comparatively poor quality of Schooner and Stirling.  Schooner had moderate levels of hot water extract 

and low levels of diastatic power.  An added problem was that the beta-amylase component of Schooner’s 

DP had very low thermostability.  This type of quality profile was poorly suited to the Chinese beer 

market which required higher levels diastatic power.  Similarly south east and north Asian brewers also 

required higher levels of DP due to the widespread use of adjuncts such as rice.  Stirling had a similar 

quality profile with the added disadvantage that it was prone to high beta-glucan levels at low to moderate 

levels of modification. 

The Australian barley industry thus needed to drastically improve its commitment to genetic improvement 

in order to respond to the falling demand for Australian barley and malt.  This came in the form of the 

establishment of the Malting Barley Quality Improvement Program (MBQIP) which was an 

unincorporated joint venture of some 18 participants from South Australia and Victoria.  Western 

Australia also invested heavily in malting barley quality at this time.  The investment in breeding was 

successful with varieties such as Commander and Buloke coming from the MBQIP era and Gairdner and 

Baudin from Western Australia during that time.  The improvement in the quality of Australian barley 

varieties ensured Australia was once again competitive in international barley and malt markets. 

 

Present 
In the recent past there has been a move by GRDC to privatise barley breeding that has seen the closure of 

the NSW, Victorian and Queensland based programs.  Subsequently a number of private breeding 

companies established themselves in Australia, in most cases importing germplasm from Europe with an 

aim to directly market these varieties in high rainfall regions.  This, in combination with a deregulated 

barley market, has resulted in a race to secure seed sales and variety adoption by the various breeding 



programs.  During this time the Chinese FAQ barley market grew considerably, primarily due to the food 

barley variety Hindmarsh. 

 

The strong sales of Hindmarsh have created a false impression in the minds of some that yield is all that 

matters, with the implication that barley breeders should no longer focus on malting or brewing quality.  

On the contrary, Hindmarsh is popular in China as it actually has some attractive quality and commercial 

attributes.  It has high levels of hot water extract and diastatic power, making it ideally suited to China’s 

beer market.  Its major downfall is that it has a tendency to produce malt with higher than desirable levels 

of beta-glucan.  In China, this can be managed with increased water use in malting since utility costs are 

significantly lower.  Nevertheless a lower quality barley, even at a reduced cost, is unlikely to be as 

attractive to China. 

There is no doubt that high yielding malting barley varieties are desirable, but not at the expense of 

quality.  History has told us that this is a very naive and short-sighted view.  If quality is ignored by 

promoters and we see a decline in the processability (in either malting or brewing) of malt made from 

Australian barley varieties, then both the Australian barley export and malt export markets will suffer.  

Even the ‘FAQ’ is likely to suffer.  The take home message is that quality needs to remain a firm focus for 

Australian barley breeders.  And furthermore, the MBIBTC and PBA have an important role to play in this 

process, as can the GRDC by focusing on malt quality research. 

 

Recent changes to the MBIBTC guidelines reflect market requirements. 

In order to keep Australian barley varieties competitive with our international competitors it is necessary 

to continually review quality targets and make changes when appropriate.  Changes over the last few years 

are outlined below. 

For the 2013 evaluation year; 

 DP changed from 300 WK max to 175 WK – 300 WK (for sugar) 

 Viscosity changed from 1.60 mPa s to 1.58 mPa s 

 DMS-p added to the specifications (max 5 mg/kg) 

 

For the 2014 evaluation year; 

 AAL changed from 82% to 81% (both styles) 

 

For the 2015 evaluation year; 

 Increase in the extract target from 80.0% to 81.0% 

 Decrease in the beta-glucan target from 180 mg/L to 150 mg/L 

 Decrease in viscosity from 1.58 mPa s to 1.56 mPa s 

 

Review of International Varieties 

Each year, PBA aims to conduct a pilot brew of an international barley variety in an effort to compare 

Australian varieties with our ‘competition’.  This is a means of ensuring relativity between Australian and 

international varieties.  It is however just a snapshot and the international malt sample comes from 

commercial material.  Efforts are made to make sure the malt quality is similar to that of the MBIBTC 

specification. 

  

Future 
Fortunately in Australia we are blessed with several talented and highly intelligent barley breeders who 

understand the importance of barley quality and the dangers of slipping back into the malt quality vacuum 

that threatened the profitability of the Australian barley and malt export industries. 

With this in mind, the focus for the future needs to be on yield and quality.  In general the quality push is 

to increase malt extract and decrease beta-glucan, but more specifically certain traits could be targeted; 

 



Thin husk – The reduction in husk in an effort to boost malt extract, provided that the husk is 

well adhered and does not come off during harvest which may result in embryo damage. 

 

Lower rainfall requirement – The adaption of current premium varieties that typically require 

higher rainfall environments, have high levels of malt extract and DP with low levels of malt beta-

glucan, to lower rainfall environments.   

 

Non-additive – Some brewers have a preference, or even requirement in some cases, for their 

malt to be made without the use of exogenous gibberellic acid.  In order to achieve this, new 

varieties will need to have higher levels of germination vigour. 

 

Summary 

PBA and the MBIBTC work together as Barley Australia’s technical sub-committees with the purpose of 

testing the potential of barley breeding lines to become malting barley varieties.  In this capacity the 

committees work with the various breeding programs as well as other parts of the barley supply chains via 

the presentation of results to the regional barley meetings.  PBA and MBIBTC strive to provide technical 

assistance to Barley Australia to ensure Australia’s barley industry remains successful. 

 

References 

 

Barley Australia website, www.barleyaustralia.com.au 

 

  



Business Meets Vigilant Barley and Yeast Research 

 

Birgitte Skadhauge, Vice President, Adj. Prof. 

Carlsberg Group Research, Carlsberg Group, Group Commercial, Gamle Carlsberg Vej 10, DK-1799, 

Copenhagen V, Denmark 

 

Raw material refinement 
While malting barley remains one of the best-studied cereals in molecular and cell biology, exactly how 

its genes translate to varied beer properties remains poorly understood. Simply crossing two malting 

barleys together rarely results in a raw material of higher interest for brewers. In contrast, the genetic tools 

already exist to develop tailored transgenic barley  by splicing genes from one to another  but there is 

no market for them because of the longstanding stigma associated with genetically altered products. 

Despite obvious downsides of conventional barley breeding, the instant contribution details how smart 

screening and breeding approaches enabled the development of three barley lines, each with a loss of 

function  i.e. a null mutation  in a gene of malting and brewing interest (cf. Figure 1). Concrete 

deliveries are evidence that the broad vision of combining varied input from researchers, breeders, 

malsters and brewers allowed translational advancement of specialized malting barley cultivars useful to 

solve complex problems in beer production. The plants and derived products enjoy a high level of 

recognition, acclaimed by both consumers and the world of brewers. 

One step further, a particular challenge in today's traditional breeding of malting barley relates to the 

development of climate-tolerant plants that survive an increased frequency of heat waves and dry periods 

 imminent threats for sustainable agriculture in many parts of the world. Through application of smart 

screens  e.g. similar to the approach detailed herein and further refined by targeted exploitation of the 

recently published barley genome sequence   it should be possible to select lines mutated in genes aimed 

at counteracting (a) biotic factors that limit the barley plant's output. Such superior barley varieties could 

be available to farmers within a few years. 

 

  

Figure 1.  Traditional barley breeding. M0 grains are incubated in a solution of sodium azide to induce 

mutations. Grains of generation M3 or M4 are screened for the trait of interest. With focus not only on 

value-added traits related to brewing, but also on agronomic benefits like yield and stress, traditional 

breeding will help get more out of every hectare of barley crop, thus offering one solution to meet a 

growing global grain demand.  



Lipoxygenase (LOX)-1
b 

Tackling one issue of beer flavour stability focused on a principal factor perceived as a stale, cardboard-

like off-flavour. The compound, trans-2-nonenal (T2N), develops when beer is stored for a prolonged time 

or at high temperatures. It is a C9 aldehyde formed by the sequential action of LOX pathway enzymes, 

with LOX-1 function accounting for an early step to dioxygenate linoleic acid  a C18 double-unsaturated 

fatty acid abundant in barley germs and embryos  into mainly 9-hydroperoxy fatty acid (9-HPODE). 

Given LOX-1 action in the mature wild type kernel, also during malting and in the initial phases of the 

brewing process, a primary aim was to screen a mutant collection for individual grains in which the LOX-

1 pathway was markedly down-regulated.  

Single kernels of 14,554 individual spikes were homogenized and screened for LOX activity by 

quantifying the dioxygenation of linoleic acid. This employed a colorimetric assay in which normal and 

heat-stressed wild-type kernels served as controls in analyses for total and background activity, 

respectively; the primary screen yielded 90 leaky or null mutant candidate lines. Next-generation grains 

were generated and then re-analyzed for the trait in question, eventually yielding mutant lines D112 and 

A618 with genetic background of cv. Barke and cv. Neruda, respectively. Only properties of the former 

are described below. 

First, LOX activities in homozygous grains of line D112 and its off-spring plants were examined, with a 

HPLC-based method revealing notable differences between wild-type and mutant plants regarding the 

potential of converting linoleic acid into of 9- and 13-HPODEs. While wild-type embryos had the 

expected quantity ratio of 85:15 for 9-:13-HPODE, results of the mutant underlined the already 

presumed complete absence of LOX-1 activity by a ratio of 1:99. Next, a G3474A nucleotide change 

was found the LOX-1encoding gene of mutant line D112, thus confirming that the plant is a null mutant 

with respect to the mentioned gene. 

In plantpathogen systems, a massive build-up of hydroperoxy fatty acids through LOX action is linked to 

hypersensitive responses, sometimes combined with cell death. For that reason, the disease susceptibility 

of nullLOX-1 barley could be compromised. However, the disease resistance of the plant is like that of 

wild-type barley, most likely because the LOX pathways remain intact in leaves, but not grains, of null-

LOXplants. 

Small-scale malting and brewing tests of the raw mutant line D112 indicated that the lack of LOX-1 

would confer lower levels of T2N in samples of kernels and wort thereof. Subsequent industry-scale 

productions established a 50-60% reduction in levels of the aldehyde in malted preparations of nullLOX-

1 barley. And fortunately, freshly brewed beer of normal and nullLOX-1 raw materials shared the same 

fresh taste, in the latter combined with a longer-lasting beer foam. In addition, analyses of commercial 

beers incubated at 37C over 4 weeks emphasized the difference between the two product types. While 

that brewed on nullLOX-1 malt remained well below the taste threshold level of T2N, 0.05 ppb, 

reference beer increased notably above taste threshold in the time period after 2 weeks (from around 0.05 

to 0.08 ppb). Similarly, a large consumer test ranked 10-month-old nullLOX-1 beers significantly higher 

than references  indeed supporting the overall conceptual thinking to impair the catalytic action of LOX. 

Many nullLOX-1 barley lines are now accepted as cultivars  e.g. cvs. Cheers, Charles, Cheerio, Cha 

Cha, Chapeau, Chogun, Chameleon, Charmay, Chiraz and Chamonix. As these rank among competitors in 

harvest yield, ongoing efforts include development of cultivars for propagation in geographical areas of 

Eurasia to Australia. On top of that comes the work with farmers in Russian and Polish agro projects to 

assist in quality improvement, increased efficiency and productivity of barley propagation. 

 

Even less stale taste
b 

A combined knockout of kernel-specific LOX-1 and LOX-2 activities was considered a feasible way to 

refresh the null-LOX concept towards even further reduced levels of T2N. 

A revised screening procedure proved successful  now with 235,125 barley embryos germinated for 48 

h at 20C under humid conditions. The assay design was like that for mature embryos, eventually yielding 

line A689 with no LOX activity. In addition to the G3474A substitution in the gene for LOX-1, there 



was a G2689A change in that for LOX-2, overall supporting the presence of non-functional LOX-1 and 

-2 enzymes in line A689. 

Because of normal agronomic and disease-specific characteristics of doublenull-LOX plants, malting and 

brewing comparisons with nullLOX-1 grains were evidently designed to accentuate potential differences. 

All of the efforts fueled optimism, especially after having measured a further 50% reduction of T2N levels 

in samples of raw materials, wort and beer. For that reason, doublenull-LOX barley could potentially 

enter the marketplace. 

 

No sulphury dimethyl sulphide (DMS) off-flavour
b 

In an effort to combine the property of better beer taste with advantages in energy management during 

malting and brewing, a number of initiatives were directed at development of a raw materials lacking the 

potential of forming the undesirable volatile off-flavour DMS, which adds an unmistakable sulphury, 

cabbage-like note to beer. Because the sensory threshold of the sulphury compound is generally around 

30-40 ppb, with beers typically containing >100 ppb, some room was available for improvement. 

The task narrowed down to development of a raw material with impaired capacity to synthesize the DMS 

precursor, also named S-methyl-methionine (SMM). That molecule is normally generated when a 

functional biochemical SMM cycle transfers a methyl group from S-adenosylmethionine (SAM) to 

methionine (Met), in a reaction catalyzed by the enzyme Met-S-methyl-transferease (MMT). Accordingly, 

an ambitious screening effort was initiated to find grains with a non-functional MMT enzyme. 

Following development of a high-throughput biochemical assay to detect SMM, it was discovered that the 

compound accumulated in the coleoptile and primary leaf of germinating barley kernels. Based on that 

finding, extracts of germinating single grains served as the basic screening material. Only two potential 

candidate plants out of 14,106 germinating grains were found to lack the capacity to accumulate SMM, 

with additional analyses confirming both as true null mutants, each with a single-base mutation at 

different 5' splice sites of the gene encoding MMT (line 8063: G3076A; line 14018: G1462A). 

Much like the above details on attempts to develop nullLOX-1 and doublenull-LOX malting barleys, 

kernels of null-MMT line 8063, with a substitution at the first base of intron 5 of the gene in question, 

were propagated at full speed – along with analyses on its agronomic properties and potential for 

industrial advances. 

As the project gained momentum with studies of line 8063, it was found that knockdown of the MMT 

enzyme had no obvious effect on the growth and appearance of the plants. And further, samples of green 

and kiln-dried malt, sweet and boiled wort as well as beer had no, or extremely little, bound and free 

forms of DMS. For these reasons alone, null-MMT raw materials allow for unique kiln drying and wort 

boiling schemes with reduced heat input. 

 

Partners in development and implementation 
Carlsberg's breeding set-up has benefited from a unique and balanced translation of discoveries in the lab 

to traits of interest in practical breeding and brewing. Which helps explain a constant and dedicated 

involvement of procurement, malsters, brewers and researchers as partners in efforts to tackle scale-up 

issues of the new raw materials. Also vital for success was the continuous contact between Carlsberg and 

external partners, first and foremost cereal breeders and grain companies. 

 

Yeast breeding 
The flavour spectrum of a certain beer depends on many factors, including contributions from the raw 

material, the hops used for making a bitter-tasting product and the yeast used to ferment the beverage. The 

instant presentation will exemplify how the overall way of generating yeast mutants, the breeding and the 

analytics resemble initiatives in the development of new barley lines. Coordinated efforts among barley 

and yeast breeders could provide noticeable improvement in the development of new beer types at an 

increased level of quality of benefit to the consumer. 

 

 



Notes 

 

a Highlighted in this contribution are three barley lines that were developed as part of a joint research 

collaboration between the breweries Carlsberg and Heineken, 2001-2008. The contributions from 

inventors are acknowledged, and the two brewery staffs thanked for support, assistance, advice, 

comments and discussions. 

 

b Please consult the enabling text of U.S. Patent No. 7,420,105 (nullLOX-1), U.S. Patent Application 

No. US 2011/0318469 A1 (doublenull-LOX) and U.S. Patent Application No. US 2011/0293779 A1 

(null-MMT) for further reading on trait identification, experimental details and scientific references to 

data of the instant contribution. 
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ABSTRACT 

Heading time is a complex trait, and natural variation in photoperiod responses is a major factor 

controlling time to heading, adaptation and grain yield. In barley, previous heading time studies have been 

mainly conducted under field conditions to measure total days to heading. We followed a novel approach 

and studied the natural variation of time to heading in a world-wide spring barley collection (218 

accessions), comprising 95 photoperiod-sensitive (Ppd-H1) and 123 accessions with reduced 

photoperiodic sensitivity (ppd-H1) through dissecting pre-anthesis development into four major stages and 

sub-phases. The study was conducted under greenhouse (GH) long-day (LD) conditions (16/8 h; ~20/ ~16 
o
C day/night). Genotyping was performed using a genome-wide high density 9K single nucleotide 

polymorphisms (SNPs) chip which assayed 7842 SNPs. We used the barley physical map to identify 

candidate genes underlying genome-wide association scans (GWAS). GWAS for pre-anthesis stages/sub-

phases in each photoperiodic group provided great power for partitioning genetic effects on floral 

initiation and heading time. In addition to major genes known to regulate heading time under field 

conditions, several novel QTL with medium to high effects, including new QTL having major effects on 

developmental stages/sub-phases were found to be associated in this study. For example, highly associated 

SNPs tagged the physical regions around HvCO1 (barley CONSTANS1) and BFL (BARLEY 

FLORICAULA/LEAFY) genes. Based upon our GWAS analysis, we propose a new genetic network model 

for each photoperiodic group, which includes several newly identified genes, such as several HvCO-like 

genes, belonging to different heading time pathways in barley. 

 

 

INTRODUCTION 

The aim of this study was to detect quantitative trait loci (QTL) underlying natural variation of pre-

anthesis stages/sub-phases based upon differences in photoperiod response (Ppd-H1/ppd-H1) through 

dissecting time to heading into sub-phases in a world-wide spring barley collection. To achieve this 

objective, we phenotyped more than 3,000 plants at four developmental stages at awn primordium (AP), 

tipping (TIP), heading (HD) and anther extrusion (AE) under controlled GH conditions, derived from 95 

photoperiod responsive (Ppd-H1) and 123 accessions with reduced photoperiodic sensitivity (i.e. ppd-H1), 

respectively. Distinction of these two photoperiodic groups in our GWAS analysis allowed us to control 

for population structure, while using a 9K SNP chip provided us with an unprecedented genetic resolution 

for studying the natural variation of time to heading. In combination with accurate phenotyping of pre-

anthesis stages into sub-phases (i.e. sowing to AP, includes vegetative and early reproductive phases; AP-

TIP; TIP-HD and HD-AE within each photoperiodic group), natural genetic variation of the time to 

heading could be genetically dissected resulting in the identification of novel QTL that were anchored to 

the barley physical map (e.g. several associations around HvCO-like genes). Clearly, novel rich genomic 

regions with highly associated SNPs were detected, which have not been detected before. This paper 

proposes a new heading-time model for barley with specific reference to allelic combinations to 

photoperiod-response groups (Alqudah et al. 2014). 

 



MATERIAL & METHODS 

A collection of 218 spring barley world-wide accessions was used in this study. This collection includes 

125 two- and 93 six-rowed accessions; i.e. 149 cultivars, 57 landraces and 18 breeding lines. The origins 

of these accessions were from Europe (EU, 108), West Asia and North Africa (WANA, 45), East Asia 

(EA, 36) and Americas (AM, 29). This collection has been described by Haseneyer et al. (2010) and more 

information is available under the following link: http://barley.ipk-gatersleben.de/ebdb.php3. In this 

study the collection was divided into two groups: Ppd-H1and ppd-H1accessions. These groups consist of 

two- and six-rowed cultivars, landraces and lines from different origins; more information about row-

types and origins is provided in Alqudah et al. (2014). 

The collection was genotyped using the 9K iSelect SNP chip from Illumina, which was developed from 

RNA-seq data of 10 diverse barley cultivars (Comadran et al. 2012). Finally for our GWAS analyses, we 

focused on SNPs which had genetic and physical positions on the barley genome after quality control 

checking, filtering and evaluating 9K SNP (Comadran et al. 2012; Pasam et al. 2012; Mascher et al. 

2013). In each group, only the SNPs with minor allele frequency (MAF ≥ 5%) were used for association 

analyses (4228 and 4050 SNPs for Ppd-H1and ppd-H1group, respectively). We used genetic marker 

positions anchored by physical map positions for SNPs markers based on Barke x Morex RILs POPSEQ 

population (Mascher et al. 2013). Further information related to phenotyping, population structure and 

GWAS analysis can be accessed in Alqudah et al. (2014). 

 

RESULTS 

It is difficult to understand the full complexity of the time to heading in cereals by only studying the 

period from sowing until heading/flowering. Our analyses aimed at examining associations for particular 

pre-anthesis stages or sub-phases, to maximize the likelihood of finding new associations. Hence, we 

developmentally dissected the pre-anthesis time of barley into four stages (AP, TIP, HD and AE) and four 

sub-phases (sowing-AP, AP-TIP, TIP-HD and HD-AE; Figure 1). The first investigated pre-anthesis stage 

was AP. Plants at this stage had already passed the vegetative-to-reproductive transition and finished early 

spike differentiation. The time from sowing to AP represents approximately 40% of the entire time to AE 

in barley and took on average 650 growing degree-days (GDD, Figure 1). Late reproductive development 

in barley can be further sub-divided into three sub-phases, of which AP-TIP is the longest phase with on 

average 550 GDD (Figure 1). 

Durations between sub-phases can explain the significant variation between the two photoperiodic groups. 

The duration between AP-TIP was the longest late-reproductive sub-phase in both groups resulting in 690 

GDD for the ppd-H1-carrying accessions but only 400 GDD for the Ppd-H1 group.  The duration between 

TIP-HD and HD-AE was not significantly different between both groups. Generally, the AP-TIP sub-

phase is the most important developmental period related to the observed genetic variation for the time to 

heading between these groups. 

Notably, the broad-sense heritability values for pre-anthesis developmental stages and sub-phases in each 

photoperiodic group (Ppd-H1and ppd-H1) were above 0.88, indicating that traits related to pre-anthesis 

phase duration are highly heritable. Due to the very high heritability associated with pre-anthesis stages 

we are able to detect particular QTL for each stage and sub-phase within each photoperiodic group. 

 

Identification of marker-trait association within the photoperiod-sensitive (Ppd-H1) group 

All 95 accessions in this group possess functional Ppd-H1 alleles and so display a strong response to long 

day (LD) condition. GWAS analysis in this group detected in total thirty significantly associated 

chromosomal regions, of which twelve are group-specific and only occur here, indicating that Ppd-H1-

carrying accessions exhibit a complex genetic architecture for pre-anthesis development (Alqudah et al. 

2014). Another specific feature of this group is the high number of significant associations for the time to 

AP (>FDR for AP, i.e. ten regions on four chromosomes; see in Alqudah et al. 2014 Figure 6), suggesting 

that there is ample natural genetic variation in the duration for this first sub-phase among accessions. 

Many of these chromosome regions very precisely co-localized with known heading time genes (e.g. 7HS 

http://barley.ipk-gatersleben.de/ebdb.php3


31.8-34-3, FLOWERING LOCUS T 1 (HvFT1) having the most significant effect until AP; or 2HS (26.8-

31.0 cM, Ppd-H1) and novel candidate gene regions  

 
Figure 1. General figure of barley pre-anthesis phases. The figure includes the beginning developmental 

point from sowing to each stage (e.g. time to tipping is 1200 GDD; i.e. from sowing time to tipping stage) 

and the differences between stages (phase; e.g. tipping to heading phase (150 GDD); i.e. GDD for heading 

stage (1350 GDD) minus tipping stage (1200 GDD)). GDD is the average GDD in the whole collection 

(i.e. including both photoperiod groups). This figure also describes the developmental stages and sub-

phases which form the late reproductive phase as described in Alqudah and Schnurbusch (2014). 

 

 

(i.e. 1HS 41.1-48.2 cM, incl. HcCMF10; 2HS 38.2-41.9 cM, HvCO18; 5HS 43.7-51.6 cM, HvCO3, 

HvTFL1 (barley TERMINAL FLOWER 1), HvCMF13; 7HS 11.8-13.9). Many CO-like genes are among 

the chromosome regions controlling early development until AP, suggesting that these family members 

promote the vegetative-to-reproductive phase transition and early spike development. All of these CO-like 

genes also showed highly significant associations with later developmental stages and sub-phases (i.e. 

TIP, HD, AP-TIP etc.) except for the two chromosome regions on 4H (51.1-54.6 cM, HvCO16, HvPRR59 

(PSEUDO RESPONSE REGULATOR 59), HvPhyB (PHYTOCHROME B), HvPRR73) and 6HL (67.9-

69.3 cM, HvCO14, HvCO2, HvCO11), which were only detectable during later developmental stages/sub-

phases in this group. Other interesting associations were found in the centromeric region of 2H (HvFT4, 

HvCEN (CENTRORADIALIS), HvCO4, HD6, HEADING DATE6-2H), for the barley ortholog of RICE 

FLORICAULA/LEAFY (BFL) on 2HL (107.3 cM, BFL) and on chromosome 5HL (Vrn-H1 

(VERNALISATION RESPONSE 1), HvPhyC) all affecting early (AP and TIP) and later development in 

this group. For one region on 7HS (20.8-24.2 cM) showing significant associations with time to AP and 

TIP, we failed to locate known flowering time genes. 

 



Identification of marker-trait association within the ppd-H1-carrying group 

All 123 accessions in this group carry the ppd-H1 allele with reduced photoperiodic sensitivity and thus 

reach most stages/sub-phases significantly later under LD. GWAS analysis in this group identified in total 

at least twenty significantly associated chromosomal regions of which only seven were group-specific, 

indicating that ppd-H1-accessions display a much less complex genetic architecture for pre-anthesis 

development (see in Alqudah et al. 2014 Figure 7). Among those regions, most highly associated SNPs 

around HvCO1 (7HS, 67.6-73.4 cM) resulted in the major phenotypic effect in this group. However, 

HvCO1 resides in a chromosomal region, which physically contains three other CO-like family members 

(HvCO12, HvCO13/HvM and HvCO15) and the circadian clock-related genes, HvLHY1/HvCCA1 (LATE 

ELONGATED HYPOCOTYL 1/ CIRCADIAN CLOCK ASSOCIATED 1). Nevertheless, specific 

associations could be found for several physically anchored and co-located SNPs for each of the genes 

therefore making it possible to attribute phenotypic effects to individual genes. Hence, the most significant 

effects were found for SNPs co-locating with HvCO1 for the time between AP-TIP***, time to TIP***, 

HD*** and AE* thereby shortening duration, i.e. promoting heading, by -126, -148, -172 and -153 GDD, 

respectively. 

 

DISCUSSION 

The new approach of combining phenotypic dissection of pre-anthesis development with a high-density 

marker scan provided an unprecedented opportunity to better understand the genetic basis of time to 

heading in barley, representing cereals crop species of worldwide importance. Splitting the mapping 

population based on photoperiod response (Ppd-H1 and ppd-H1) for GWAS analysis revealed a 

comprehensive network of QTL that can be directly used to refine heading time pathways (Alqudah et al. 

2014). Following this approach we were able to detect novel stage- and sub-phase-specific associations, 

which otherwise would not have been found by simply scoring heading time (Alqudah et al. 2014). Based 

upon the detected candidate regions in combination with previous knowledge on these genes we 

developed genetic network models for the two photoperiodic groups (see in Alqudah et al. 2014 Figure 9), 

including genes which play a role in both groups (center panel of Figure 9). 

Functional validation of candidate associations found in this work will help to complete our knowledge 

about developmental stages/sub-phase and/or heading time genetic networks in the future. Studying pre-

anthesis development under GH and/or field conditions will greatly aid in the detection of causal variants 

in small grain cereals. 
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Abstract 

Starch is known to be the principal reserve carbohydrate found in barley grain and has been extensively 

studied as the main driver in malt quality.  However, other non-structural carbohydrates (e.g. sucrose, 

fructose and other minor oligosaccharides) can represent between 1 to 4% of the total dry weight (dw) of 

the grain and together with lipids can modulate and change several grain and malt characteristics and 

properties.  A biochemistry based approach led by the University of Adelaide is shining new light on the 

role of traditional parameters such as amylose and amylopectin, as well as developing new knowledge and 

tools in order to improve the quality of Australian malt.  Several methods and tools targeting starch 

gelatinization, starch pasting properties, water uptake by the endosperm, interactions between several 

chemical constituents of the grain and malt (amylose and lipids, fructans, esters) will be discussed. 

 

Introduction 

Malt quality is an economically important character of barley and research in barley breeding, 

biochemistry and genetics and has led to improvements in the understanding of some of the characteristics 

that determine the properties of the barley grain and corresponding malt (Cozzolino et al., 2014).  Grain 

biochemical components other than starch such as proteins, non-structural, structural polysaccharides and 

lipids, influence or modulate the quality of the grain and consequently its malting properties (Briggs et al., 

2004).  Edney and collaborators stated (2014) that malt quality evaluation is approaching a new age 

beyond the basic quality analyses currently in use.  New technologies or methods that measure new 

aspects of malt quality not considered or understood in the past will allow a better understanding of the 

main drivers of composition, to better facilitate product development and to improve efficiencies in the 

brewing process as well as to develop or improve barley varieties (Edney et al., 2014).  Malt extract is a 

measure of the total water soluble materials derived from the barley malt available for brewing.  However, 

the potential of obtaining an increase in malt extract appears to be limited not only to the starch content 

but also to the presence of other grain compositional parameters such as sugars and oligosaccharides 

(Briggs et al., 2004).  Starch is known to be the main reserve carbohydrate in barley; however, other non-

structural carbohydrates are present in the grain matrix where monosaccharides such as sucrose, fructose 

and other minor oligosaccharides represent between 1 to 4% of the total dry weight (dw) of the grain 

(Briggs et al., 2004).  In recent years, reports on the formation of complexes between amylose and lipids 

highlighted the importance of different grain components and their relationships in modulating different 

biochemical, chemical and physical properties in different cereal grains, including barley.  Other studies 

have also suggested that the amylose-lipid complex can be associated not only with the direct effect of the 

lipids in the amylose complex, but also with their interrelations with other molecules such as sucrose 

esters or lipopolysaccharides that can also penetrate or interlink with the amylose-amylopectin structure 

(Cozzolino et al., 2014).  Complexes between amylose and lipids, such as fatty acids, lyso-phospholipids 

and mono-acylglycerides, have been reported to significantly modify the properties and functionality of 

the starch.  In particular, the presence of lipids during hydrothermal treatments can decrease the swelling 

capacity of the starch granules, and complex formation has been shown in many studies to increase 

gelatinisation temperature, reduce gel rigidity, retard retrogradation and reduce the susceptibility to 

enzymatic hydrolysis.  Sugar fatty esters are considered important biomolecules as they can carry not only 

sugars but also long chain fatty acids into the plant cell.  As sucrose contains eight hydroxyl groups, 

compounds ranging from sucrose mono- up to octa-fatty acid esters can be produced.  These compounds 

can be found to have various degrees of esterification resulting in a similar wide range of properties and 
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including compounds such as glycolipids, glycerolipids, sterols, ceramides, and sphingolipids (Cozzolino 

et al., 2014).   

As in many other cereals, sugars, starch and cell wall polysaccharides are the main carbohydrates present 

in barley (Henry, 1988).  These compounds representing between 60 to 90% of the dry grain weight and 

have an important influence on grain quality (Henry, 1988).  Fructans are fructose polymers derived from 

sucrose and like starch they are naturally present in many plants as reserve carbohydrates (Schaafsma, & 

Slavin, 2014).  Fructans are based on sucrose, consisting of a single glucose residue linked to varying 

numbers of fructose residues where the polysaccharide chains may be linear with β-(2, l) linkages between 

fructose residues (inulin-type), or -(2, 6) linkages (levan-type) (Schaafsma, & Slavin, 2014).  Grains of 

both wheat and barley contain a range of fructo-oligosacharides compounds including fructans 

(Schaafsma, & Slavin, 2014; Nemeth et al., 2014).  In barley, non-starch polysaccharides such as fructans 

might be important in determining and improving malting and brewing qualities, however, it has been also 

reported that insufficient degradation of non-starch polysaccharides during malting might have an adverse 

effect on the subsequent mashing process (Krahl et al., 2009).  Recently, the relationship between fructans 

content and DP in different barley varieties has been also reported (Nemeth et al., 2014).  Although 

fructans have been studied in the leaf and stems of barley (Verspreet et al., 2013; Van Arkel et al., 2013), 

no reports have been found on the influence or relationships between these types of carbohydrates and 

malting quality parameters. 

 

Results and discussion 

Table 1 shows the correlaation between malt parameters and fructans in the malt samples analysed.  The 

relationships between fructan content and malt quality parameters investigated using Pearson correlation 

indicated a positive and statistically significant (p < 0.05) correlation between fructan content and HWE 

(r= 0.75), a negative and statistically significant correlation (p < 0.05) with viscosity (r= -0.45) was found, 

whilst no correlation was found with AAL.  Linear regressions between fructan content and HWE in either 

grain or malt also indicated an intermediate and positive correlation between grain (R
2
 = 0.64) and malt 

(R
2
= 0.53).  No correlation was found between fructan content in either grain or malt with AAL.  Krahl 

and co-workers (2009) suggested that fructans are present to the same extent in malt as in un-malted 

cereals and they are fermented by the yeast.  It is well known that viscosity measures the gumminess of 

wort relative to water and is determined by measuring the amount of -glucan (or cell wall material) in the 

wort (European Brewery Convention, 1998).  Krahl and co-workers (2009) also reported that differences 

in viscosity might be explained by the fact that fructans in contrast to -glucans and arabinoxylans are not 

a part of the cereal cell walls but they are reserve carbohydrates. Recent studies reported that an 

interesting feature of the composition of malt extracts is the very small variation in the total carbohydrate 

concentration, particularly for the hexose sugars where the large variation in -glucan and starch content 

is offset by differences in the concentration of simple sugars.  These sugars are principally fructose, 

sucrose and glucose, and it has been suggested that the concentrations are highest in extracts from the 

better malting varieties (Cozzolino et al., 2014).  Although the concentration of free fructose in barley is 

low, the hydrolysis of fructans might yield quantities of fructose which, together with endogenous 

glucose, would give concentrations of fructose and glucose as reported by other authors (Cozzolino et al., 

2014).  These results provide evidence for enhanced concentrations of fructans in better malting varieties 

as reported by other authors (Cozzolino et al., 2014).   

 

Conclusions 

The results from this study showed that different barley varieties have different fructan content (grain and 

malt), determining different malt characteristics.  A positive correlation between fructan content and HWE 

was observed, whilst no relationship between fructan content and AAL was found.  Further work is 

required in order to better understand the biochemical and physiological factors that control fructans and 

sucrose esters or esters in different barley varieties.   
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Table 1. Pearson correlation between malt quality parameters and fructans in malt. 

 Fructans Hot water extract AAL Viscosity 

Fructans 1 0.75 0.15 -0.40 

Hot water extract  1 0.25 -0.35 

AAL   1 -0.80 

Viscosity    1 
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China Resources Snow Breweries (CRSB), is involved in the importation of barley and other raw 

materials. We have daily activities that involve specialized market analysis, market prospects and risk 

controls. This paper gives an overview of China’s beer industry, what we need from Australia, the 

challenges ahead, qualities, varieties, beer needs, price sensitivities, and CRSB’s development journey 

with Australia’s barley industry that we look forward to working towards - together. 

 

  



2025 and beyond – what are the challenges? 

 

Gunther Stiewe 

 

Head of Barley Breeding, Syngenta Seeds GmbH 

 

Barley is one of the most important cereal crops globally. Due to the genome structure as a diploid crop 

barley has been used as model crop in many areas. Also the use of the commidity offers different 

opportunities from silage for Biogas production through seeds for animal feed and malting barley for 

brewing and distilling purposes. Human consumption requires small amount of barley crop as well. The 

challenge of inbred crops in modern agriculture is the yield performance of hybrids in competing crops. 

Hybrids show increased performance over inbred lines and heterosis potential. Critical factors for such 

success have been genome structure, flower biology, availability of a suitable pollination control and the 

economics of seed production. The main constraint for developing barley hybrids on a commercial scale 

turned out to be the reliability of seed production. In winter barley we could identify genotypes with the 

required flower biology to allow efficient and reliable seed production. This was the starting point of the 

development of an interplanting system which made hybrid seed production commercially viable. After 

starting a first backcrossing program in the early 1990’s the breeders developed the parental material and 

in 2000 the first two hybrids were entered into UK national list trials. Today hybrids achieved a significant 

share in European winter barley certified seed markets. The potential for further commercial development 

is expected to be much higher than the current figures. Future challenges are to include new breeding 

technologies into the barley breeding schemes, to expand the hybrid distribution outside Europe and the 

traditional winter barley growing areas as well as combining heterosis yield potential with malting quality 

to deliver customer needs. 
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Abstract 

Shochu is a traditional Japanese spirit, produced mainly in the Kyushu region in the southwestern part of 

the Japanese archipelago. Shochu is variously made from barley, sweet potato, rice or buckwheat. In 

Japan, Shochu is commonly enjoyed while dining. Conventional drinking methods include on the rocks, 

with water, and with hot water. The market size of Shochu in Japan is about 4.5 billion A$. The 

consumption of Shochu is the third most consumed alcoholic beverage following beer and liqueur. 

Compared with whisky, barley Shochu production is characterized by the pearling of barley and the use of 

“Koji”. “Koji” is a mold adapted to grow on cereals. “Koji” has been used in the production of fermented 

foods (liquor, seasoning) in East Asia from ancient times. In liquor production, “Koji” is a source of 

saccharification enzymes, provides nutrition for yeast multiplication and grants flavor to an alcoholic 

product. Its role in liquor production is analogous to the role of malt in beer and whisky manufacture. 

Most of the barley used in the production of barley Shochu is imported from Australia. The quantity had 

reached 162 thousand metric tonnes in 2014. The selection of barley that is optimum for barley Shochu 

production is not straightforward. Malting barley does not always perform well in barley Shochu 

production. That is because barley Shochu production is characterized by the pearling of barley and the 

digesting by “Koji”. 

With this paper, we introduce the process of barley Shochu, how to enjoy it, the market, as well as 

showing the barley quality required for Shochu production. 

 

Key Word 

Barley Shochu, “Koji”, Pearling 

 

Introduction 

The basic method of Shochu manufacturing involves barley pearled approximately 70% from its whole 

grain as the raw material. The production process consists of four stages: material treatment, “Koji” stage, 

fermentation, and distillation (Fig. 1). 
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“Koji” is a mold adapted to grow on cereals and cereal by-products (rice bran). In liquor production, 

“Koji” is a source of saccharification enzymes, provides nutrition for yeast multiplication, and grants 

flavor to an alcoholic product. The use of “Koji” in alcohol manufacturing can be seen in a wide 

geographic area, from northeast China to Japan, Southeast Asia and Indonesia. 

One type of “Koji” is produced specifically for barley Shochu. The manufacture of barley “Koji” consists 

of the following steps: inoculate the steamed barley with white “Koji” fungus (Aspergillus luchuensis) and 

incubate it at a temperature of 30–40°C for 40–48 h. The mold covered barley produced by the process is 

known as “barley koji”. The production of “barley koji” is the most important step in barley Shochu 

manufacturing and has been the subject of a significant amount of research. 

 

How to enjoy Barley Shochu 

In Japan, barley Shochu is commonly enjoyed while dining – Izakaya (Japanese pub) style. Conventional 

drinking methods include on the rocks, with water, and with hot water. But you can indulge in the taste of 

barley Shochu with any kind of dish. At an Izakaya, various foods, ranging from Japanese to western are 

served, and barley Shochu is a perfect match to any food of your liking. If you want to relax with a drink 

before or after meal, barley Shochu can be enjoyed as a cocktail base like any other liquor. Whether 

mixing barley Shochu with fruit or any other cocktail ingredients, the possibilities are endless. Not only 

that, barley Shochu only contains 25% alcohol, which is lower than most common spirits. So, barley 

Shochu cocktails can be savored without being hard on the body. 

 

Shochu market in JAPAN 

One of Japan’s famous alcoholic drinks is SAKE, widely known around the world. Traditionally, SAKE is 

served at auspicious occasions like wedding ceremonies. However, its consumption in Japan has suffered 

a dramatic decline since peaking in the 1970s. SAKE consumption in 1983 was over 1.4 million kl. At that 

time, Shochu consumption was one-fourth of SAKE. Recently, the consumption of Shochu is about 1.6 

times that of SAKE. It is considered that more young people are drinking Shochu, and is considered one 

of the main reasons that its consumption increased this much.  

 

 
 

Barley quality for Shochu producer 

We have investigated the barley quality required for barley Shochu making, since 1999. One of the barley 

qualities required for barley Shochu making, is an individual barley variety’s characteristics. Variety 

characteristic evaluation in the production of Shochu is performed by the following step (Table 1). 



The selection of a barley variety that is optimum for barley Shochu is not straightforward. Usually malting 

barley is used, but not all malting barley samples perform well in Shochu production. A Shochu suitable 

variety has to possess pearling and fermentation characteristics. Yield is most important by its pearling 

characteristics and “Koji” ability, the alcohol yield and flavor of the end product are the important items 

by the barley variety’s fermentation characteristics. 

Three major varieties (Baudin, Hindmarsh, and Commander) can be used by a commercial base 

production via that evaluation step. Expected next generation varieties are LaTrobe and Compass.  

LaTrobe is now being testing on a pilot scale. Compass has achieved good results from final laboratory 

scale evaluation. 

 

 
 

 

Thank you. 

 

  

Table 1. Variety evaluation for Shochu making
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Abstract 

Modern beer production is a complex modern industrial bioprocess. However, many details of the 

biochemistry of the process remain unclear. Using mass spectrometry proteomics, we have performed a 

global untargeted analysis of the proteins present across time during beer production. Samples included 

sweet wort (produced by a high temperature infusion mash), hopped wort, and bright beer. This analysis 

identified over 200 unique proteins from barley, hops, and yeast, emphasizing the complexity of the 

process and product. We then used data independent SWATH-MS to quantitatively compare the relative 

abundance of these proteins throughout the process. This identified large and significant changes in the 

proteome at each process step. These changes described enrichment of proteins by their biophysical 

properties, and identified the appearance of dominant yeast proteins during fermentation. Altered malting 

and grist sizes also quantitatively changed the proteomes throughout the process. Detailed inspection of 

the proteomic data revealed that many proteins were modified by protease digestion, glycation and 

oxidation during the processing steps. This work demonstrates the opportunities offered by modern mass 

spectrometry proteomics in understanding the ancient process of beer production. 

 

Introduction 

Proteomics is the identification, characterization, and/or quantification of all detectable proteins in a 

sample. It has grown in popularity and utility over the past two decades, and has applications ranging from 

fundamental science, clinical research, and industrial processes (Larance and Lamond, 2015). Proteomics 

techniques generally use specific protease enzymes such as trypsin to digest proteins in a sample to 

smaller peptides, which are then separated by liquid chromatography (LC) and detected by mass 

spectrometry (MS). Peptides and proteins in a sample can then be identified by comparing the specific 

fragmentation patterns of individual peptides to databases of known protein sequences. Absolute or 

relative quantification of the amounts of peptides and proteins in different samples can also be accurately 

obtained if mass spectrometry is appropriately performed. SWATH-MS is a recently described LC-MS 

approach that allows robust, sensitive, and straightforward relative quantification of all detectable peptides 

in a sample (Gillet et al., 2012). Here, we have used untargeted proteomics to identify proteins and 

SWATH-MS for relative quantification of their abundance, to compare the proteomes of sweet wort, 

hopped wort and bright beer with various malting and grist parameters. 

 

Methods 

Malt, grist and wort production. Commander malt, at high (45) and low KI (34) levels, was supplied by 

Cargill Malt (Adelaide). Coarse and Fine grists were prepared in a Buhler Miag mill at 1.0 mm and 0.2 

mm, respectively. Mashing, with four laboratory replicates, used 50 g malt in 365 mL hot liquor at 65C 

with constant stirring for 60 min, cooled to room temperature and made up to 450 g prior to filtration. The 

mash was filtered through Whatman No 597 ½ paper with first 100 mL returned. To obtain sweet wort 

samples for proteomic analysis, 6 mL was taken after the return of the first 100 mL. Approximately 340 

mL of wort was used for subsequent analysis. Specific gravity was measured in a DMA 45. Boiling was 

carried out in 500 Schott bottle for 30 min. Pelleted hops were obtained from Lion (Milton Road, 

Brisbane), powdered in a mortar and pestle, then added at 10 g/400 mL during the boil step. After the wort 

was cooled, 6 mL was sampled to obtain final hopped wort samples for proteomics analysis. Samples 

were stored at -20C until further analysis.  



Fermentation. Fermentation of 230 mL of each wort inoculated with a lager yeast strain from Lion was 

performed at 20C in 250 mL glass measuring cylinders stoppered with foam and covered with aluminium 

foil. Following fermentation, beers were clarified by centrifugation to remove yeast and haze.  

Sample preparation. Sampled sweet wort, hopped wort or beer was stored at -20C until analysis. Proteins 

in 1 mL wort or beer were precipitated by addition of 100 L of 4 mg/mL sodium deoxycholate in 100% 

(w/v) trichloroacetic acid (TCA), incubation at 0C for 30 min, and centrifugation at 18,000 rcf for 10 

min. The pellet was resuspended in 1 mL ice cold acetone, vortexed, incubated at 0C for 15 min, and 

centrifuged at 18,000 rcf for 10 min. The pellet was air-dried, and proteins were reduced/alkylated by 

resuspension in 100 L of 8M urea, 50 mM ammonium bicarbonate, 5 mM dithiothreitol and incubation at 

56C for 30 min, addition of iodoacetamide to a final concentration of 25 mM and incubation at room 

temperature in the dark for 30 min, and addition of dithiothreitol to a final additional concentration of 5 

mM. Sample containing 10 g protein, as determined by 2D quant, was diluted with 50 mM ammonium 

bicarbonate to 2 M urea. 100 ng Trypsin (proteomics, Promega) was added and proteins digested at 37C 

for 16 h.  

Mass Spectrometry. Peptides were desalted using C18 ZipTips (Millipore) and analysed by LC-ESI-

MS/MS using a Prominence nanoLC system (Shimadzu) and TripleTof 5600 mass spectrometer with a 

Nanospray III interface (AB SCIEX) essentially as described (Bailey et al., 2012a, Bailey et al., 2012b). 

Approximately 0.5-2 g peptides were desalted on an Agilent C18 trap (300 Å pore size, 5 m particle 

size, 0.3 mm i.d. x 5 mm) at a flow rate of 30 l/min for 3 min, and then separated on a Vydac EVEREST 

reversed-phase C18 HPLC column (300 Å pore size, 5 m particle size, 150 m i.d. x 150 mm) at a flow 

rate of 1 l/min. Peptides were separated with a gradient of 10-60% buffer B over 45 min, with buffer A 

(1% acetonitrile and 0.1% formic acid) and buffer B (80% acetonitrile with 0.1% formic acid). Gas and 

voltage setting were adjusted as required. An MS TOF scan from m/z of 350-1800 was performed for 0.5 s 

followed by information dependent acquisition of MS/MS with automated CE selection of the top 20 

peptides from m/z of 40-1800 for 0.05 s per spectrum. SWATH-MS was performed essentially as 

described (Xu et al., 2015) with LC conditions identical to those used in information dependent 

acquisition, but with an MS-TOF scan from an m/z of 350-1800 for 0.05 s followed by high sensitivity 

information independent acquisition with 26 m/z isolation windows with 1 m/z window overlap each for 

0.1 s across an m/z range of 400-1250. Collision energy was automatically assigned by the Analyst 

software (AB SCIEX) based on m/z window ranges.  

Data analysis. Peptides were identified using ProteinPilot (AB SCIEX), searching the LudwigNR 

database (downloaded from http://apcf.edu.au as at 27 January 2012; 16,818,973 sequences; 

5,891,363,821 residues) with standard settings: Sample type, identification; Cysteine alkylation, 

iodoacetamide; Instrument, TripleTof 5600; Species, none; ID focus, biological modifications; Enzyme, 

Trypsin; Search effort, thorough ID. False discovery rate analysis using ProteinPilot was performed on all 

searches. Peptides identified with greater than 99% confidence and with a local false discovery rate of less 

than 1% were included for further analysis. The ProteinPilot data were used as ion libraries for SWATH 

analyses. The abundance of ions, peptides and proteins was measured automatically by PeakView 

Software 1.1 (AB SCIEX) with standard settings. Comparison of peptide or protein relative abundance 

was performed based on peptide or protein intensities (Xu et al., 2015). 

 

Results and Discussion 

A critical aspect of effective mass spectrometry proteomic analysis is appropriate sample preparation. 

Beer and wort are complex mixtures of soluble and suspended proteins, carbohydrates and small organic 

molecules, and proteomic analysis requires the proteins and peptides be efficiently separated from these 

other components prior to analysis. For this purpose, we tested the efficacy of TCA precipitation. This 

procedure recovered high protein yields from less than 1.0 mL of sample, and efficiently separated protein 

from other components. Two malting conditions and two grist sizes were used, and samples of sweet wort, 

hopped wort, and bright beer were collected. Proteins in these samples were separated from other 

components by TCA precipitation, and were further pre-treated for MS analysis by denaturation, 



reduction/alkylation of cysteines, digestion to peptides by trypsin, and desalting. Peptides were detected 

by untargeted LC-MS/MS analysis, and identified by searching peptide MS/MS fragmentation data 

against the UniProt database of all annotated protein sequences from all species. This identified 234 

unique proteins from barley, hops and yeast. Proteins identified were predominantly from barley including 

lipid transfer proteins, hordeins, and -amylase inhibitors. Many yeast proteins were identified in bright 

beer samples, including secreted cell wall enzymes and abundant intracellular metabolic enzymes. 

The relative abundance of these proteins in each sample was measured by SWATH-MS. The MS/MS 

fragmentation spectra and validated list of confidently identified peptides were used to generate a peptide 

library, which was then used to measure the abundance of each peptide in each sample. The relative 

abundance of each protein was then compared based on the sum of the intensities of peptides from each 

protein. (See Figure 1). 

 

 

 
Figure 1. Overview of SWATH-MS proteomics of beer. Beer was produced with samples taken of 

sweet wort, hopped wort and bright beer. Proteins in each fraction were precipitated, denatured, digested 

to peptides by trypsin, and detected by liquid chromatography-mass spectrometry, with SWATH-MS 

relative quantification of protein abundance. 

 

To compare the global proteomes of sweet wort, hopped wort, and bright beer, we performed an unguided 

phylogeny based on normalized protein abundance in each sample. This showed the dominant differences 

between samples were due to the stage in the process (sweet wort, hopped wort or bright beer), rather than 



between malting or grist conditions (Fig. 2A). Comparisons of the proteomes of sweet wort, hopped wort, 

and bright beer for one selected condition (high KI with coarse grist) showed that the largest change in the 

proteome occurred during fermentation from hopped wort to bright beer (Fig. 2B). The proteins which 

contributed to these large differences between hopped wort and bright beer were primarily abundant yeast 

proteins secreted into the wort during fermentation.  

Chemical and enzymatic modification of proteins during malting, mashing and fermentation is common, 

and includes oxidation, glycation, and proteolytic degradation. We examined our untargeted proteomic 

data to identify any such potential protein modifications. We identified numerous protein modifications, 

including glycation of lysines, and oxidation of methionines and tryptophans. We also identified many 

non-tryptic cleavages in peptides, which are most probably due to proteolytic cleavage from yeast or 

barley enzymes during malting, mashing, or fermentation.  

 
Figure 2. Proteomic comparison of sweet wort, hopped wort, and bright beer. (A) Clustered heat map 

of protein abundance in samples throughout the beer production process, with variation of malting (High 

KI, H; Low KI, L) and grist parameters (Fine, F; coarse, C). (B) Volcano plot comparing the proteomes of 

hopped wort versus sweet wort (green), and bright beer versus hopped wort (orange). 

 

Conclusion 

The methods we present here for detailed analysis of the proteins and their modifications present at 

various stages throughout the beer production process demonstrate the opportunities offered by modern 

mass spectrometry proteomics in understanding the ancient process of beer production. We anticipate that 

these methods will be useful in detailed characterization of systems-level protein biochemistry in beer 

production and in process quality control applications. 
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Introduction 

Malting is the controlled germination of barley to produce hydrolytic enzymes and partially degrade 

complex nutrients for subsequent use in brewing. The three major groups of hydrolytic enzymes active 

during malting are cell wall, starch and protein hydrolases. 

The major components of barley endosperm and aleurone cell walls are (1,3;1,4)-β-glucan (BG) and 

arabinoxylan (AX). BG consists of (1,3) and (1,4)-β-glucosyl residues. The BG is hydrolysed to 

oligosaccharides during malting and mashing by (1,3;1,4)-β-endoglucanase, which is has isoforms EI and 

EII (Slakeski and Fincher, 1992). AX consists of a backbone of (1,4)-β-linked xylan substituted with 

arabinosyl residues. The arabinose is thought to be removed from the xylan by arabinoxylan α-L-

arabinofuranohydrolase (AXAH), encoded by the five AXAH genes. The xylan backbone is hydrolysed by 

endoxylanase isoenzymes encoded by three genes on chromosome 5H (Banik et al., 1997). 

Breakdown of starch in the starchy endosperm is achieved by the coordinated action of α-amylase, β-

amylase, limit dextrinase, and α-glucosidase. Initially α-amylase cleaves internal (1,4)-bonds producing 

smaller dextrins, while β-amylase releases maltose from the non-reducing end of amylose. Limit 

dextrinase (LD) cleaves the (1,6)-bonds of  amylopectin and glucose is released by the exo-acting α-

glucosidase (Bak-Jensen et al., 2007).  

This study tracks the transcript profile of selected genes encoding cell wall and starch hydrolytic enzymes 

in three elite Australian malting cultivars (Admiral, Flagship, and Navigator) and one feed cultivar (Keel) 

through a small scale malting program using quantitative-PCR (qPCR). These profiles were compared 

with biochemical analyses of key polysaccharide components and morphological changes occurring 

within the grain using immune-histochemical microscopy.  

 

Materials and Methods 

Hordeum vulgare cultivars Admiral, Flagship, Keel and Navigator were grown at Charlick SA, in 2013 by 

the Barley Breeding Program of the University of Adelaide. The grain was malted in the dark at 16°C in 2 

phases: steeping phase (6 hours steep, 10 hours air rest, 2 hours steep) and germination phase (96 hours air 

rest). Throughout the germination phase the grain weight was monitored to maintain moisture content at 

40–44%. Grain was collected at 0h, 3h, 6h, 16h, and 18h of the steeping phase, then every 24h during the 

germination phase. 

For qPCR analysis, samples were frozen in liquid nitrogen and stored at -80°C. RNA extractions were 

performed using the Spectrum
TM

 Plant Total RNA kit (Sigma-Aldrich, St Louis, USA), with an additional 

-amylase (Megazyme, Ireland) treatment during cell lysis. cDNA synthesis,qPCR and controls were 

performed according to Burton et al. (2008). Samples for biochemical analysis were frozen in liquid 

nitrogen and lyophilised (FreeZone, Labconco, USA). Chits were manually removed from grain before 

grinding (Retsch Mill MM400, Retsch GmbH, Germany) at 30Hz for 75 seconds. The BG content and 

activity levels of β-glucanase, -amylase and limit dextrinase were assessed using small scale versions of 

Megazyme kits (Ireland): respectively, the β-Glucan Assay (Mixed Linkage) on 15mg flour; the -

Glucanase Assay (Malt and Microbial) on 50mg flour; the -amylase Assay (Ceralpha method) on 10mg 

flour; and Limit Dextrinase Assay (PULLG6 method) on 25mg flour. Monosaccharide content was 

assessed on alcohol insoluble residues of flour by reversed-phase HPLC as described by Burton et al. 

(2011). For microscopy, grain was dissected along the transverse axis and the embryo-containing half 



retained. The resulting embryo-containing segments were fixed, embedded, sectioned and immuno-

labelled according to Burton et al. (2011). 

 

Results and Discussion 

Cell wall hydrolysis 

Flagship and Keel had higher starting levels of BG than Navigator and Admiral. All four varieties steadily 

declined after 48h into the germination phase; by the end of malting, all three malting varieties had fallen 

below 2% BG, while the feed variety Keel was at 2.7% (data not shown). The degradation of BG was 

further illustrated by immuno-microscopy (Fig 1): BG is present throughout the endosperm of 

ungerminated grain (Fig 1A), whereas it is undetectable in grain at the end of malting (Fig 1B). 

Transcript levels of (1,3;1,4)-β-endoglucanase EI and EII (Glb1 and Glb2) remained low throughout the 

steeping phase, significantly increased early during the germination phase and generally began to decline 

later in the germination phase (Fig 2). Transcript levels of Glb1 in Keel and Flagship peaked at 72h into 

the germination phase, reaching a maximum level approximately 50% higher than in Admiral and 

Navigator. Conversely, Admiral and Navigator had higher levels of Glb2, whose expression peaked 

earlier, at approximately 48h into the germination phase. 

Of the endoxylanase genes, transcripts of XI consistently attained the highest levels, peaking 48h into the 

germination phase (Fig 2). Transcript levels of XII and XIII were below 10,000 units (data not shown). 

Contrastingly, the transcript levels of AXAH1 increased from the start of the germination phase and very 

high transcript levels were obtained by 48h, especially in Flagship and Keel (Fig 2). Despite the high 

transcript levels, AX content remained relatively stable throughout the malting time-course in all cultivars 

and an arabinose to xylose ratio of 0.45–0.55 was maintained by each cultivar throughout malting (data 

not shown).  

Immuno-microscopy showed that AX was mainly present in the outer layers such as the pericarp, testa and 

husk (Figs 1C and 1D), with some labeling in the aleurone. Only small amounts could be seen in the 

starchy endosperm of ungerminated grain.  The outer tissues remained unchanged during malting. It is 

possible that the high transcript levels of AXAH1 causes remodeling of the AX in aleurone layer, which 

wasn’t detected by HPLC analysis. 

 

Starch hydrolysis 

Four α-amylase genes were investigated. Of these amy18136, amy18139, and amyNSL were identified as 

putative amy1 family genes, encoding high pI AMY2 isoenzymes (Cu et al., 2013). They showed very 

similar transcript levels and profiles (amy18139 shown only in Fig 2) indicating they may be subject to the 

same regulatory mechanisms. Low transcript levels were observed in all cultivars during the steeping 

phase and began to increase sharply in the first 24h of the germination phase, coinciding with an increase 

in α-amylase activity (data not shown).  Amy21110 was assumed to belong to the amy2 gene family 

encoding AMY1 isoenzymes. Significantly lower transcript levels were observed for all cultivars than for 

the amy1 genes (Fig 2), supporting previous findings that AMY2 is responsible for 80% of the overall α-

amylase activity (Nielsen et al., 2004). 

Like amy1 gene transcripts, LD transcripts were low throughout the steeping phase and greatly increased 

during the germination phase (Fig 2). Maximum transcript levels were observed in in Admiral and 

Flagship by 72h. Transcript levels of LDI (Limit Dextrinase Inhibitor) followed the opposite trend to LD, 

declining from relatively high levels throughout the steeping phase and remaining at relatively low levels 

during the germination phase (Fig 2). This increase in LD transcript and decrease in LDI transcript 

coincided with a large increase in limit dextrinase activity during the germination phase (data not shown). 

 

Conclusion 

In this study, transcript profiles for 20 genes related to the lytic activity in barley have been established 

and compared to biochemical and microscopic analyses. A surge of metabolic activity is evident in the 

four cultivars of barley as the germination phase begins. This knowledge into the expression of genes and 



their effects on lytic enzyme levels throughout malting will provide a baseline for subsequent 

investigations into enzyme levels produced by new varieties and for optimizing malting regimes. 

 

 

 

 

 

 
Figure 1 Fluorescent immuno-histochemical analysis of cell wall polysaccharides in transverse sections of 

Admiral barley. A and B: detection of BG by the antibody BG1 in green, C and D: detection of AX by the 

antibody LM11 in red. A and C are ungerminated barley; B and D are after malting and 96h into the 

germination phase. Scale bars represent 100μm. a: aleurone, se: starchy endosperm, e:embryo, h:husk, p: 

pericarp, cc: crushed cell layer. 
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Figure 2 A heat map of the transcript levels normalized to 4 housekeeping genes (arbitary units) of 

selected genes throughout malting.   
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Introduction 

Shochu is a traditional Japanese spirit, which can be made from various ingredients: barley, rice, sweet 

potato and so forth. One of the distinctive characteristics of shochu production is that koji mould, 

Aspergillus luchuensis, is used for the degradation of starch instead of malting. We have produced barley 

shochu from Australian barley for decades. Not all malting barley varieties are suited to the production 

process of shochu because it is different from that of beer. We have been testing new barley lines for 

shochu, but the screening effort is becoming more labour-intensive as an increasing number of new 

malting barley varieties are launched annually. Identifying the genomic regions in barley that contribute to 

the quality of barley shochu would be useful for a more efficient screening. 

The production of shochu involves four steps: pearling, koji-preparation, fermentation and distillation. The 

first step, pearling, is the removal of the outer layer of barley. In this pearling operation, barley grains are 

polished to 60-70% of its original weight. It removes barley husk that would result in unpleasant bitterness 

of final shochu product if used as it is. It also exposes the starch granules thereby making them more 

accessible in the fermentation. Low kernel breakage level is of primary importance to minimise the loss of 

ingredient as only sound kernels are used in shochu production. After steeping and steaming, pearled 

grains are inoculated with koji mould. Koji-grown barley is termed “Barley koji”, where the 

microorganism produces starch-degrading enzymes and provides shochu yeast with fermentable sugar. It 

also produces a large quantity of citric acid, which prevents microbial contamination during fermentation. 

Barley koji is added to water and yeast culture to make primary moromi, a fermentation starter. After yeast 

cells proliferate in the first moromi, water and steamed barley is further added to make the secondary 

moromi, which is fermented for approximately 10 days. The alcohol content in moromi reaches nearly 

20% when it is ready for distillation. In order to bring out ingredient-specific flavours, pot still is used for 

single distillation. It yields fresh barley shochu with approximately 45% alcohol. Typically the alcohol 

content is adjusted to 25% before it is marketed. Shochu is usually matured for a shorter period of time 

than typical whiskey.  

Shochu production requires different quality parameters than beer production such as low kernel breakage 

level during pearling operation, high suitability for the simultaneous fermentation by koji mould and yeast, 

and favourable sensory characteristics of the final product. Although numerous studies have identified 

quantitative trait loci (QTL) for agronomic and malting quality of barley, no such attempt has been made 

in the shochu industry to date. In this study, QTL for shochu quality in barley have been explored from the 

suitability for pearling to the sensory characteristics of the final products. 

 

Materials and Methods 

Plant materials 

Two-hundred eighty doubled haploid (DH) lines were developed from a cross between the varieties 

Commander and WI4191, both of which were bred by the University of Adelaide. Commander is a 

commercial barley variety
 (1)

 with relatively low suitability for pearling operation and high suitability for 

shochu fermentation. WI4191 is a breeding line which exhibits high tolerance to the pearling process. The 

Commander/WI4191 population was grown at Charlick (near Strathalbyn, South Australia) in 2013. A 

subset of 120 lines were chosen for shochu phenotyping based on similarity for plant height and maturity 

to mitigate the confounding effects of the QTL controlling these traits on shochu quality. 

 



Genetic map construction 

DNA was extracted from individuals of the Commander/WI4191 DH population and genotyped using 

genotyping-by-sequencing. R/qtl was used to construct a genetic map consisting of 2531 SNP markers. 

 

Shochu phenotyping 

Barley samples were sieved to screen grains below 2.2 mm in diameter. The average grain hardness index, 

weight and diameter of 500 kernels and standard deviation were analysed with SKCS 4100 (Perten, USA). 

The pearling test was conducted with 180 g of barley, reducing the weight to 70% with a Test Mill TM-05 

(Satake, Japan). The pearling yield was determined by the percentage of sound kernels. The laboratory-

scale fermentation test was carried out according to our conventional procedure using 300 g of pearled 

barley and a yeast strain developed for shochu making. After 14 days of fermentation in total, 600 mL of 

moromi was singly distilled to produce 240 mL of fresh shochu. Chemical components in moromi before 

distillation were analysed including sugars, organic acids, amino acids, phenols, higher alcohols and 

esters. Alcohol yield was calculated by dividing pure ethanol volume in shochu by the quantity of pearled 

barley used. The quantification of flavour compounds and sensory evaluation of shochu were carried out 

after the alcohol content was adjusted to 25%. Flavour compounds included phenols, higher alcohols, 

esters and diacetyl. The sensory profile was assessed by 6-11 researchers. Evaluated aromas were: ripe 

fruits, young fruits, sweet, grain, oily and oxidised. Flavour characteristics measured were sweetness, 

pungency and body. Those nine sensory attributes were scored on a 0-10 scale with 0 being non-existent 

and 10 being very intense. 

 

QTL determination 

R/qtl was used to identify QTL associated with agriculture and shochu traits of the DH population. The 

significance of the QTL was estimated using a logarithm of the odds (LOD) score. A LOD score of 3 was 

used for segregating significant and non-significant QTL. If multiple QTL were found for a trait, the 

probability of QTL-QTL interaction was calculated using Haley-Knott regression. 

 

Results 

The eps2 & sdw1 genes on chromosome 2H and 3H respectively were mapped to height and retention 

(results not shown) using the whole population, but also they were using the subset population. Thus, QTL 

for shochu quality traits detected at those positions were considered to be due to the confounding effects 

of the plant developmental genes. QTL independent of those two genes were deemed to be possible QTL 

responsible for the suitability for shochu. Such QTL were associated with the pearling quality and some 

higher alcohol content in both moromi and shochu product. 
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Abstract 

Pyrenophora teres f. teres (Ptt) has been shown to produce proteinaceous toxins/effectors that induce 

symptoms on susceptible barley cultivars and are therefore likely to contribute to net form net blotch 

disease (NFNB). This research primarily aimed to identify individual toxins and determine whether toxin 

mixtures can be used directly as a selection tool for the development of NFNB-resistant germplasm. A 

total of 260 proteins were identified, as being uniquely produced by isolates of Ptt with specific virulence 

on barley varieties (such as Keel or Maritime) with 49 of these proteins being common to extremely 

virulent isolates. Gene expression for all proteins was also monitored during the plant-pathogen 

interaction using qPCR. A subset of proteins have been chosen for further analysis and for screening of 

barley varieties and mapping populations based on their likely role, protein size, cysteine content as well 

as the extent and pattern of gene expression during the interaction. Quantitative trait loci (QTL) for 

sensitivity to toxin mixtures have also been identified on 1H likelihood ratio statistic (LRS = 31) and 7HS 

(LRS = 48). Anchorage of the QTL positions to the physical sequence assembly, will allow potential 

targets of the toxins to be identified for further research.   

 

Introduction 

Net form net blotch (NFNB) disease is capable of producing severe damage to the yield of barley crops 

[1]. For more than 30 years, Pyrenophora teres f. teres (Ptt) has largely been controlled by breeding and 

cultural practices. More recently, disease resistance available in a number of commonly grown cultivars 

has been overcome by the pathogen leading to higher disease levels (H. Wallwork, personal 

communication; https://www.grdc.com.au/Research-and-Development/GRDC-Update-

Papers/2014/02/Cereal-disease-update-and-use-of-fungicides-on-fertiliser-and-seed). Ptt has been shown 

to produce fungal proteinaceous toxins which act in a host-specific manner (that is, the proteins only 

induce symptoms on barley cultivars and lines considered susceptible to net blotch disease) [2]. These 

proteinaceous toxins (also known as effectors) probably target a host protein in susceptible barley plants 

conferring sensitivity. In resistant plants, the target protein may be absent or differ in a way that prevents 

alteration by the effector [3]. Alternatively, the alteration of the target by effectors may trigger a defence 

response [4]. An understanding of the plant response to toxins and the host target of the effectors may be 

important in breeding for disease resistance to NFNB. We recently identified an endoxylanase 

(PttXyn11A) that was produced to a greater extent in a more virulent Ptt isolate [5]. However, whether the 

proteinaceous secretome varies among a large number of Ptt isolates varying in their virulence on 

different barley cultivars had not been studied previously. The objective of this research was therefore to 

(i) identify and characterise the individual proteins isolated from the secretomes of 28 Ptt isolates which 

differ in virulence on Australian barley varieties; (ii) monitor the gene expression for all identified 

proteins during the plant-pathogen interaction using qPCR; and; (iii) identify quantitative trait loci (QTL) 

for toxin sensitivity (and therefore potential host targets). 

 

Materials and methods 

Twenty-eight single-spore Ptt isolates (provided by South Australian Research and Development Institute) 

were chosen for proteinaceous toxin production based on the following parameters: the variety from 

which the isolates were collected, when isolates were collected, and how virulent they were on key 

varieties and breeding lines. Isolates of Ptt were grown in Fries culture medium (FCM) and proteinaceous 

toxin extracts prepared using filtration [2]. To identify the individual toxins in the filtrates, a 

polyacrylamide gel electrophoresis (PAGE) and two-dimensional gel electrophoresis (2DGE) proteomics 

approach was used [5]. These profiles were then compared to allow selection of protein spots or bands 

associated with virulence for analysis at Adelaide Proteomics Centre (The University of Adelaide) using 



Liquid Chromatography-Electrospray Ionisation Ion-Trap Mass Spectrometry (LC-eSI-IT MS). 

Bioinformatic analysis of the peptide sequences was then used to determine the likely function of the 

candidate proteins. To further confirm that the toxins were produced by the fungus in planta, the gene 

expression of the individual virulence candidates was also monitored during the interaction between 

barley variety Sloop and the more virulent Ptt isolate (22/10). Total RNA was extracted from infected 

plants during the interaction at 24, 48, 96, 144 and 168 hours post inoculation and cDNA synthesised and 

used in qPCR to evaluate the gene expression profiles during the interaction.  

Sensitivity of barley varieties to the whole toxin extracts for at least 25 Ptt isolates was determined by 

injecting 10 μg of protein into attached leaves using a Hagborg device and the extent of symptom 

development scored using a scale of 0 to 5. A consensus sensitivity rating was then determined and 

compared with the consensus resistance rating [6]. Toxin sensitivity of a number of parents of mapping 

populations and key barley pathotyping differentials was also determined. Because the toxin sensitivity 

was differential between the varieties Mundah and Keel, a double haploid Mundah/Keel mapping 

population was screened with toxin extracts from the most virulent isolates to identify potential QTL. A 

set of 356 lines of Mundah/Keel recombinant inbred lines (RILs) with recombination in the QTL regions 

were also screened to further define QTL.  

 

Results and Discussion 

A total of 260 proteins were identified as being uniquely produced by isolates of Ptt with specific 

virulence on barley, especially post-2009 (such as virulence on the varieties Keel or Maritime) with 49 of 

these proteins being common to extremely virulent isolates from the SARDI collection. The majority of 

proteins appear to have no known function but a number share similarity with those that have been 

identified as important in other plant-pathogen interactions. These include having roles in fungal 

development and growth, cell wall degradation, virulence factors and effectors, suppression of plant 

defence responses (Figure 1). The unknown proteins were also analysed for motifs and cysteine-richness 

considered common to effectors (which enable host-specificity of the response) allowing the identification 

of several candidates for further research.  

qPCR during the plant-pathogen interaction confirmed the candidate proteins are likely to be produced 

during the interaction. The extent and timing of gene expression during the interaction varied 

considerably. Fourteen genes were extremely highly upregulated with seven of them encoding cell wall 

degradation enzymes, two involved in metabolic processes, one virulence factor, two unknown genes and 

one gene involved in both proteolysis and oxidation-reduction processes. Candidates for further analysis 

have now been chosen based on their likely role, protein size, cysteine content, pattern of expression 

during the interaction and the extent of that expression. Although most of these have unknown function, 

based on the bioinformatics analysis the candidates include ceratoplatanin, cupin-like protein, bifunctional 

glucose/aldose epimerase, isochorismatase, endo- and exo-glucanases, glycophosphatidylinositol (GPI)-

anchored common in fungal extracellular membrane (CFEM) domain-containing protein, an ABC-

transporter protein, spherulin 1a precursor, cutinase, and a leucine rich repeat (LRR) protein. This 

secretome analysis and the gene expression profiles have provided some insight to how various fungal 

proteins might contribute to symptom development in NFNB disease. Furthermore, there appears to be a 

correlation between the presence of those individual proteins in whole toxin extracts and the sensitivity of 

barley varieties to the whole toxin extracts. Indeed, the consensus toxin sensitivity rating and the 

consensus resistance rating were the same for 21 of the 24 varieties (Table 1) suggesting that whole toxin 

extracts from multiple isolates may be of use in screening germplasm for resistance to NFNB. 

The extent to which whole toxin extracts cause symptoms varies between varieties and the pathotypes 

from which toxins were extracted but not always in a correlated manner as expected. This probably 

reflects the impact that fungal behaviour has (that is, its ability to germinate, produce hyphae and spread 

throughout the plant tissue) [7] and which toxins are produced during the interaction and the timing of 

their production. In addition, although all isolates appear to be capable of producing a number of toxins in 

culture, the amount that they produce during the actual plant-pathogen interaction can vary depending on 

the pathotype. For example, even though a range of pathotypes can produce endoxylanase in culture, the 



most virulent isolates produce endoxylanase to a greater extent during the plant pathogen interaction [5]. 

The sensitivity to the individual toxins is therefore the focus for future research. 

The ability to differentiate sensitivity to whole toxin extracts between parents of mapping populations has 

also allowed us to determine if regions of the genome contribute to this sensitivity. Using the double 

haploid Mundah/Keel population mapped using DArT markers, significant QTL were detected on 

chromosomes 1H (LRS = 31) (Figure 2A) and 7HS (LRS = 48) (Figure 2B). In both cases, the effect was 

in the direction of sensitivity from Mundah. The effects of these QTL seemed large enough to explain 

most of the difference observed between the parents. However, to refine the 7H QTL further, a set of 158 

RILs derived from the same parents and mapped using DArT-seq were also screened to reveal significant 

QTL on 7HS (LRS = 108)  (Figure 2C). Anchorage of the QTL positions to the physical sequence 

assembly, will allow potential targets of the toxins to be identified for further research.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Predicted functions of Ptt proteins identified in the culture filtrate of Ptt isolates, description of 

proteins, number of proteins identified in this category and the percentages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) A significant QTL for sensitivity to whole toxin was detected in the Mundah x Keel DH 

mapping population on chromosome 1H (LRS 31). (B) A significant QTL for sensitivity to whole toxin 

was detected in the Munda x Keel DH mapping population on chromosome 7H (LRS 42). (C) A 

significant QTL for sensitivity to whole toxin was detected in the Munda x Keel RIL mapping population 

on chromosome 7H (LRS 108). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Comparison of the NFNB resistance rating and toxin sensitivity of barley varieties at the seedling 

stage. Varieties have been tested with 25 isolates or more (in pathotyping or as whole phytotoxin 

mixtures). Those shaded in grey share the same rating for resistance and toxin sensitivity, where VS=very 

susceptible, S=susceptible, MS=moderately susceptible, MR=moderately resistant, R=resistant.  

Variety Consensus 

resistance 

rating
1
 

Toxin 

sensitivity 

rating 

Barque MS-S MR-MS 

Buloke MR MR-MS 

Charger S-VS MR-MS 

Clipper MR MR-MS 

Commander MS-S MS-S 

Compass MR-MRMS MR-MS 

Fathom MR-MS MR-MS 

Flagship MR MR-MS 

Fleet S-VS MR-MS 

Franklin S S-VS 

Hindmarsh MR MR-MS 

Keel MS MR-S 

Maritime R-VS MR-VS 

Mundah MR MR 

Navigator MR-MS MR-S 

Sahara 3771 MR* MR-S 

Schooner MR MR-S 

Skiff S-VS MS-S 

Skipper MR MR 

Sloop SA MR MS 

Vlamingh MR/MS-S* MR/MS-S 

VT Admiral MR-R* MR-R 

WI4304 MR* MR/MS-S 

Wimmera MR-S MS 
1
 From the 2015 Cereal Variety Disease Guide (Wallwork & Zwer 2015) unless otherwise indicated by * 

(DAFF-Q pathotyping or Adelaide node of BBA observations). 
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Even though foliar diseases have been increasing in incidence, the South African barley industry has 

focused on breeding for malting quality and breeding for disease resistance has been secondary. The aim 

of this study is to introduce resistance against five different diseases (net form of net blotch, spot form of 

net blotch, scald, SB and stem rust) into current South African barley varieties, whilst retaining malting 

quality traits. An overview will be given of the project and results presented for quantitative trait loci 

identified for net form of net blotch resistance in South African breeder’s line UVC8. 

Introduction  

Fungal diseases have increased significantly over the past years in the Southern Cape causing huge losses 

to the South African barley industry. These diseases include net form and spot form of net blotch 

(Pyrenophora teres f. teres (Ptt) and P. teres f. maculate (Ptm), respectively) and scald (Rhynchosporium 

commune). The high levels of disease infection are mostly a result of changes in cultivation and rotation 

practices. In general yield losses are between 10-40% but losses of up to 100% have been registered 

during years of high infection. Chemical control is not always effective and two to three applications are 

usually needed for effective control. At present stem rust (Puccinia graminis) is not a problem for 

commercial barley producers in South Africa. However, with changing climatic conditions and the history 

of stem rust pathotype adaptation in wheat, it is likely that the Ug99-lineage of pathotypes that already 

occurs on wheat in South Africa (Park et al. 2011) may infect commercial barley fields in the future. 

Resistant barley varieties are indispensable to South African barley producers and related industries such 

as brewing. To date little progress has been made in South Africa in breeding resistant varieties.  

The aim of the current study is to introduce disease resistance into South African barley varieties, whilst 

retaining the malting quality traits. Here we present results for the quantitative trait loci identified for net 

form of net blotch resistance in UVC8.  

 

Materials and Methods 

Net from of net blotch screening 

Eleven South African breeders lines and three checks, Grimmett, Skiff and Tallon were screened in the 

field at the Hermitage Research Facility, Warwick, Qld in 2008 and 2009. Isolates NB330 and NB73 were 

used as inoculum. The same eleven lines were screened in the field at Caledon in South Africa in 2010, 

2011 and 2012. Natural inoculum present at the site was used to infect plants. The Tekauz (1985) scale 

was used to rate the plants for net form of net blotch (NFNB) susceptibility. 

Mapping and QTL analysis 

A doubled haploid (DH) population was produced from a cross between the SA breeder’s line UVC8 

(Psaknon/2*Dampier//Triumph/3/Clipper/4/WA 4612) which shows good resistance to NFNB disease and 

SABBIErica (SSG 532/Cooper) which has the required malting quality (MQ) traits. DNA of 184 

individuals of this population was sent to Diversity Arrays Technology Pty Ltd 

(http://www.DiversityArrays.com/) for DArTseq™ analysis. Composite interval mapping was conducted 

with Windows QTL Cartographer version 2.5 (Wang et al. 2007). 
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Results and discussion 

Net from of net blotch screening 

A number of SA barley lines were phenotyped for NFNB resistance at the Hermitage Research Facility, 

Qld in 2008 and 2009 (Fig. 1). Some of the lines, including UVC8, showed good resistance against NFNB 

caused by Ptt. These NFNB resistant lines were re-tested in South Africa and disease resistance scores 

similar to those obtained under the Australian environment, were obtained in South Africa (Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. NFNB disease scores of South African Breeders lines and checks screened in the field in Australia 

in 2008 and 2009. Isolates NB330 and NB73 were used as inoculum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. NFNB disease scores of eleven South African Breeders lines and checks screened in South Africa 

from 2010-2012 

 

Mapping and QTL analysis 

More than 13,000 SNPs were obtained from the DArTseq analysis™. After various steps of quality 

checking and map curation, 965 non-redundant markers were used to construct a final linkage map with an 

average distance of 1.5 cM between markers. A highly significant QTL was detected on chromosome 6H 

with a LOD of 16 and 37% of the phenotypic variance explained. SSR markers Bmag0173, Bmag0009 



and HVM74 are present at the peak of the QTL. Two KASP SNP
TM

 marker, USQ12_11140 and 

USQ12_274 were designed for this region and is also located on the peak of the QTL.  

 

Table 1. QTL identified in UVC8xSABBIErica population   

Chromosome Trial LOD score PVE* 
Markers at peak 

of QTL 

Parent 

contributing 

favourable allele 

3H 
2013 4.36 7.0 

USQ3_1329 

USQ1_0312 

USQ3_0927 

Bmag606 

UVC8 

2014 2.74 5.0   

4H 
2013 2.85 5.0 

3927726 

3433904 

3259195 

UVC8 

2014 3.05 5.0   

5H 
2013 1.53 - 

3274278 

4015794 

3256413 

SABBIErica 

2014 4.48 9.0   

6H 
2013 15.6 37.0 

Bmag173 

USQ12_11140 

HVM74 

USQ12_274 

Bmag0009 

UVC8 

2014 16.2 37.0   

*phenotypic variance explained 

 

A QTL on 3H was also significant in both years and had a LOD score of 4.4 and 2.7 in 2013 and 2014, 

respectively and 7 and 5% of the phenotypic variance was explained in the two years. SSR marker 

Bmag0606 is present at the peak of the 3H QTL. Three KASP SNP
TM

 markers were designed for this 

region, USQ3_1329, USQ1_0312 and USQ3_0927. 

A minor QTL was detected on chromosome 4H (Table 1). This QTL was detected in both years. The QTL 

on chromosomes 3H, 4H and 6H were contributed by parent UVC8. A minor QTL contributed by 

SABBIErica was identified on chromosome 5H in 2014. Even though this QTL had a LOD score of 4.5 in 

2014 it was not detected in the 2013 trial.   

The 6H NFNB QTL was highly significant and present in the same genomic region in a number of other 

studies (Friesen et al. 2006; Grewal et al. 2012; Gupta et al. 2011). The 3H QTL has also previously been 

observed by Lehmensiek et al. (2007). We are currently developing more KASP SNP
TM

 markers for the 

QTL regions.  UVC8/SABBIErica DH lines were selected based on the presence of the chromosome 3H 

and 6H NFNB markers and malting quality markers. These selected lines will in future be used in the 

SABBI breeding program.  
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Four barley (Hordeum vulgare) breeding populations representative of 2009, 2011, 2012 and 2013 Stage 2 

entries from the Northern Region Barley Breeding Program in Australia were subject to association 

mapping (AM) to identify genomic regions associated with resistance to Pyrenophora teres f. teres, the 

causal agent of net form of net blotch (NFNB). AM used 587 Stage 2 lines and phenotype data collected 

over four years for both seedling and adult plant responses for three distinct pathotypes. Breeding lines 

sampled from 2009 and 2011 were genotyped with 811 polymorphic Diversity Arrays Technology (DArT) 

markers, whereas lines sampled from 2012 and 2013 were genotyped with 16379 polymorphic 

genotyping-by-sequencing DArT (DArTseq™) markers. We report four quantitative trait loci (QTL) in 

the 2009/2011 populations: one on chromosome 2H and three on 6H. AM of the 2012/2013 breeding 

populations revealed multiple QTL on 4H, which were detected in seedling assays only, and multiple QTL 

on 6H, which were detected in both seedling and adult assays. The largest effect QTL aligned with Rpt5 

from CIho 5791 on chromosome 6H and was detected in all populations and across growth stages. 

Outcomes from this integrated analysis, highlights the importance of multiple alleles present on 

chromosome 6H, which partly explains the pathotype specificity displayed by Australian barley cultivars 

and why breeding for broad spectrum resistance is a challenging task. 
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Worldwide, barley is affected by four rust diseases: crown rust (caused by P. coronata var. hordei; Pch), 

stem rust (P. graminis), stripe rust (P. striiformis), and leaf rust (Puccinia hordei).  

Crown rust of barley has a restricted distribution, occurring annually in the Upper Midwest of the USA 

and also in the Prairie Provinces of Canada. While generally not problematic, it did reach epidemic levels 

in Nebrasks in 1991 (Jin and Steffenson, 1999; Niu et al., 2014). In contrast, stem rust, stripe rust and leaf 

rust are more widely distributed and have at times impacted significantly on barley production. This paper 

provides an overview of these three diseases, including pathology, impact, and the genetic basis of 

resistance.   

 

Stem Rust 

Stem rust is one of the most devastating diseases of cereals worldwide. It has been less of a problem in the 

production of barley than in wheat and oat (Park, 2007). In Canada and the Northern Great Plains of the 

USA, stem rust has caused a number of significant epidemics on barley (Kilian et al., 1997). Up until 

1982, stem rust was regarded as being of minor importance to Australian barley crops, however, severe 

epidemics in Queensland during 1983 and localised epidemics in 1984 clearly established the threat it 

posed to barley production in this region (Dill-Macky et al., 1990). Three special forms (formae speciales) 

of stem rust affect barley in Australia: the form virulent on wheat and triticale (P. graminis f. sp. tritici; 

Pgt), the form virulent on cereal rye (P. graminis f. sp. secalis; Pgs) and a putative somatic hybrid 

between the two, known locally as ‘Scabrum’ rust (Luig and Watson, 1972; Park, 2007). Observations in 

Australia over many years have shown that stem rust tends to be a problem on barley only when inoculum 

levels of one or more of these three pathogens are high due to epidemics in wheat, triticale and/ or rye 

(Dill-Macky et al., 1990; Park, 2007).  

Eight genes conferring resistance to stem rust have been catalogued in barley. Those that confer resistance 

to Pgt are Rpg1 (the “T”-gene, in cultivars Peatland, Chevron and Kindred; Steffenson, 1992), Rpg2 

(Hietpas-5; Patterson et al., 1957); Rpg3 (PI382313; Jedel, 1990), rpg4 (Q21861; Jin et al., 1994), RpgU 

(Peatland; Fox and Harder, 1995) and rpg6 (line 212Y1, a H. vulgare line with introgressions from H. 

bulbosum; Fetch et al., 2009). Genes conferring resistance to Pgs include rpgBH (syn. rpgS), found in 

Black Hulless, a single recessive gene that confers APR (Steffenson et al., 1984); and Rpg5 (syn. RpgQ) 

reported in Q21861 (PI 584766) (Sun et al., 1996).  

Three genes conferring resistance to stem rust in barley have been cloned. The durable gene Rpg1 was 

isolated from barley by Brueggeman et al. (2002), who found that it encoded a receptor kinase-like protein 

that differed from other cloned plant disease resistance genes in having two tandem protein kinase 

domains. Based on structural similarity to the tomato Pto protein, it was suggested that the Rpg1 protein 

could be involved in the recognition of a matching gene product in avirulent isolates of Pgt and function 

in a signal transduction pathway. The genes rpg4 (conferring resistance to Pgt) and Rpg5 (conferring 

resistance to Pgs) were located to a 70-kb region of chromosome 5H and cloned by Brueggeman et al. 

(2008). Rpg5 was found to encode a protein with nucleotide-binding-site (NBS), leucine-rich repeat 

(LRR), and protein kinase (PK) domains, and it was suggested that the LRR domain may reside outside 

the cell and act in pathogen detection, and the NBS and PK domains are intracellular and trigger resistance 

signalling. Allele and recombinant sequencing suggested that the probable rpg4 gene encoded an actin 

depolymerizing factor-like protein. Such proteins have been shown to be involved in cytoskeleton 

organisation and in non-host resistance. 



Despite the existence of five Pgt resistance genes, stem rust resistance in barley has been largely achieved 

by the widespread use of a single resistance gene, Rpg1, previously designated the T-gene (Steffenson, 

1992). This gene was bred into North American barley cultivars to control the stem rust epidemics that 

plagued the Northern Great Plains of the USA during the first half of the 20th Century (Zhang et al., 

2008). Rpg1 is dominant and considered durable because it confers resistance to many pathotypes of Pgt 

and it remained effective for a long time in cultivars grown widely across the stem rust-prone Northern 

Great Plains, USA (Steffenson, 1992). The durability of the Rpg1 resistance gene is remarkable 

considering the potential variability of the fungus and the vast hectares over which cultivars with this 

resistance gene were grown (Steffenson, 1992). 

 

Leaf Rust 

Although sporadic in occurrence, leaf rust is probably the most common and widely distributed rust 

disease of barley, occurring widely throughout all the barley growing areas of the eastern and mid-western 

USA and in North Africa, Europe, New Zealand, Australia and some parts of Asia (Clifford, 1985). It 

often causes yield losses up to 32% in Australia and North America (Park and Karakousis 2002), with 

losses as high as 60% in very susceptible cultivars (Cotterill et al. 1995; Castro et al. 2002). In Australia, 

leaf rust epidemics were first reported in New South Wales in the 1920s (Waterhouse, 1927). A move 

towards more intensive barley production and early and extended crop planting, coupled with cultivar 

susceptibility, are believed to have contributed to increased levels of leaf rust in Australia over recent 

years, with major epidemics in Queensland (1978, 1983, 1984, 1988), South Australia (1988), northern 

New South Wales and Tasmania (1990) (Cotterill et al., 1992). The disease is now estimated to cause 

average annual losses of $21 million (Murray and Brennan 2009).  

To date, 23 loci conferring resistance to P. hordei have been characterised, these include 21 seedling 

genes and two APR (adult plant resistance) genes. Virulence has been reported for seedling genes except 

Rph16, Rph17, Rph18, Rph21, and Rph22 (Cotterill et al., 1995; Park, 2003; Park et al., 2015). Research 

initiated at the University of Sydney in 1989 has led to a sound understanding of the pathogenicity of the 

causal agent P. hordei and of major gene resistance in Australian barley cultivars, and led to the discovery 

of a number of sources of APR, including the Dutch cultivar Vada. Subsequent genetic analyses resolved 

the APR in Vada and a range of other European and Australian barley genotypes to a locus on 

chromosome 5HS, which was subsequently designated Rph20. Extensive greenhouse and field 

phenotyping over the past 16 years has led to the identification of more than 50 diverse barley genotypes 

that carry APR to leaf rust. We have shown in tests of allelism that at least six of these have genes 

conferring APR that are independent of Rph20, and that act in an additive manner to provide high to very 

high levels of resistance to leaf rust. In very recent work, we characterised a second gene conferring APR 

to leaf rust in barley, Rph23, located in chromosome 7HS and very closely (< 0.1cM) associated with the 

marker Ebmac0603 (Singh et al., 2015). Rph23 acts in an additive manner with Rph20 and a third 

uncatalogued gene conferring APR on chromosome 3H.  

 

Barley Stripe Rust 

Stripe rust is destructive in many barley growing regions of the world and has occurred for many years in 

parts of Western Europe, the Middle East, South Asia and East Africa (Stubbs, 1985). It is now the most 

important disease of barley in western USA (Line, 2002). Psh was first observed in Colombia in 1975, and 

was thought to have been introduced from Europe (Dublin and Stubbs, 1986). It then moved progressively 

south through the southern Cone (Ecuador, Peru, Bolivia, Chile, Argentina) during 1975–1982 (Wellings, 

2007), northward to Mexico (1987) and subsequently to Texas (1991) (Line and Chen, 1998; Marshall and 

Sutton, 1995). By 1995, stripe rust was reported throughout western USA, and has been especially severe 

in California and the Pacific northwest, where the environment is favourable for stripe rust development 

(Castro et al., 2002; Chen and Line, 2003; Chen et al., 2002).  

When Psh first appeared in the USA, the isolates present were considered to be identical to European race 

24 (Dublin and Stubbs, 1986). Extensive analysis, however, has revealed considerable variation in 

pathogen isolates collected in the USA (Chen et al., 1995; Roelfs and Huerta-Espino, 1994) with 31 races 



of Psh were reported to exist (Chen et al., 1995). By 1998, 52 races were recognised (Chen and Line, 

2003; Chen et al., 2002). The origin of this variability is largely unknown. 

Chen and Line (1999) cite the 1942 work of Murty in India as one of the first genetic studies of the host-

pathogen interaction of barley and Psh. Murty found that stripe rust resistance in the American cultivar 

Alpha was conditioned by two dominant genes. Further work in India described eight resistance loci, Ps1 

through Ps8 (Chen and Line, 1999), however, there are disputes as to whether the races used in India were 

Psh or Pst (the stripe rust pathogen of wheat) (Line, 2002). This hypothesis was based on the fact that 

Indian races are virulent on the wheat cultivar Michigan Amber, whereas European race 24 (Nover and 

Scholz, 1969; Stubbs, 1985) and all races of Psh detected in the United States are avirulent on Michigan 

Amber (Chen et al., 1995). 

In Europe, Nover and Scholz (1969) reported that resistance in Bigo, Abyssinian 14, BBA 2890, Abed 

Binder 12, and I5 to European race 24 of Psh was controlled by single recessive genes. Based on allelism 

tests, the resistances in Bigo, Abyssinian 14, and BBA 2890 were shown to be allelic and designated “yr”. 

A gene in Abed Binder 12 was designated yr2, and a gene in I5 was designated yr3. Johnson (1968) 

reported a gene in the cultivars Europa, Cambrinus, and Deba Abed that he designated Yr4. Of these, only 

Yr4 has been mapped, to chromosome 1HS (Wettstein-Knowles, 1992).  

Field studies (Chen et al., 1994; Hayes et al., 1996; Thomas et al., 1995) have revealed resistance QTLs 

on chromosome 4H, 5H, 7H and 1H, but the field inoculum source used was not characterised. Hayes et 

al. (1996) mapped an APR gene to the long arm of chromosome 7H in CI10587, however, the identity of 

this gene relative to the yr1- yr3, Yr4 genes was not established. Loci conferring quantitative resistance to 

Psh have been discovered and some have been introgressed into new genetic backgrounds by using 

molecular marker-assisted selection (Chen et al., 1994; Toojinda et al., 1998). An investigation of 18 

barley genotypes, revealed the presence of 20 different resistance genes, three had single resistance genes, 

and the remaining 15 genotypes had two or more genes for resistance. Interestingly, most of these genes 

were recessive (Chen and Line, 1999). 

 

Barley Grass Stripe Rust 
While the pathogen causing stripe rust of barley (P. striiformis f. sp. hordei; Psh) is currently not present 

in Australia, a form of stripe rust (P. striiformis f. sp. pseudo-hordei) virulent on some barley cultivars, 

was identified in 1998 on weedy Hordeum spp. (barley grass) (Wellings, 2010; Wellings et al., 2000). 

This form, most commonly referred to as BGYR (Barley Grass Yellow Rust), was shown to be avirulent 

on most wheat cultivars (Wellings et al., 2000). Evidence from DNA based studies further demonstrated 

the distinctiveness of BGYR from Australian isolates of Pst and revealed genetic variability among 

isolates of BGYR collected in 1998, suggesting that more than one genotype was introduced (Keiper et al., 

2003; Spackman et al., 2010). BGYR has been found in commercial crops of the Australian barley cv. 

Skiff and in experimental plots of advanced breeding lines (Wellings et al., 2000). In addition to Skiff 

(and its derivative Tantangara), seven Australian barley cultivars (especially Cutter, Keel, Ketch, and 

Maritime) are also potentially vulnerable to BGYR (Golegaonkar et al., 2013). Despite some initial 

concern, BGYR has not caused economic losses in commercial crops of wheat or barley (Park, 2008) and 

the disease is expected to remain of minor importance, however, this situation could change rapidly if 

susceptible cultivars are released (Wellings, 2007). 

Previous studies revealed that most Australian barley cultivars are resistant to BGYR, however, the 

resistance observed in these genotypes was shown to be based on only a small number of genes. Genetic 

studies by Golegaonkar et al. (2013) and Derevnina et al. (2014) supported the presence of one (Baudin, 

Franklin, Gilbert, Kaputar, Ketch, Milby, Skiff, Stirling, Tantagara, Tilga, Yerong), two (Cowabbie, 

Molloy, Yagan), three (Arapiles) or four (Harrington) genes governing seedling resistance to BGYR. 

Mapping studies to date have located seedling genes to chromosomes 1HS (Rpsp-hWI2585 and Rpsp-

hHarunaNijo) (Kamino et al. 2015), 5HL (Rpsp-hFranklin_1) and 7HL (Rpsp-hYerong) (Derevninia et al. 

2014), and APR genes to 3HL (Rpsp-hClipper; Golegaonkar et al., 2013) and 5HS (Rpsp-hFranklin_2; 

Derevninia et al., 2014).  
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Abstract 

The Field Crop Development Centre (FCDC) conducts breeding programs for all commercial types of 

barley (6- and 2-row, covered and hulless, for feed, forage, malt and food), winter wheat, and winter and 

spring triticale. During its 42 years FCDC has released more than 43 varieties (Table 1). It is estimated 

that around half of the barley acres in the Province of Alberta are planted to FCDC cultivars. With 4 full-

time breeders, 6 biotechnologists, 3 pathologists, 2 quality specialists, 2 statisticians, 20 technicians, 6 

summer workers and more than 300 ha of land, it is one of the largest cereal breeding programs in the 

Americas. We have made significant genetic gains in yield and quality, specifically malting, feed and 

forage quality traits; the NIRS lab has developed over 47 calibrations with R
2
 above 0.9. FCDC 

extensively collaborates with the international and national research community - CIMMYT and 

ICARDA, the USA, Australia, and other programs in Canada. In order to ensure continued success, the 

Center is going through a review to assess opportunities resulting from recent changes to national and 

international markets and the use of contemporary technologies. The challenges FCDC is facing include 

increasing yield potential while maintaining feed, forage and malt quality, developing the food industry, 

and accommodating changes in the malt industry for craft beers, all with increasing competition for 

producer acres. 

 

Table 1. List of barley varieties released by the FCDC since its beginning. 

Variety Other Year Year Crossed No. of Years Characteristics 

 
Names Registered or introduced to Release   

Empress H72050005 1982 1972 10 6-row feed 

Abee H73023003 1982 1973 9 2-row feed 

Samson P73108010 1985 1973 12 6-row semi-dwarf feed 

Noble H73052061 1987 1973 14 6-row feed 

Condor H75197013* 1988 1975 13 2-row hulless feed 

Falcon M77192004N 1992 1977 15 6-row hulless semi-dwarf feed 

Tukwa H75355021004 1992 1975 17 6-row semi-dwarf feed 

Seebe M79694004 1992 1979 13 2-row feed 

Phoenix H81004002N+ 1993 1981 12 2-row hulless feed 

Kasota M79108001013 1994 1979 15 6-row semi-dwarf feed 

Tercel H81044007N 1997 1981 16 2-row hulless feed 

Mahigan M79108001013A 1998 1979 19 6-row semi-dwarf feed 

Jaeger M82037021N 1998 1982 16 6-row hulless feed 

Peregrine H86004008N 1999 1986 13 6-row hulless semi-dwarf feed 

Niska H83030002 1999 1983 16 6-row semi-dwarf feed 

Trochu H87046003 2000 1987 13 6-row feed 

Vivar H87020011 2000 1987 13 6-row semi-dwarf feed 

Tyto T89047103NX 2002 1989 13 6-row hulless feed 

Niobe H92031021        2002 1992 10 2-row feed 

Manny H90013004Z 2003 1990 13 6-row feed 

Ponoka H93003006Z 2003 1993 10 2-row feed 

Sundre H92068001 2006 1992 14 6-row feed 

Chigwell H98075009 2008 1998 10 6-row feed 

Bentley H93103004 2008 1993 15 2-row malt 

Busby H94034003 2008 1994 14 2-row feed  

Gadsby H96043002 2010 1996 14 2-row general purpose 

Muskwa H97090012 2011 1997 14 6-row general purpose 

Breton H98082003 2012 1998 14 6-row general purpose 

Amisk M98206002 2013 1998 15 6-row general purpose 



Canmore J02039005 2013 2002 11 

2-row food grade and general 

purpose 

TR11698 J03024001 2013 2003 10 2-row feed 

BT596 H00062005 2014 2000 14 6-row feed 

HB623 H00008006 2014 2000 14 2-row food / general purpose 

 

Background 

Albertan hog producer groups proposed to the Provincial Minister of Agriculture in 1972 to fund a 'Feed 

Barley Breeding' research program with special emphasis on protein quality and quantity. One year later 

operations started for breeding and evaluating feed grain cereals (barley, winter wheat and triticale). In the 

years since, facilities were built and expanded, including offices in downtown Lacombe with a quality 

laboratory and gene bank with short and long term seed storage facilities. The research farm station at the 

outskirts of town has the farm shop, seed dryers, seed cleaning facilities, field laboratories, seed storage 

equipment, protected growing sheds and controlled environment growth facilities.  

In 1992 the malting barley program was started and the variety ‘Bentley’ was released in 2008.  

In 2014 a restructuring of the program was initiated with the intention of adjusting the objectives and 

resource allocation to the market demand. A stakeholder consultation was conducted by independent 

consultants and a strategic planning process is underway. 

 

Objectives 

The focus of the FCDC breeding programs is to develop and release high yielding and high quality barley, 

triticale and winter wheat varieties for grain and forage use. Some of the specific objectives are to develop 

feed and multi-purpose barley varieties with high yield potential, lodging resistance, multiple disease 

resistance, protein and energy digestibility and malting and food quality. Special projects with the 

objective of supporting the breeding activities have been conducted in nitrogen use efficiency, tolerance to 

water stress, introgression of low phytate genes into well-adapted barley variety backgrounds, low 

dormancy, resistance to Fusarium head blight, hulless barley for malting, feed/forage utilization, and many 

more.  

 

Research 

At FCDC activities are focused on applied research. The focus has been in developing varieties for animal 

consumption since over half of the barley produced in the prairie provinces is for feed. Malting is 

becoming more important, including using malting varieties for feed when the industry specifications are 

not reached.  

In order to achieve the expected results, the strong supporting team has played an essential role. 

Collaboration with the international centers ICARDA and CIMMYT had helped to broaden the genetic 

base and even find cultivars that were adapted to the target environment.  

The cereal quality lab with 30 years of research in Near-Infrared Reflectance Spectroscopy (NIRS) has 

played an important role in identifying varieties with superior quality for different final uses (Table 2). 

The Pathology team supported the breeding program in selecting highly resistant germplasm and more 

recently the biotech lab has been giving support in marker assisted selection for malting quality and 

disease resistance.  

 

Future Challenges and Opportunities 

Although the FCDC has been relatively successful in its mandate, expected changes in market demand, 

increased competitiveness in the seed business and the continuous pressure of resource allocation are all 

challenges for a public breeding program in Canada. The stakeholder consultation revealed the actual 

demand for barley production and industries in Alberta and Canada, however using available data to 

predict the short, medium and long term time periods is proving difficult. 

Decreasing barley acreage due to the competition with other crops, particularly canola, corn and general 

purpose wheat, has dropped the importance of the crop in western Canada (Table 3). In the process of 

planning it is important to determine what the main use of our crop is (Tables 4 and 5). Within the 



different classes, the demand of 6-row and hulless barley has been decreasing in the last years for both 

feed and malt. 

A general increase in malt demand is expected in different areas of the world, and in particular in North 

America due to the expanding craft brewing industry (Tables 7 and 8). This sector of the beer market has 

special quality requirements that necessitate varieties with different quality profiles. The importance of 

extract, diastatic power, protein, and soluble protein are being changed. In addition, industry players are 

trying to define what the “flavour” traits are and how they can be manipulated to fit to different market 

niches. The search for product identity and market differentiation among the new craft brewing companies 

is driving development of a greater number of more diverse varieties. The micro-brewing industry is also 

starting to develop small scale malt houses. Most of the craft-brewed beers are made with 100% barley 

malts, except for some wheat utilized in the recipes. 

There has also been an increased interest in food barley and different institutions have been engaged in the 

research and promotion of barley for human consumption. In the area of product development, the Alberta 

Barley Commission has played an important role with sizeable success in the last 2 years 

(www.AlbertaBarley.com ; http://gobarley.com).  
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Genotyping-by-sequencing (GBS) is widely utilised in barley to investigate the genetic basis of trait 

variation and for genomic breeding. Several GBS methods are now developed, which can be broadly 

grouped based on their assay of anonymous (random) or user-specified (targeted) sequence. Methods that 

assay random sequence generally have lower cost but produce more missing data per sample, compared to 

targeted GBS assays. Our goal has been to develop a targeted GBS method to assay user-specified SNP 

loci with high accuracy and completeness, while lowering costs at the same time. Here, we describe a 

targeted GBS assay for detecting genome-wide polymorphism at low cost in barley. The 10K-plex assay is 

largely based on SNP content from the barley Illumina iSelect 9K array. In addition to genotyping these 

genetically mapped SNP loci, it enables de novo discovery of polymorphism in the sequence flanking the 

targeted iSelect SNPs. The main advantage of the method is its speed, low setup costs and the ability to 

customise the SNP content for different applications. 
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Abstract 

Barley, globally the fourth most important cereal, provides food and beverages for humans and feed for 

animal husbandry. Maximizing grain yield under varying climate conditions largely depends on the 

optimal timing of flowering. Therefore, regulation of flowering time is of extraordinary importance to 

meet future food and feed demands. We developed the first barley nested association mapping (NAM) 

population, HEB-25, by crossing 25 wild barleys with one elite barley cultivar, and used it to dissect the 

genetic architecture of flowering time.  

 

Results 

Upon cultivation of 1,420 HEB lines in multi-field trials and applying a genome-wide association study, 

eight major quantitative trait loci (QTL) were identified as main determinants to control flowering time in 

barley. These QTL accounted for 64% of the cross-validated proportion of explained genotypic variance 

(pG). The strongest single QTL effect corresponded to the known photoperiod response gene Ppd-H1. 

After sequencing the causative part of Ppd-H1, we differentiated twelve haplotypes in HEB-25, whereof 

the strongest exotic haplotype accelerated flowering time by 11 days compared to the elite barley 

haplotype. Applying a whole genome prediction model including main effects and epistatic interactions 

allowed predicting flowering time with an unmatched accuracy of 77% of cross-validated pG.  

 

Discussion and Conclusion 

The elaborated causal models represent a fundamental step to explain flowering time in barley. In 

addition, our study confirms that the exotic biodiversity present in HEB-25 is a valuable toolbox to dissect 

the genetic architecture of important agronomic traits and to replenish the elite barley breeding pool with 

favorable, trait-improving exotic alleles.  

The first barley NAM population HEB-25 provides great opportunities for future research and breeding. 

The genetic constitution of HEB-25 allows to carry out detailed studies on the genetic architecture of 

important agronomic traits, as exemplified by flowering time. The present study substantiated that 

flowering time in barley is primarily determined by large-effect QTL and epistatic interactions. This 

finding is in contrast to flowering time regulation in the allogamous species maize and sorghum, where 

only small effect minor QTL were detected, indicating that the mating system may control the genetic 

architecture of adaptive traits. 

In future, the NAM population HEB-25 will be utilized in two directions: On the one hand, HEB-25 may 

support elucidating the genetic architecture of quantitatively inherited agronomic traits, ultimately 

resulting in cloning of yet unknown causal genes. On the other hand, HEB-25 will be exploited by 

breeders to enhance biodiversity of the elite barley gene pool. This may occur through introgression of 

favorable wild alleles with the aim to sustainably increase yield and stress tolerances against 

disadvantageous climate conditions like drought, heat and salt. 
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Abstract 

The rise in global temperatures is predicted to decrease the yield of food crops, including important cereal 

crops such as barley (Hordeum vulgare). In barley, warm temperatures reduce flowering time resulting in 

a reduction in yield. Currently, the genes and molecular pathways involved in temperature dependant 

flowering in barley are not well understood. The aim of this study was to determine the role of important 

barley flowering time genes VERNALIZATION1 (VRN1), VERNALIZATION2 (VRN2) and 

PHOTOPERIOD DEPENDANT1 (PPD1) in temperature dependent flowering. This analysis revealed that 

the accelerated flowering at warm temperature appears to be dependent on PPD1 but not VRN1 or VRN2. 

This finding is an important first step in understanding the genetics of temperature dependant flowering 

and potentially developing new barley varieties that can maintain yield when grown in warm temperature 

environments. 

 

Introduction 

In barley, an increase in ambient temperature has a detrimental effect on plant growth and yield. Elevated 

ambient temperatures accelerate vegetative growth and reduce biomass (Hemming et al., 2012). 

Reproductive development is also accelerated at higher temperature resulting in shorter spikes with fewer 

total florets and an overall decrease in grain yield (Fischer, 1985; Rawson & Richards, 1993; Hemming et 

al., 2012). Despite the potential impacts of climate change on grain yield, little is known about the genes 

and molecular pathways controlling temperature dependent growth and development. Information from 

model systems show that temperature dependent flowering is a complex process involving many genes in 

multiple flowering time pathways (reviewed in Capovilla et al., 2015). The aim of this study is to 

determine if the major cereal flowering time genes VERNALIZATION1 (VRN1), VERNALIZATION2 

(VRN2) and PHOTOPERIOD DEPENDANT1 (PPD1) have a role in temperature dependant flowering. 

 

Materials and Methods 

A series of barley near isogenic lines CSIRO B01 – B08 with different alleles of major flowering time 

genes VRN1, VRN2 and PPD1 were used in this study. One technical replicate using seeds of the winter-

type CSIRO B01 and B02 lines were vernalized in petri dishes on filter paper for nine weeks in the dark at 

4°C and then transplanted to 70mm square pots. Seeds from the remaining lines were planted directly to 

70mm square pots. All experiments were conducted in controlled environment cabinets (Conviron 

CMP6050) set to 16 hours light: 8 hours dark with a light intensity of 250 µmol m
-2

s
-1

 at a constant 18°C 

or 24°C. Flowering time was measured either as the final leaf number at flowering or the days to head 

emergence. For analysis of apex development at least four apices from each line at each leaf stage were 

dissected from the CSIRO B02 line. All pairwise comparisons were conducted using a two tailed student’s 

t-test assuming equal variance. 

 

Results and Discussion 
To determine the role of VRN1, VRN2 and PPD1 in temperature dependant flowering, we grew one 

technical replicate of a series of barley near isogenic lines (NILs) with different allelic combinations of 

these genes at 18°C and 24°C. All of the barley NILs with the photoperiod insensitive ppd1 allele 

flowered later at 24°C, while those with the wild type photoperiod sensitive PPD1 allele behaved as 

expected and flowered earlier at 24°C except for the vrn1 VRN2 PPD1 NIL (Fig. 1A). When time to 

flowering was measured as days to heading, the vrn1 VRN2 PPD1 NIL also flowered earlier at 24°C (Fig. 

1B). The different allelic combinations VRN1 and VRN2 where the PPD1 allele was present did not appear 

to affect temperature dependent flowering as all flowered early at 24°C (Fig. 1A & B). Only the ppd1 



allele affected temperature dependent flowering indicating that the early flowering observed at 24°C 

requires the wild type PPD1 allele but not VRN1 or VRN2. 

 

Figure 1. Flowering is delayed in ppd1 barley near isogenic lines (NILs). Flowering time of NILs with 

different allelic combinations of VRN1, VRN2 and PPD1. All plants were grown in long day 

conditions (16 hour light : 8 hours dark) at 18°C or 24°C. Mean values ± standard error. Significant 

differences are indicated by asterisks (***p < 0.001). 

 

To try to determine the cause of the delay in flowering at 24°C in ppd1 barley NILs, we analysed 

developing shoot apices from the vrn1, VRN2, ppd1 NIL. The transition to reproductive development was 

delayed at 24°C (Fig. 2A). At the third leaf stage apices had only reached the early double ridge stage in 

lines grown at 24°C, whereas apices grown at 18°C were much further advanced and had reached the 

floret primordium stage (Fig. 2A). Apices in lines grown at 24°C did not reach the floret primordium stage 

until the fourth leaf stage, three days later than at 18°C (Fig. 2A & B). There was no difference in the 

number of days to heading for this NIL at 18°C or 24°C (Fig. 1), but there is a clear delay in the transition 

to reproductive development. This suggests that the late flowering phenotype observed in the ppd1 NILs 

at 24°C is likely the result of the delay in the transition to, but not an inhibition of, reproductive 

development. 

 

 
Figure 2. The transition to reproductive development is delayed in vrn1 VRN2 ppd1 NILs at 24°C. 

Plants were grown in long day conditions (16 hour light : 8 hours dark) at 18°C or 24°C. 

Representative image of the main shoot apex as leaves (L) 2 to 6 emerged and days to reach the floret 

primordium stage. Scale bar = 1mm.  

 

 



Conclusion 

In this study we determined that PPD1, but not VRN1 or VRN2 was required for the early flowering 

phenotype observed at high ambient temperature. While this data is still only preliminary and based on 

one technical replicate, this indicates that there may be a novel temperature dependent flowering pathway 

involving PPD1. This finding is an important first step to understanding the genetics of temperature 

dependent flowering and offers the potential to aid in maintaining or increasing barley yields in warmer 

environments. 

 

References 

Capovilla G, Schmid M, Pose D. 2015. Control of flowering by ambient temperature. Journal of 

Experimental Botany 66(1): 59-69. 

Fischer RA. 1985. Number of Kernels in Wheat Crops and the Influence of Solar-Radiation and 

Temperature. Journal of Agricultural Science 105(Oct): 447-461. 

Hemming MN, Walford SA, Fieg S, Dennis ES, Trevaskis B. 2012. Identification of High-

Temperature-Responsive Genes in Cereals. Plant Physiology 158(3): 1439-1450. 

Rawson HM, Richards RA. 1993. Effects of High-Temperature and Photoperiod on Floral 

Development in Wheat Isolines Differing in Vernalization and Photoperiod Genes. Field 

Crops Research 32(3-4): 181-192. 
 

 

 

  



A new strategy to identify mutant genes by combine map-based cloning and RNAseq in barley 

 

Cong Tan
1,3

, Xiao-qi Zhang
2
, Ying Wang

2
, Roberto Barrero

3
, Matthew Bellgard

3
, Chengdao Li

1,2,*
 

1
School of Veterinary and Life Sciences, Murdoch University, Murdoch, WA, Australia; 

2
Western 

Australian State Agricultural Biotechnology Centre, Murdoch University, Murdoch, WA, Australia; 
3
Centre for Comparative Genomics, Murdoch University, Murdoch, Western Australia, Australia;  

*c.li@murdoch.edu.au 

 

Abstract  

Barley provides food/feed for human and animals as well as raw materials for malting and brewing. Head 

number is one of the three key components of grain yield, which is mainly determined by the number of 

tillers. In order to understand the genetic and molecular basis of tiller development, one mutant with high 

number of tillers was used to identify genes controlling tiller number. A new method was developed by 

combining forward genetic and reverse genetic to identify the mutant gene using RNA-seq, which has 

overcome the limitation of lacking enough recombination events in traditional mapping population. In this 

project, the target gene was primarily located in a target interval of 23.0 cM in 2H chromosome by a 

primary mapping population. Meanwhile, mutations in the target region were identified by comparing the 

variants of the mutant with the wild type after their transcriptome sequenced. Then, genetic effects of 

these variants in the target region were assessed and genes with significant modifying effects were 

annotated to the protein function. Eventually, several candidate genes were selected to further confirm 

their biological function. This study provides a new and ultra-fast approach to identify mutants and 

function genes in barley. 

 

Introduction 

Barley (Hordeum vulgare L.) is one of the first domesticated grain species [1] and become the fourth 

important cereal crop after wheat, maize and rice ( http://faostat3.fao.org ). Barley has been taken as an 

important industrial material for animal fodder, beer brewing and function food of human [2]. Meanwhile, 

barley has been considered as a standard model for plant genetic research especial Tribiceae, because it is 

diploid (2n=14) and self-pollinating. Besides, barley can grow in diverse harsh environmental condition, 

which means that it is a valuable genetic source for exploiting tolerance of plant abiotic and biotic stress 

[3, 4]. So it is of importance to understand the genetic basis of functional genes related to key agricultural 

traits and hash environment resistance. 

Over the past several decades, map-based cloning had played an indispensable role in identifying genes 

related to important agricultural traits in most crop species and understanding the genetic basis of plant 

development [5-11]. The accuracy of quantitative trait loci location depends on both molecular marker 

density and the size of mapping population[12]. With the great advance of biochemistry and molecular 

biology, there are several genotyping technology of high throughput and resolution developed, such as 

genotyping microarrays, genotyping-by-sequencing [13-17]. Actually, the remaining challenge for map-

based cloning is mapping population size, which is required to be large enough to produce abundant 

recombination events. The practical fact that is in the front of most researchers is that it is difficult to 

further narrow the target region because of lack of recombination events in it after preliminary mapping. 

Meanwhile, artificial mutants have also played a critical role in discovering genes related with important 

agricultural traits [18]. The most widely used mutant developing technique can be classified into three 

types including insertion mutagenesis, chemical mutagenesis and physical mutagenesis [19-21]. It was 

worked out that mutations resulted from gamma ray distribute randomly in the whole genome. Even 

though whole genome sequencing technology has provided a dramatic strategy to identify mutations 

between mutant and wild plant in high through-put and single base resolution, it is still difficult to 

determine which mutation result in the mutant phenotype [22, 23]. 

In order to overcome the limitation of map-based cloning lacking enough recombination events in 

traditional mapping population as well as physical mutagenesis with multiple mutations randomly 

distributing in the genome, a new method was developed by combining forward genetic and reverse 

http://faostat3.fao.org/


genetic to identify the mutant gene using RNA-seq. A target gene was primarily located in a candidate 

interval of 10 cM in 2H chromosome by a DH mapping population. In this study, mutations in the 

candidate region were detected after sequencing the transcriptome of the mutant pant and the wild type. 

Then, genetic effects of these mutations in the target region were assessed and genes with significant 

modifying effects were annotated to the protein function. Eventually, two candidate genes were selected to 

further confirm their biological function. This study provides a new and ultra-fast approach to identify 

mutants and function genes in barley. 

 

Method 

Experiment materials 

There were two varieties used in this study including the wild-type plant of Hordeum vulgare L.cultivar 

Vlamingh and its mutant plant. Both of these two varieties were obtained from the Department of 

Agriculture and Food of Western Australia (DAFWA).   The Vlamingh, which was bred by DAFWA, is a 

two-row spring malting cultivar of barley with five or six tillers both in greenhouse and experiment field 

in normal. Its mutant plant shows high number of tillering, which was isolated from a population derived 

from cultivar Vlamingh treated with the gamma rays.  

Two replications of each variety were seeded and grown in the greenhouse of Murdoch University (South 

Street Campus) for total RNAs isolation at the six-week-old seedling stage. RNAeasy plant mini kit 

(Qiagen) was utilized to isolate the total RNAs for each sample following the user manual.  

RNAseq and Data output 

RNAseq library was prepared by Beijing Genomics institute (Shenzhen-BGI) according to the protocol of 

TruSeq Stranded Total RNA with Rio-Zero Plant Library Pre Kit (illumina). In short, mRNA enrichment 

was completed with magnetic beads before it was fragmented into small pieces (200nt – 700nt). After that, 

the resulting product was used as a template to synthesis the first strand cDNA and then the second strand 

by adding DNA polymerase 1 and RNase H. Finally, fragments in length of 250-500 bp were chosen to be 

sequenced on the platform of Illumina HiSeq
TM

 2000 after end repairing, adding sequencing adapter and 

qualification. 

Raw Data produced by sequencers was required to remove contaminated reads and reads with too much 

low quality bases before further bioinformatics analysis. Briefly, reads with adapter sequence or reads 

with low quality (Qs < 13) rate more than 50% or reads with more than 10 percent of N (which cannot be 

called into a certain base correctly) were all discarded. After filtering, an assessment will be conducted 

through analysing the composition of four kinds of nucleotides and the distribution of the sequencing 

quality value of all reads. 

 

Mapping reads to reference genome 

Clean reads were mapped to the reference genome for each sample with the aligner of STAR (version 

2.0.13) using default parameters [24].  STAR was recommended as the best aligner for calling SNPs and 

indels via RNAseq with highest sensitivity and specificity by the Broad Institute after compared with other 

available alignment softwares for RNAseq reads including TopHat2 (version 2.0.0), GSNAP(version 

2012-07-03), RUM (version 1.11) and MapSplice (version 1.15.2) (https://www.broadinstitute.org/ ).  The 

reference used in this study was a gene-space assembly with 2670738 contigs completed from whole 

genome Shotgun sequencing (about 55X) by the International Barley Genome Sequencing Consortium 

(IBGSC) [25-27]. Meanwhile, 26159 high-confidence genes models predicted from RNA-seq and FL-

cDNA were used to guide the junction splicing alignment. 

 

Variants discovery  

SNPs in whole transcriptome for each sample was detected using utilities of mpileup (included in 

SAMtools package version 0.1.19) and call (included in bcftools package, version 0.1.19) with default 

parameters except for skipping bases with baseQ smaller than 20 and alignments with mapQ smaller than 

40 [28]. The output variant result (VCF format) then experienced a strict filter with a minimum supporting 

reads depth of 5 and a nearest distance of 10 bp with a gap. 

https://www.broadinstitute.org/


Mutations of each sample were identified by comparing variants detected in each mutant with that in their 

wild type. This step was achieved with the utility of vcf-compare, which is included in the VCFtools 

software package (version 0.1.12b) [29].  

 

Genetic effect assessment of variants 

In order to further test the genetic effects of genes leaded by mutations, the 101 variants of target region 

were processed to analysis the resulting genetic effects based on their genomic region location and 

responding gene models using program SnpEff [30]. 

 

Functional and pathway annotation 

In order to predict the potential function and biological network of genes with significant genetic effects, 

all of them were annotated based on the homology with well researched genes and proteins stored in 

databases of NR, NT, Swiss-Prot, KEGG, COG and GO. This work was performed using an automatic 

functional annotation and classification tool (AutoFACT). In short, coding sequence of  genes with 

significant effects were all aligned to NT database using  program blastn with a threshold 1e-10  of 

expectation value and to other databases using program blastx  with the same threshold firstly. And then 

the function and pathway annotations of the best hits with a biological informative description were 

assigned to query sequences [31, 32]. 

Result 

 

Mutation identification by RNAseq 

The detailed information for data output of RNAseq, alignment of reads against the reference and variants 

calling was given in another research report (Tan et al., submitting ).  Briefly, about 51 million clean reads 

were retained for each sample after removing contaminated reads and low-quality reads. The data amount 

(~4.6 Gb) of clean reads was about 39-fold coverage of current barley high-confident transcripts, which is 

enough to calling reliable variants.  

Eventually, there were 2,465 variants including SNPs and InDels detected in both repetitions of mutant 

sample but neither of wild type samples after mapping RNAseq reads to the reference genome sequence. 

 

Fine mapping of mutant gene 

A primary mapping had been conducted to prove that the mutant gene was located in a 23.94 cM interval 

flanked by molecular markers EBmac0039 and EBmac0415 in 2H chromosome. These two markers were 

mapped to morex_contig_378427 (Pos. 91.00) and morex_contig_137073 (Pos. 114.94) using blast 

program with default parameter except for word size as 6. There are 3966 contigs in this target region 

according to the POPSEQ order. 

After assigning the mutations identified into seven chromosomes, there were 645 variants located in the 2 

chromosome. Besides, there were 112 variants that cannot assigned to any chromosome. 101 variants out 

of 645 were located in the target region flanked by SSR markers EBmac0039 and EBmac0415. 

 

Genetic effects of target genes 

The summary of the genetic effects categorizing is as the figure2. Synonymous variants, intron variants, 

intergenic variants and missense variants accounted for 19.83%, 15.70%, 14.05% and 14.05% of all the 

variants, respectively.  

 

Discussion 

In this study, several genes with significant genetic effects of mutations in the target region were 

eventually selected as candidates through RNAseq after primary mapping by map-based cloning. 

Compared with traditional fine mapping, it is more effective to identify functional genes utilizing artificial 

mutants. Traditional map-based cloning strategy largely depends on recombination events to distinguish 

the genetic background noise from the potential gene related with the target trait, which is critical to 

identify gene function. In barley, 1 cM genetic region was reported to cover about 7000 kb genomic 



region and the gene density was estimated about 44 kb per gene [33, 34]. In theoretical, the size of 

mapping population should be 79546 (=7000/44*500) to meet the least requirement for low possibility 

event (p=5%) to happen in 1 cM region. Apparently, the cost of money and labour to plant, phenotype and 

genotype such a large population is not comparable to fine mapping a mutant gene by sequencing after 

primary mapping. 

RNAseq is more efficient than whole genome shotgun sequencing to identify variants related to function-

loss of trait genes because RNAseq focuses on the coding sequence, which is the basis of gene function. 

The total length of high-confidence genes is about 117 Mb in barley, which is only about the only 2.29% 

of the estimated barley whole genome (~5.1 Gb). Meanwhile, RNAseq data can be used to analysis 

differential expression genes (DGEs) [35-37]. Analysis DGEs is an indispensable approach to further 

understand the genetic and molecular basis of the mutant gene controlling the mutant phenotype. 

Furthermore, novel transcripts assembled from RNAseq Reads are as important as expression sequence 

tags (ESTs) and fL-cDNA to provide evidence for gene annotation improvement [38]. Additionally, 

RNAseq is special useful to identify genetic variation related with gene function for species without 

reference genome sequence or with a large size of genome [37].  

In short, combining map-based cloning and RNAseq provides a new strategy for mutant gene 

identification It utilizes the plural of map-based cloning and RNAseq and overcomes the weaknesses of 

each of the individual approaches. 
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Figure 1 Mutant gene identification by combing map-based cloning and RNAseq 
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Domestication of cereals from their wild relatives involved often drastic changes in their architecture - the 

arrangement, form and function of their body parts, as the earliest farmers cultivated trait variants 

associated with increased productivity, such as larger grain size, increased apical dominance and loss of 

grain shattering. Modern plant breeding has continued to exploit architectural change to improve grain 

yeild - a well-known example being the introduction of semi-dwarf varities during the green revolution. 

Now, molecular breeding offers great promise to stack alleles linked to beneficial architectural features. 

Genomic resources developed for barley, a key global cereal, have vastly improved its molecular 

tractability, helping researchers identify transcription factors which regulate architecture. However, to 

realise the full potential of molecular breeding in barley, we should learn how these factors are regulated, 

how they interact and their downstream targets, all of which are poorly understood. We address this 

knowledge gap by applying a combination of fine-scale phenotyping, genetic analyses, functional 

transgenics and genome-wide analyses, to define the molecular networks underlying barley architectural 

traits. We are particulaly interested in stem growth. Here, I will show that microRNA172-downregulation 

of the HvAPETALA (HvAP2) transcription factor promotes internode elongation by controlling both 

internode meristem activity and elongation of specific cell populations. I will also present how we use 

precise transcriptomic sampling to reveal spatiotemporal switches in gene expression along the developing 

internode, including possible targets of HvAP2. I will also describe our approach to study developmental 

roles of other miRNA-regulated transcription factors. Taken together, our research delivers a 

developmental genetic understanding of architectural traits in barley at a greater depth than ever before. 

 

Full Paper 

Introduction 

Human history is inseparable from the domestication of cereals - events which altered cereal architecture 

and transformed grain into our dominant food supply. Our future is equally dependent upon a 

renegotiation of our relationship with cereals. Projected rapid increases in grain demand, coupled with 

now certain climate change, will critically stress our agricultural systems and threaten global food 

security
[1]

. Although this appears daunting, the recent explosion of plant genomic resources, including 

those for traditionally recalcitrant temperate cereals such as barley and wheat, holds exciting potential to 

improve crop resiliency and yield. One way of exploiting this existing genetic variation is to mine for 

alleles associated with favourable features
[2]

. Given its diploid nature and vast germplasm collections, 

barley has long been a preferred genetic model for the grasses (Poaceae). Sophisticated genomic resources 

in barley, generated by concerted efforts from several groups around the world
[eg.3-8]

, are paying rich 

dividends, as evidenced by the rapid identification of multiple transcription factor-encoding genes 

regulating key architectural traits
[eg.9-14]

. Nonetheless, to coordinate suites of desirable features, we need a 

deep understanding of how these genes function and interact at a mechanistic level to control architecture 

in the field, knowledge which is currently extremely thin. Many of the genomic tools used to identify 

genes can be applied to examine functional mechanisms, in combination with powerful approaches 

developed in other model systems, including Arabidopsis. Here, I will highlight how we use available 

barley genomic resources, including SNP-genotyped populations, transcriptomics and barley genome 

sequence information, to unravel the molecular genetics underlying architectural traits. 

 

 



SNP-genotyped Bowman Near-Isogenic Line mutant population 

Our research exploits the so-called Bowman Near-Isogenic Line (NIL) collection - a comprehensive set of  

morphological mutants originally generated in different lines, which were introgressed into the same 

parent cultivar (Bowman, Bw) by Professor Jerry Franckowiak
[15]

, effectively combining multiple mutant 

populations while minimising background effects. Genotyping the Bowman NILs on Single Nucleotide 

Polymorphism (SNP)-arrays revealed intervals containing the original mutant parent DNA
[3,16]

, acting as 

an allelic resource to accelerate fine-mapping of candidate genes
[11,17]

. In addition to gene identification, 

'omic' comparisons between these mutants and their recurrent parent Bw provide an unparalleled platform 

to tease apart genetic and molecular heirarchies between genes. 

 

Genes Controlling Internode Elongation in Barley 

When barley plants flower, the shoot tip develops a ‘spike’ inflorescence lined with alternating grain-

bearing nodes. At the same time, internodes in the stem elongate, pushing the young spike tip upwards to 

emerge from the leaf sheaths on top of a lengthened stalk or culm.  During grain fill, the spike head 

becomes heavier, making the entire stalk vunerable to falling over or lodging. Introduction of short-

culmed, semi-dwarf varieties helped address lodging problems in modern high-yeilding cultivars
[18]

. 

Nonetheless, lodging remains a persistent problem and increased frequency of severe weather events 

predicted for future climates make stem robustness an important breeding target
[19]

. Manipulating stem 

growth is also key for lignocellulosic biofuel feedstock due to the correlation between height and 

biomass
[20]

. Within the Bowman NIL population, semi-dwarfism is a frequent mutant phenotype and many 

of these mutants are now known to result from defective biosynthesis or signalling pathways of the 

brassinosteroid (BR) or gibberellin (GA) hormones
[17, 21-23]

, two compounds long associated with 

elongation growth.  

Taking advantage of the Bowman NILs and genomic mapping resources, our previous work revealed the 

first transcription factor involved in internode elongation in barley
[11]

, initally characterised in the spike,
 

but from our recent work now known to also influence internode elongation in the culm (Figure 1). We 

showed that sequence changes in a gene encoding the transcription factor HvAPETALA2 (HvAP2) caused 

reduced internode length in multiple semi-dwarf Bowman NILs including several Zeocriton (Zeo) mutants 

originally characterised as dense spike
[24,25]

. 

 

 
Figure 2 - Semi-dwarf (left panel) and dense spike (right panel) phenotype of Zeo1.b (BW938) plants 

compared to Bowman wild type. Arrowheads indicate the base of the heading spike. 

Using a SNP-genotyped Genome-Wide Association Scan (GWAS) population
[10]

, we revealed the large 

effect of two Zeo alleles across 401 two-row spring elite cultivars. Interestingly, we found that Zeo SNPs 

disrupted a microRNA172 (miR172)-binding sequence in the last exon of HvAP2. MicroRNAs are short 

non-coding RNAs  which bind and cleave target sequences in transcripts, effectively downregulating their 

function. In Zeo mutants, however, these SNPs led to an inability of miR172 to cleave HvAP2 mRNA, 



resulting in an overabundance of HvAP2 transcript. Since higher levels of HvAP2 mRNA are associated 

with shorter internodes, HvAP2 acts as a repressor of internode elongation; however, we had little idea of 

the molecular mechanism underlying this effect. We reasoned that as a transcription factor, HvAP2 may 

regulate other novel loci controlling stem length. We are using a combination of approaches to identify 

downstream genomic targets of HvAP2 regulation and define interactions with the BR and GA pathways 

as a first step towards understanding how different genes work together to control internode elongation. 

 

Towards a  Molecular Network of Internode Growth 

Stem growth in cereals derives from intercalary meristems: pockets of meristematic cells left between 

stem nodes which actively divide at flowering. Internodes lengthen as cells exit and expand above the 

intercalary meristem, extending the distance between the stem nodes (Figure 2). Since HvAP2 orthologs 

have been implicated in meristem function
[26-29]

, we suspected that HvAP2 may regulate internode length 

in barley by affecting intercalary meristems and/or the transition from cell division to elongation. To test 

this hypothesis, we determined HvAP2-related changes in intercalary meristem activity, cell elongation 

dynamics and gene expression throughtout internode development. 

 
Figure 3 - Zonation model of internode growth. Genome-wide gene expression was determined for 

individual sections corresponding to each functional zone in both Bowman wild type and Zeo1.b mutant 

We compared the severe Zeo1.b Bowman NIL (BW938) with wild type (Bw), focusing on the internode 

directly under the spike, called the peduncle, which shows the greatest decrease in length in the mutant 

versus wild type. One of the major constraints of interpreting comparative expression data in a 

developmentally-relevant context is the resolution of sampling, along both temporal and spatial scales. 

However, beyond textbook diagrams of the intercalary meristem underlying a zone of elongation, we 

know practically nothing about intercalary meristem formation and termination or the development of 

distinct division, elongation and maturation zones during internode growth. Thus, we conducted the first 

kinematic analysis of internode growth in temperate cereals by characterising cell proliferation and cell 

elongation within the developing peduncles of wild type and mutant. Based on this developmental atlas, 

we revealed the genome-wide transcriptome with 8x 61k Agilent barley microarrays and small RNA 

sequencing from samples corresponding to each functional zone in both wild type and Zeo1.b over time. 

These data provide the first spatial and temporal molecular ontogeny of a developing internode in a 

temperate cereal. Preliminary analyses of microarray data validate our precise sampling approach by 

revealing specific temporal and spatial gene expression dynamics which would otherwise be obscured by 

bulk sampling of entire internodes. By comparing differences in gene expression between wild-type and 

Zeo1.b internodes, we have identified several promising downstream targets currently being characterised. 

In parallel, we are investigating the direct genome-wide targets of HvAP2 regulation through chromatin-

immunoprecipitation sequencing (ChIP-seq). ChIP-seq uses antibodies specific for a DNA-binding protein 



to isolate regions of the genome bound by that protein. Although an established method in Arabidopsis, 

this approach is just starting to be used in cereal research. The power of ChIP-seq was recently 

demonstrated in for the first time barley, identifying the downstream targets for the VERNALISATION1 

flowering time protein
[30]

. We have generated a tagged HvAP2 fusion construct driven by the endogenous 

promoter for transgenic expression in whole barley plants. We will use ChIP-grade commercial antibodies 

to isolate genomic targets bound by HvAP2 from stem tissue. Sequencing these fragments and then 

mapping them back onto latest barley genome assembly, which includes coverage up and downstream 

from genomic coding regions, will reveal HvAP2 decoration on the barley genome. Filtering these data 

together with our gene expression dataset will resolve downstream targets of HvAP2 developmentally-

relevant to internode growth which may act as targets for molecularly-informed breeding. 

 

Linking Multiple Traits with Major Developmental Pathways 

Although produced at the end of the life cycle, grain yield often reflects earlier developmental events 

occurring during different growth phases. For instance, yield may be affected by the number of shoots 

which form fertile spikes and/or the number of leaves. Initially characterised as a repressor of AP2 in 

Arabidopsis, miR172 is now known to be a key regulator in a deeply-conserved network which regulates 

the progression of developmental phases from vegetative to reproductive as well as entire suites of phase-

specific morphological events
[31]

. This network is driven by antagonism between miR172 and another 

miRNA, miR156. While miR172 targets AP2-like transcripts, miR156 targets mRNAs encoding the 

SQUAMOSA PROMOTER BINDING-LIKE (SPL) transcription factors. MiR156 is abundant early in the 

life-cycle to promote juvenile characteristics, like leaf production; however, over time miR156 levels fall, 

inhibited by rising levels of miR172, associated with adult and reproductive traits, such as internode 

elongation and flowering. Phase-coordination of multiple traits is mediated by SPL and AP2-like genes 

which each control specific morphological features: for instance, the maize glossy15 is an AP2-like gene 

promotes juvenile characteristics in leaves, such as leaf hairs
[32]

. Interestingly, these factors are 

conspicuously represented in the control of yield-related architectural traits in grasses
[eg. 33-34]

. Other than 

HvAP2, we know little about the individual functions of these factors in barley.  

My reseach group is teasing apart the functional specialisation of HvAP2-likes and HvSPLs and their 

miRNA regulation by using bioinformatics, expression analyses and transgenics, all of which depend on 

high-quality genomic information. Comparative genomic approaches are being used to characterise these 

gene families through reciprocal BLAST and manual alignments. Access to several cultivated cereal 

genomes, anticipated sequence information from current landrace and wild barley sequencing projects, in 

addition to the latest barley genome sequence will allow a clear view of how these gene families and their 

regulation has evolved and diversified in crop plants. These genomic analyses also form the springboard 

for hypothesis-driven experiments to test single gene function. For selected HvAP2-likes and HvSPLs, we 

are using transgenic expression of modified genomic sequences to reveal the traits regulated by miRNA-

control of these transcription factors. We expect that resolving the developmental roles of HvAP2-like and 

HvSPL genes will be particularly helpful to crop scientists interested in finding novel alleles and 

mechanisms to control agronomic traits.  

 

Future Approaches/ Conclusions 

Ongoing work in my research group and others would not be possible without the superior and 

sophisticated genomic resources now available for barley. Access to these data has allowed a step-change 

in temperate cereal research where we can now ask questions about molecular mechanisms underlying 

gene function which would not have been possible to answer even a few years ago. The decade ahead will 

be a most exciting time, especially as we explore the latest gene editing methods, such as CRISPR-Cas, to 

modify gene function and construct designer alleles
[35]

, the success of which is utterly dependent upon the 

availability of high quality genomic information. 
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Introduction 

Malting is an important end use of barley and barley varieties suitable for malting often attract premium 

prices. The malting process involves steeping the grains in water followed by controlled germination. 

During the malting process, hydrolytic enzymes are synthesized or activated to break down the endosperm 

cell walls allowing hydrolyzing enzymes to break down complex structures of the starch, proteins or lipids 

stored in the cells (Bamforth 2009).The resulting malt provides a source of simple sugars, amino acids, 

fatty acids and enzymes required for fermentation. The malting quality of barley is a complex 

characteristic controlled by numerous genetic and environmental factors. Quantitative trait loci (QTL) 

associated with this trait have been extensively studied (Fox et al. 2003; Hayes et al. 1993; von Korff et al. 

2008; Walker et al. 2013) and the information from those studies could potentially be useful for breeding 

programs to select for and accumulate desirable alleles through marker-assisted selection (MAS). 

Here we report on the QTL mapping of barley and malt quality in the cross of two current Australian 

malting varieties Navigator and Admiral. These are two-row commercial malting varieties developed by 

The University of Adelaide Barley Program. They are similar in their phenology; both are late flowering, 

short strawed, semi-dwarf plant types. Both have desirable characteristics such as thin husk, high malt 

extract and low β-glucan (BG) content. Navigator is low in diastatic power and fermentability making it 

well suited for sugar adjunct brewing and low alcohol beer production, while Admiral exhibits very high 

diastase and fermentability. Mapping QTL in Navigator x Admiral genetic backgrounds will provide 

opportunities for finding the genetic determinants of elite malting quality. 

 

Methods and Materials 

The Navigator x Admiral DH population 

Three-hundred and twenty DH lines developed from a cross between Navigator and Admiral were used in 

this study. The parents and the 320 DH lines were grown at two locations in South Australia over 3 years: 

Charlick 2012 (CHA12), Charlick 2013 (CHA13) and Roseworthy 2014 (RAC 14) 

Genotyping the doubled haploid Admiral × Navigator population 

DNA was extracted from leaf tissues collected from the DH population as previously described (Guidet et 

al. 1991) and sent to Triticarte Pty Ltd (Australia) for genotyping with DArT markers. In addition, the 

population was genotyped with Genotyping-by-Sequencing (GBS) using the double digest PstI/MspI 

method as previously described (Poland et al. 2012). The GBS libraries were prepared and sequenced on a 

single lane of an Illumina HiSeq 2000. Bi-allelic SNP markers were called using the Tassel UNEAK 

pipeline (Lu et al. 2013). R/qtl was used to generate a linkage map of the DArT and GBS markers 

(Broman et al. 2003). 

 Phenotypic measurements and analyses 

Grain traits consisting of kernel hardness, grain weight and diameter were collected on parental and DH 

lines in all three trials. The traits were measured by an SKCS 4100 (Single Kernel Characterisation 

System, Perten Instruments, USA). The SKCS measurements were performed on 300 kernels of grains 

cleaned over a 2.2-mm screen. Grain protein percent was measured on the SpectraStar (Unity Scientific 

Instrument).  

Malt quality analysis was performed on parental and 275 DH lines from the CHA12 season.  60 g of each 

barley line were micro-malted as single batches with: (i) steep and air rest regime of 7:8:9 h (wet:dry:wet) 

at 17°C, (ii) germination, 94.5 h at 17°C and (iii) kilning 50–85°C over 19.5h in a Phoenix Biosystems 

Automated Micromalter (Adelaide, South Australia). Malt quality parameters including α-amylase 



(Alpha),  β-amylase (Beta), apparent attenuation limit (AAL), diastatic power (DP), malt protein (MP), 

soluble protein (SP), Kolbach index (KI), free amino acid nitrogen (FAN), hot water extract (HWE), wort 

beta-glucan (wort-BG) and viscosity (VIS) were measured using small scale versions of the EBC Official 

Methods (Roumeliotis and Tansing 2004).  

QTL mapping 

Phenotypic data were used for QTL analysis using the software Genstat (15
th
 Edition, VSN international, 

UK). QTL were only reported when they were detected in at least two environments. 

 

Results 

Grain phenotypes and variation 

Both Navigator and Admiral have softer grains compared to other commercial malting varieties (data not 

shown). The two varieties had similar grain sizes and weights and Admiral was consistently significantly 

softer compared to Navigator (ANOVA, P<0.05) in three environments (Table 1). The DH progeny were 

more diverse than the parents in grain size and kernel hardness. Mean grain hardness was highest for 

samples grown in RAC 14 (60.3 units), followed by CHA 12 (54.3 units) and lowest in CHA 13 (46.2 

units). The differences between environments are all statistically significant (Bonferroni test, P<0.05). 

 

Table 1 Mean values and standard deviations for grain physical and malt quality traits 
 Admiral (n=12) Navigator (n=12) DH lines (n=275) 

Malt trait CHA12 Mean STD Mean STD Mean STD 

Alpha Malt alpha-amylase activity DU 40.87 3.30 34.42 2.40 37.91 4.17 

Beta Malt beta-amylase activity 361.62 52.53 182.56 18.70 267.53 67.87 

AAL Apparent attenuation limit  82.96 0.82 74.53 1.09 78.80 2.88 

DP Diastatic power 402.49 52.55 216.97 19.16 305.44 68.90 

FAN Free amino acid nitrogen 125.34 6.85 93.14 4.75 111.99 14.29 

HWE Hot water extract EBC 81.81 0.70 81.83 0.64 81.74 0.97 

GPC Grain protein content NIR 9.33 0.72 9.17 0.70 9.52 0.76 

SP Soluble protein 4.20 0.12 3.50 0.11 3.87 0.26 

KI Kolbatch index 41.53 2.71 35.00 1.27 37.79 2.87 

VIS Viscosity 1.62 0.05 1.98 0.13 1.79 0.15 

Wort-BG Wort-beta glucan 85.61 68.94 470.60 120.95 266.77 157.88 

Grain physical trait (3 envs) Admiral (n=12) Navigator (n=12) DH lines (n=275) 

Grain hardness Mean STD Mean STD Mean STD 

 RAC 14 57.49 1.07 62.54 1.15 60.36
a
 3.81 

 CHA 13 42.04 1.02 49.62 2.03 46.19
b
 3.48 

 CHA 12 46.64 2.91 58.26 5.78 54.26
c
 4.05 

Grain weight       

 RAC 14 42.59 0.80 42.54 0.55 42.41
 a
 1.64 

 CHA 13 44.70 0.63 49.23 0.90 47.22
 b
 1.94 

 CHA 12 41.73 3.42 43.66 3.05 43.50
 c
 1.85 

Grain diameter       

 RAC 14 2.18 0.04 2.39 0.04 2.24 0.10 

 CHA 13 2.44 0.05 2.67 0.05 2.47 0.12 

 CHA 12 2.13 0.17 2.40 0.12 2.28 0.12 

 

Malt quality traits 

The parents and 275 DH lines grown in CHA12 were analysed for eleven malt quality parameters. The 

arithmetic means and standard deviations (STD) of all traits are presented in Table 1. Phenotypic 

distributions were examined for eleven traits and they all show normal distributions with transgression 

beyond the parental means (data not included).  

A total of 50 significant correlations were observed between eleven malting traits and kernel hardness 

(Table 2). The highest correlations were found between related traits such as Beta with DP (0.98), wort-



BG with viscosity (0.91) and FAN with SP (0.87). Relatively high correlations (above 0.5) were found 

between Beta and DP with AAL, Beta and DP with GP, FAN and SP with Alpha, FAN and SP with KI. 

Wort-BG and viscosity had negative correlations to most traits and the highest were observed with HWE, 

FAN, Alpha and KI. 

Grain hardness had significant correlations to most malt quality traits except for GP and Alpha (Table 2). 

This grain physical trait is positively correlated to wort-BG (correlation coefficient of 0.42) and viscosity 

(0.47) and negatively correlated to other quality traits such as KI (-0.55), FAN (-0.43), SP (-0.42), AAL (-

0.40) and HWE (-0.25). 

Table 2: Correlation coefficients (r) between kernel hardness and eleven malting traits.  All samples were 

from CHA 12. The significance thresholds for r values are *P<0.05, **P<0.01, ***P<0.001, ns not 

significant 

 

AAL Alpha Beta DP FAN GP KI SP VIS 

Wort-

BG HWE 

Alpha 0.46
***

  - 

         Beta 0.73
***

 0.34
**

  - 

        DP 0.74
***

 0.39
***

 0.98
***

  - 

       FAN 0.38
***

 0.59
***

 0.23
*
 0.26

*
  - 

      GP 0.14
ns

 0.06
 ns

 0.53
***

 0.52
***

 0.21
 ns

  - 

     

KI 0.22
*
 0.40

***
 

-0.06
 

ns
 

-0.04
 

ns
 0.65

***
 -0.33

**
 

     SP 0.39
***

 0.50
***

 0.45
***

 0.47
***

 0.87
***

 0.47
***

 0.53
***

  - 

   Viscosit

y 

-

0.35
***

 

-

0.56
***

 0.05
 ns

 0.02
 ns

 

-

0.59
***

 0.15
 ns

 

-

0.50
***

 

-

0.38
***

  - 

  Wort-

BG 

-

0.40
***

 

-

0.54
***

 

0.001
 

ns
 

-0.03
 

ns
 

-

0.52
***

 0.21
 ns

 

-

0.52
***

 -0.31
**

 0.91
***

  - 

 

HWE 0.07
 ns

 0.22
*
 

-

0.38
***

 

-

0.36
***

 0.20
 ns

 

-

0.57
***

 0.42
***

 

-0.11
 

ns
 

-

0.59
***

 

-

0.67
***

  - 

Kernel 

hardness 

-

0.40
***

 

-0.20
 

ns
 -0.24

*
 -0.24

*
 

-

0.43
***

 

-0.01
 

ns
 

-

0.55
***

 

-

0.42
***

 0.42
***

 0.47
***

 -0.25
*
 

 

QTL analysis 

Multiple QTL were observed for the physical and malt quality traits from all environments. The summary 

of the QTL for kernel hardness, AAL, DP, HWE, Alpha and Beta is presented in Table 3.  

 

Discussion 

Recent changes to malting accreditation standards announced by Barley Australia highlighted commercial 

requirements for improved quality of malting barley. Future varieties must meet a higher benchmark for 

malt extract and lower tolerances for wort-BG and wort viscosity. Our study investigates the genetic 

determinants of elite malting quality using a mapping population generated from Navigator and Admiral 

with analyses undertaken for physical and malt quality traits. 

Similar to previous findings by (Psota et al. 2007) there was a strong association between the kernel 

hardness and the malt quality of barley in our study. The association is supported by significant 

correlations between the kernel hardness and nine important malt quality parameters with the strongest 

associations were found with AAL, KI, FAN, SP (-ve correlation), wort-BG and viscosity (+ve) (Table 2). 

Seven QTL on six chromosomes (except for 6H) were found controlling kernel hardness explaining from 

~32 to 43% of the phenotypic variance in three studied environments. Two major QTL for kernel hardness 

were detected on 1H and 7H. Those QTL coincide with the QTL detected for AAL, Alpha, HWE, KI, 

FAN, wort-BG and viscosity.  The genomic loci on 1H and 7H were also reported for controlling key malt 

quality traits in many other mapping populations such as Vlamingh × Buloke (Walker et al. 2013), 



Arapiles ×  Franklin (Beecher et al. 2002; Walker et al. 2013) and Steptoe ×  Morex (Beecher et al. 2002). 

Our results reinforce the important roles of those loci in controlling the quality of barley grain and malt.  

Three traits AAL, DP and Beta had a major QTL linked with the Bmy1 marker on 4H. This QTL 

accounted  for over 43-64% of the phenotypic variance with the Admiral allele increasing AAL by a 

maxium of 2.4% and DP by 48 U/g. The results show the magnitude of Bmy1 gene effects in this 

population and are consistent with segregation for the low and high thermostability forms of the ß-amylase 

enzyme. 

The majority of the QTL for malt quality traits reported in this study coincide or are in close proximity to 

previously reported QTL in other mapping populations (Zale et al. 2000). Admiral and Navigator 

represent benchmark malting quality so the similarity in QTL locations with other populations suggests 

multiple alleles may occur for the underlying genes. The presence of transgressive segregation above the 

parental values for all quality traits indicates further improvements in quality can be achieved by 

optimising allele combinations in current elite germplasm. 

 

Table 3 Significant QTL for kernel hardness analysed in the DH population grown in three environments 

and for five malt quality traits grown at Charlick 2012 
Trait Chr cM Contributing parent LOD % expl. variation Add. effect 

AAL 4H 134.64 Admiral 64.546 66.829 2.354 

Alpha 1H   50.56 Navigator 11.642 14.307 1.575 

  4H 37.71 Admiral 5.61 6.341 1.048 

  6H 113.64 Navigator 5.211 5.635 0.988 

  7H 91.59 Admiral 3.915 4.019 0.835 

Beta 4H 74.21 Admiral 4.556 3.075 11.894 

  4H 134.64 Admiral 44.525 50.635 48.265 

DP 4H 74.21 Admiral 4.831 3.342 12.582 

  4H 134.64 Admiral 43.503 49.662 48.502 

HWE 1H   50.56 Navigator 4.171 4.102 0.191 

  3H 57.82 Navigator 6.792 7.618 0.26 

  6H 56.33 Navigator 5.013 5.717 0.225 

  7H 40.02 Admiral 4.103 4.922 0.209 

  7H 108.75 Admiral 5.21 5.869 0.228 

Kernel hardness       

CHA 12 2H 117.76 Navigator 3.893 3.811 0.791 

 7H 5.23 Admiral 5.997 6.932 1.067 

 7H 78.48 Navigator 12.116 14.583 1.548 

CHA 13 1H   50.56 Admiral 13.319 18.648 1.501 

 2H 108.68 Navigator 5.122 6.114 0.86 

 7H 10.46 Admiral 6.679 9.807 1.089 

 7H 91.91 Navigator 6.847 8.691 1.025 

RAC14 1H   50.56 Admiral 4.506 2.968 0.624 

 2H 95.30 Navigator 6.475 8.629 1.064 

 7H 13.27 Admiral 6.263 8.958 1.084 

 7H 73.63 Navigator 6.210 10.552 1.176 
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Barley has a large and complex genome with 5.1 billion base-pairs assembled into seven chromosomes. 

The International Barley Genome Sequencing Consortium is in the process to complete the barley 

reference genome sequence based on the physical map.  Each chromosome is sequenced and assembled 

through minimum tilling path BACs.  For example, chromosome 5H is covered by over 8400 BACS and 

assembled to 658 M base-pairs, which represent about 87% of estimated chromosome size. 17,000 

molecular markers are aligned to the chromosome 5H physical map and genome sequence. In addition, 

key Australian barley varieties were sequenced using WGS and integrated database was constructed. The 

sequence and molecular marker information will provide the basis to isolate genes and develop diagnostic 

molecular markers for yield, malting quality and disease resistance.  
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Abstract 

A multi-environment analysis of 20 national variety by management (nitrogen (N) and seed rate) trials 

was conducted to compare the responses of four new malt barley varieties (Bass, Granger, La Trobe and 

Wimmera) relative to two established malt barley varieties (Buloke and Commander). 

Varieties differed in how they responded to management. The response of each variety to management 

was trait dependent and management related. Knowledge of how a variety responded to increasing N was 

not helpful in understanding how the same variety responded to increased seed rate. Growers will need to 

adjust their management when adopting Bass, Granger, La Trobe or Wimmera as their management 

package differs from that of the established varieties Buloke and Commander. 

Maximum yield and maximum receival quality rarely occurred under the same management. Management 

that maximised grain yield compromised the success rate of meeting the GTA Malt 1 standard. Focusing 

on meeting the GTA Malt 1 standard rather than maximising grain yield came with a yield penalty. In 

most cases grain yield was maximised by targeting a plant density of 300 plants/m
2
, and applying 30 or 90 

kg N/ha. In the new malt varieties grain quality was not maximised when targeting 300 plants/m
2
, whereas 

it was in the established varieties. 

 

Introduction 

There has been a rapid release and rapid uptake of Barley Australia (barleyaustralia.com.au) accredited 

malting barley varieties in the last five years. Each released malt variety has a different phenotype, 

potentially resulting in a different response to management inputs. In this study we looked at the influence 

of nitrogen (N) fertiliser at different seed rates on the grain yield and the grain quality of a range of the 

new malting varieties. The aim of the study was to assess varieties for their response to management and 

determine if a different management practice might be required to maximise productivity when growing 

each variety.  

 

Materials and methods 

This study was a collaboration between the western (DAW00224) and southern (DAN00173) GRDC 

funded barley agronomy projects over a three year period (2012-2014). In each year a core set of eight 

‘malt’ varieties were evaluated at seven locations (three in WA, two in NSW, one in Vic and one in SA). 

The eight varieties sown were evaluated for their response to three rates of applied nitrogen (N) (0, 30 and 

90 kg N/ha) at three different seed rates (75, 150 and 300 plants/m
2
) over three replicates. 

Bass, Buloke, Commander, Granger, La Trobe and Wimmera were sown in all 21 trials (locations). 

Buloke and Commander were the control varieties given their adoption in all the major malt growing areas 

of Australia. Compass, Flinders (now an accredited malt variety) and Skipper were also sown, but not in 

all trials, and data on those three varieties is not presented in this paper. Only 20 locations were used for 

the multi-environment (MET) analysis as the 2014 Birchip location was abandoned due to drought. 

Trials were established (mostly into canola or wheat stubble and sometimes fallow) and harvested with 

small plot research equipment. N (as urea) was topdressed by hand after seeding. The seed rate (kg/ha) to 

establish the target densities of 75, 150 or 300 plants/m
2
 varied for each variety and year and was adjusted 

based on their kernel weight and germination percentage. Results are graphed against the measured 

establishment (determined 2–4 weeks after seeding) rather than against the target densities.  

http://www.barleyaustralia.org.au/


Core measurements were plant establishment (plants/m
2
), grain yield (t/ha), 1000 kernel weight (mg, db), 

test weight (kg/hL), retention (% > 2.5 mm), screenings (% < 2.2 mm) and grain protein (%, db).  

A MET analysis was conducted on the combined 20 location dataset for each of the core measurements. 

Spatial analysis was undertaken with an autoregressive correlation matrix using ASReml3 for R (Gilmour 

et al. 2009, R Core Team 2015). Performance of each variety relative to the performance of Commander 

was assessed within GenStat (Payne et al. 2008) using a linear function model. Grain yield and retention 

data was log transformed for the comparative analysis. Grain protein deviation based on the relationship 

between grain yield and grain protein concentration was calculated with GenStat as per Paynter and van 

Burgel (2014). 

 

Table 1. Varietal differences in grain yield and grain averaged across locations. Significance: *** = 

p<0.001, ** = p<0.01, * = p<0.05 and n.s. = not significant. 

Trait Grain yield 
Kernel 

weight 

Test 

weight 
Retention Screenings 

Grain 

protein 
Variety (t/ha) (mg, db) (kg/hL) (% > 2.5 

mm) 

(% < 2.2 

mm) 

(%, db) 
Bass 3.62 42.3 70.8 93.8 2.7 12.0 
Buloke 3.63 44.0 69.2 90.2 3.1 11.4 
Commander 3.84 40.5 68.7 91.4 4.1 10.8 
Granger 3.74 41.5 69.8 90.0 4.0 11.4 
La Trobe 4.00 40.1 70.8 91.2 3.5 10.9 
Wimmera 3.64 39.1 68.1 90.5 3.7 11.5 
Significance *** *** *** *** *** *** 
LSD (p=0.05) 0.06 0.3 0.2 0.5 0.0 0.1 

  
Figure 1. a) relative grain yield (kg/ha) of Bass (r

2
 = 0.91), Buloke (r

2
 = 0.92), Granger (r

2
 = 0.90), 

Granger (r
2
 = 0.91) and Wimmera (r

2
 = 0.92) at different grain yields achieved by Commander, and 

b) relative retention of Bass (r
2
 = 0.88), Buloke (r

2
 = 0.82), Granger (r

2
 = 0.84), La Trobe (r

2
 = 0.89) 

and Wimmera (r
2
 = 0.86) at different retentions achieved by Commander. 

 

Results 

Growing season rainfall (May-Oct) was generally greater than 150 mm at each location. The location 

mean grain yield ranged from 1.80 t/ha (Condobolin 2013) to 5.25 t/ha (Kendenup 2013) with an average 

yield of 3.74 ± 0.24 t/ha. Only five of the locations recorded an average yield below 2.5 t/ha (Birchip 2012 

and 2013, Condobolin 2012, 2013 and 2014).  

Grain quality was generally within the GTA Malt 1 limits (test weight ≥ 65 kg/hL, retention ≥ 70%, 

screenings ≤ 7% and grain protein between 9% to 12%). Location average test weights exceeded 65 kg/hL 

except at Birchip and Turretfield in 2013. Retention was above 70% except at five locations (Condobolin 

2012, 2013 and 2014 and Turretfield 2012 and 2013). Screenings were below 7% at all bar 5 locations 

(Katanning 2012, Turretfield 2013 and 2014 and Condobolin 2014). With nil N applied, grain protein 

concentrations were below 9% at six locations (Birchip 2012 and 2013, Kendenup 2013, Walebing 2013 

and 2014, and Kojonup-W 2014) and above 12% at four locations (Katanning 2012 and Turretfield 2012, 

2013 and 2014). 
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La Trobe was the highest yielding variety, out-yielding Bass, Buloke and Wimmera by 0.38 t/ha and at all 

levels of grain yield (Table 1, Figures 1 and 2). Varieties also differed in their physical grain 

characteristics (Figures 1 and 2). Buloke has the highest kernel weight and Bass the plumpest grain (but 

not at retentions below 60%). Bass and La Trobe had the highest hectolitre weight. These differences in 

grain quality influenced the success of a variety in meeting the GTA Malt 1 standards.  

When the influence of grain yield was removed, Bass and Commander differed from the other four 

varieties in their grain protein concentration (Figure 3). At a given yield and management input, the grain 

protein concentration in Bass and Commander differed by up to 1%. Whilst the apparent ranking of 

Buloke, Granger, La Trobe and Wimmera varied across the rates of N applied, the grain protein deviation 

of those varieties generally did not deviate from zero, except for Buloke and La Trobe with 90 N. The 

grain protein deviation of Bass and Commander is consistent with the analyses of barley NVT trials in 

South Australia (Porker and Wheeler 2013) and in Western Australia (Paynter and van Burgel 2014). In 

those studies Buloke was also ranked as having a slightly lower grain protein concentration for its yield 

(as observed in this study but only at 90 N), whilst La Trobe was considered normal. 

N and seed rate both influenced yield and quality (Table 2 and Figure 2). Across locations, the absolute 

effect (and direction of change) of increasing N from 0 to 90 kg N/ha or increasing the seed rate from 75 

to 300 plants/m
2 

was similar for grain yield (+0.28 vs +0.31 t/ha), kernel weight (-2.1 vs -2.5 mg), test 

weight (-0.3 vs -0.3 kg/hL), retention (-2.6 vs -1.6 %) and screenings (↑ +1.0 vs ↑ +0.7 %). N had a much 

larger effect on grain protein than seed rate and it increased it rather than decreased it (+2.4 vs -0.3 %). 

Varieties responded differently to increasing N applied (except kernel weight) and to increasing seed rate 

(Table 3 and Figure 2). This response was also influenced by location (Table 2). The response of a variety 

to N was not a good indicator of how the same variety responded to increasing seed rate. For example La 

Trobe was the most yield responsive variety to increasing N but no different to other varieties in its 

response to increasing seed rate (except Buloke). The grain quality of Granger was more responsive to 

increasing seed rate than other varieties, but its grain quality was not always the most responsive to 

increasing N applied. 

 

Table 2. Analysis of variance for main effects (location, variety, N applied and seed rate) and their 

interactions. Significance: *** = p<0.001, ** = p<0.01, * = p<0.05 and n.s. = not significant. 

Trait Grain yield 
Kernel 

weight 

Test 

weight 
Retention Screenings 

Grain 

protein 
Source (t/ha) (mg, db) (kg/hL) (% > 2.5 

mm) 

(% < 2.2 

mm) 

(%, db) 
Location (L) *** *** *** *** *** *** 
Variety (V) *** *** *** *** *** *** 
N applied (N) *** *** *** *** *** *** 
Seed rate (SR) *** *** *** *** ** *** 
L x V *** *** *** *** *** *** 
L x N *** *** *** *** *** *** 
V x N *** n.s. *** *** *** *** 
L x SR *** *** *** *** *** *** 
V x SR *** *** *** *** ** *** 
N x SR *** *** n.s. *** *** *** 
L x V x N *** *** *** *** *** *** 
L x V x SR *** *** *** *** *** *** 
L x N x SR *** ** ** *** *** n.s. 
V x N x SR ** ** n.s. * n.s. n.s. 
L x V x N x SR n.s. n.s. ** *** * n.s. 
       



  

  

 

  
Figure 2. Response of six barley varieties to increasing N applied or increasing seed rate (plotted 

against established plant number) when averaged across locations for grain yield, hectolitre weight, 

retention and grain protein concentration. 
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Figure 3. Boxplot of grain protein deviation comparing six varieties over all seed rate treatments 

and locations for a) 0 kg N/ha, LSD (p=0.05) = 0.12%, b) 30 kg N/ha, LSD (p=0.05) = 0.13% and c) 

90 kg N/ha, LSD (p=0.05) = 0.13%. Horizontal red dotted lines highlight the LSD (p = 0.05) relative 

to 0%. Crosses highlight outliers. 

 

Table 3. Responsiveness of varieties to increasing N applied or increasing seed rate when averaged 

across locations for grain yield and five grain quality traits. 

 
N applied Seeding rate 

Trait Smallest change Largest change Smallest change Largest change 

Grain yield 
Granger, 

Wimmera 
La Trobe Buloke - 

Kernel weight - - - Granger 

Test weight - Bass, Buloke - 
Granger, 

Wimmera 

Retention 
Bass, 

Commander 
Buloke 

Bass, 

Commander 
Granger 

Screenings Bass, La Trobe 
Buloke, 

Granger 

Bass, 

Commander 

Granger, 

Wimmera 

Grain protein - 
Bass, Granger, 

Wimmera 

Buloke, 

Commander 
Granger 

.  

Figure 4. Difference in the grain yield response of two varieties a) Bass and b) Granger to increasing 

N applied at different seed rates averaged across locations. 

 

  
Figure 5. Difference in the retention response of two varieties a) Bass and b) Granger to increasing 

N applied at different seed rates averaged across locations. 

 

N and seed rate interacted to influence grain yield and grain quality, except test weight (Table 2). Test 

weight responses to seed rate and N, however, were apparent at some locations but not all locations. As 

seed rate increased, barley became less yield responsive to increasing N with a higher small grain risk 

(smaller grain with lower retention and higher screenings). The influence of seed rate and N varied with 

location, except for grain protein concentration. 

Interactions between seed rate and N applied were modified by variety for all traits except test weight, 

screenings and grain protein (Table 2). The influence of seed rate and N on varietal responses varied with 
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location, except for grain yield, kernel weight and grain protein concentration. Varietal differences in test 

weight and screenings responses to seed rate and N were apparent at some locations but not all locations. 

At 300 plants/m
2
, Granger and Wimmera achieved the same grain yield regardless of N applied (Figure 4). 

Whereas at 75 plants/m
2
 their grain yield differed with N applied. In the other four varieties, the yield of 

the 0 N plots were always lower than the yield of the 30 N and 90 N plots at each seed rate. 

For Bass and Commander there was almost no change in retention as seed rate increased for both the 0 N 

and 30 N treatments, but retention decreased slightly as seed rate increased at 90 N (Figure 5). For the 

other four varieties the decrease in retention with increasing seed rate was present at each rate of N 

applied and became larger with each increase in N applied.  

The management package that maximised grain yield was generally not the same as that which had the 

highest proportion of the locations meeting the GTA Malt 1 limits for test weight, retention, screenings 

and grain protein (Table 4). The penalty from maximising yield or quality varied with variety. For 

example the yield of Granger was maximised at 30 N and 300 plants/m
2
, whereas grain quality was 

maximised at 30 N and 75 plants/m
2
. In Buloke grain yield was maximised at 90 N and 300 plants/m

2
, but 

quality was maximised at 30 N and 300 plants/m
2
. 

The penalty for maximising quality and not grain yield was 0.21 t/ha in Bass, 0.02 t/ha in Buloke, 0.11 

t/ha in Commander, 0.30 t/ha in Granger, 0.15 t/ha in La Trobe and 0.21 t/ha in Wimmera. Focusing on 

maximising yield rather than maximising quality reduced the percent of samples meeting GTA 1 Malt 1 

standards by about 5% for Bass, La Trobe and Wimmera and 11% for Granger. The yield penalty for 

Buloke and Commander was significant if N was increased from 30 N to 90 N at 300 plants/m
2
. 

If the 4 locations which exceeded the Malt 1 protein limit of 12% with 0 N applied were removed from the 

analysis in Table 4, the strike rate (excluding Wimmera) for malt increased from every 1 in 2 locations to 

2 in 3 locations when quality was optimised. 

 

Table 4. Average grain yield and percent of samples meeting GTA Malt 1 standards for each N 

applied and seed rate treatment averaged across sites. Maximum values highlighted in bold. 

  
Grain yield (t/ha) 

% samples meeting GTA Malt 1 

standards 

Variety Treatment 
75 

plants/m
2
 

150 

plants/m
2
 

300 

plants/m
2
 

75 

plants/m
2
 

150 

plants/m
2
 

300 

plants/m
2
 

Bass 0 N 3.29 3.53 3.72 26% 32% 37% 
  30 N 3.56 3.79 4.00 37% 47% 42% 
  90 N 3.64 3.83 3.97 21% 21% 26% 
Buloke 0 N 3.39 3.58 3.62 32% 32% 37% 
  30 N 3.66 3.76 3.86 37% 42% 53% 
  90 N 3.72 3.88 3.89 32% 16% 21% 
Commander 0 N 3.63 3.83 3.88 42% 42% 37% 
  30 N 3.77 4.02 4.07 42% 42% 47% 
  90 N 3.86 4.09 4.18 26% 26% 32% 
Granger 0 N 3.49 3.76 3.95 37% 32% 32% 
  30 N 3.71 3.96 4.02 47% 37% 37% 
  90 N 3.68 3.93 3.93 21% 32% 32% 
La Trobe 0 N 3.60 3.89 3.93 47% 32% 21% 
  30 N 3.97 4.20 4.39 47% 53% 47% 
  90 N 4.10 4.35 4.36 32% 37% 37% 
Wimmera 0 N 3.35 3.65 3.80 37% 32% 37% 
  30 N 3.62 3.86 3.97 37% 37% 32% 
  90 N 3.60 3.86 3.85 5% 16% 21% 

 

Conclusions 

Bass, Granger, La Trobe and Wimmera differed in how they responded to N and seed rate relative to the 

established varieties Buloke and Commander. Varietal responsiveness varied with each trait and differed 



by management input. Maximising the productivity of each variety is a balancing act. An ideal variety has 

a high test weight, high retention and low screenings with low to moderate grain protein concentration, 

doesn’t hay off at high N and is not very responsive to seed rate. None of the varieties evaluated displayed 

all those characteristics.  

Maximum yield and maximum receival quality rarely occurred under the same management. Management 

that maximised grain yield generally compromised the success rate of meeting the GTA Malt 1 standards. 

Focusing on quality rather than yield came with a yield penalty of between 0.02 to 0.30 t/ha with an 

average yield penalty of 0.16 t/ha. The yield penalty was highest in Granger. Focusing on yield instead of 

quality reduced the percent of samples meeting GTA Malt 1 standards from 47 % to 35% when averaged 

across varieties. The quality penalty was highest in Buloke. 

For the established varieties (Buloke and Commander), profitability was maximised at a seed rate of 300 

plants/m
2
 (average establishment of all varieties = 256 plants/m

2
) with 30 N. For the new malt varieties 

(Bass, Granger, La Trobe and Wimmera), whilst grain yield was maximised at a seed rate of 300 

plants/m
2
, grain quality was not. Except for Granger, grain quality was maximised at 150 plants/m

2
 

(average establishment = 145 plants/m
2
) with 30 N for Bass, La Trobe and Wimmera. The grain quality of 

Granger was maximised at 75 plants/m
2
 (average establishment = 78 plants/m

2
) with 30 N. 

Bass was the plumpest of the varieties tested with a high test weight, but is at risk of exceeding grain 

protein standards in lower rainfall and higher nitrogen situations. Granger was not very responsive to 

increasing N, but its grain quality was more sensitive to increasing seed rate than the other varieties. 

Whilst La Trobe was very responsive to both increasing N and increasing seed rate, it was able to maintain 

a high level of grain quality except with low N supply. Like Granger, Wimmera was not very responsive 

to N, but it had the lowest success rate of meeting the GTA Malt 1 standards in this trial series. 
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Summary 

Phenology is a determinant factor for the adaptation of any crop, particularly in temperate conditions with 

short growing season. We studied the genetic components determining barley phenology in germplasm 

representative of breeding and production in the Southern cone of South America, using a population of 

75 genotypes. The germplasm was phenotyped in nine field experiments, including four years and two 

locations in Uruguay (Paysandú and Montevideo), where ten phenological traits were determined. (lenght 

of Z00-Z20, Z20-Z30, Z30-Z49, Z00-Z49, Z49-Z90 and photoperiod response in all of them). The 

population was genotyped with 1033 SNPs. A comprehensive GWAS was performed and QTLs were 

detected for all traits. Most QTLs included several markers in LD and determined multiple traits in more 

than one environment. Nine QTL showed EARLINESS PER SE effects and thirteen showed photoperiod 

response. Several QTLs mapped in the same regions than CONSTANS-like (COL) and 

PSEUDORESPONSE REGULATOR (PRR) genes. Our results allowed good characterization of the 

phenological effects of different QTL types and advance in the understanding of how CCT domain genes 

may affect phenological barley traits, helping the theoretical development, through planned crosses, of 

“ideal” genotypes for our environmental conditions. 

 

Introduction 

Phenology is the most important factor determining the adaptation of crop plants to production conditions 

(Richards, 1991). Anthesis date is of particular importance for barley yield potential: is located between 

the periods when yield potential is defined and realized. Phenology also determines the duration and 

timing of the different phases in plant developmentl. Knowledge about the genetic control of the different 

pre-anthesis phases would help to develop strategies for increasing yield potential (Borrás-Gelonch et al. 

2010).  

In temperate conditions, as in Uruguay and the southern cone of South America, barley is planted in 

May/June/July and harvested in November (Castro et al. 2008). Winters are mild and temperatures 

increase rapidly during the spring. Anthesis late in October leads to grain filling under a terminal 

temperature stress which decreases yield and grain quality. The combination of early flowering and long 

grain filling period is associated with higher yield potential and stability (Castro et al. 1997).   

Anthesis date in barley is determined by (i) vernalization response (Takahashi and Yasuda, 1970), (ii) 

photoperiod response (Roberts et al. 1988) and (iii) earliness per se (Gallagher et al. 1975). Borrás-

Gelonch et al. (2010) and Alqudah et al. (2014) have recently reviewed the reports regarding the genetic 

control of barley phenology. Anthesis time include three pre-anthesis developmental phases: vegetative 

phase (leaf initiation, from Z00 to Z21), the early reproductive phase (spikelet or floret initiation, from 

Z21 to Z30) and the late reproductive phase (spike development, from Z30 to Z49) (Appleyard et al. 1982; 

Kirby and Appleyard 1987; Slafer and Rawson 1994). The length of each one of these phases may affect 

grain yield (Miralles et al. 2000; González et al. 2003; Borrás-Gelonch et al. 2009) and has shown genetic 

variation (Appleyard et al. 1982; Kitchen and Rasmusson, 1983; Kernich et al. 1995, 1997). There are also 

reports of differential photoperiod sensitivity between genotypes and pre-anthesis phases (Slafer and 

Rawson 1994; Miralles, 2000; González et al. 2002; Boyd et al. 2003). Knowledge about the genetic 

factors which control the length of the different pre-anthesis phases is limited, although there are reports 

of independent control for each sub-phase (Borrás-Gelonch et al. 2010; Alqudah et al. 2014). 

We have used GWAS (Genome-Wide Association Scan) to advance in the understanding the genetic basis 

of phenology in germplasm relevant to South American barley breeding. With this general objective, we 

studied a barley population through extensive phenotyping and genotyping.  



Materials y Methods 
We used a population of 75 spring barley genotypes, consisting of varieties commercially used in Uruguay 

during the last century, advanced lines from breeding programs, and ancestors present in the pedigree of 

several varieties used in the country. The population is listed elsewhere (Locatelli et al. 2013). The 

population was genotyped using the barley oligonucleotide pool assay (BOPA 1), developed for the 

Coordinated Agricultural Project (www.barleycap.org), containing allele-specific oligos for a set of 1536 

SNPs. The estimated positions of the SNPs are based on the consensus map developed by Muñoz-

Amatriain et al. (2011).  

 

Table 1. Coding, location (PAY: Paysandú, SAY: Sayago) and planting date (PD) for each experiment. 
 Experiments 

Code P07 P08a P08b P08c P08d S09a S09b S10a S10b 

Location PAY PAY PAY PAY PAY SAY SAY SAY SAY 

PD 7/16/07 5/19/08 6/24/08 8/4/08 9/2/08 6/12/09 8/11/09 6/24/10 8/11/10 

 



 
 

Figure 1. Location of the significant marker-trait associations in the linkage map using marker locations 

by Muñoz-Amatriaín et al. (2011). QTLs were identified on the left (triangles: photoperiod sensitivity) 

and right (circles: length of the phase) of each chromosome. Numbers within circles indicate the number 

of environments where the  associations was significant and within triangles number of years when the 

associations were detected.  

 

The population was phenotyped in nine field experiments, planted at two locations in Uruguay in 2007-

2010: Paysandú (58°03'W, 32°55'S) and Sayago (56º12'W, 34°51'S) (Table 1). Both locations covered the 

northern (Paysandú) and southern (Sayago) extremes of the production area, and planting dates (Table 1) 

comprised the full range of the planting season. We determined ten phenological traits (length of the 



following periods: plant emergency-Z20, Z20-Z30, Z30-Z49, emergency-Z49 and grain filling; and 

photoperiod response in all of them). Lenght of the phenological phases was measured in ºC.day and 

photoperiod sensitivity was measured as described in Castro et al. (2008). 

To determine the associations between molecular markers and quantitative traits a linear mixed model was 

used (y = Xβ + Qv + Ku + e) where Y is the phenotypic vector, X is the molecular marker matrix, β is the 

unknown vector of allele effects to be estimated, Q is the population structure represented by the scores of 

the relevant axis of a principal components analysis, ν is the vector of population effects (parameters), Z is 

a matrix that relates each measurement to the individual from which it was obtained (an identity matrix in 

our case), u is the vector of random background polygenic effects, and e is the residual errors. The 

analysis was performed using R 2.10. To consider a trait-marker association as significant a p value of 

0.005 was used. To summarize information from multiple environments two procedure was conducted. 

The first procedure consisted of the single-environment analysis described above. The second procedure 

was the multi-environment model multi-QTL (MEMQ) marker selection descripted by Locatelli et al. 

(2013) and Gutiérrez et al. (2015). 

 

Results 

A total of 39 QTLs for all traits/experiments were identified, based on the significant marker-trait 

associations detected (Figure 1). Most of the associations include more than one marker (in LD) and more 

than one variable and/or environment. Some of the detected QTLs affected not only the length of the 

phenological period but also the photoperiod sensitivity in the same period.  

Most QTLs were detected in late planting dates, showing a trend toward higher number of QTLs detected 

in these longer photoperiod, shorter (in time to heading) environments (Figure 2). In spite of that, there 

were significant associations specific for early planting dates (lower temperatures at anthesis and shorter 

photoperiod), specific for late planting dates and significant in both planting dates. 

 

 
Figure 2. Thermal time to anthesis, light hours to anthesis (squares) and number of QTL in each 

experiment. Black squares and grey squares represent late sowings and early sowing respectively. 

Triangles represent QTLs detected to each experiment (from QTLs detected in more than one experiment). 



 

Based in their consistency between environments and the number of phenological phases controlled, we 

selected twenty five QTLs as the most relevant ones (Table 2). In order to establish a characterization of 

the detected QTLs we propose for each one, based on the data from Figure 1, a phenological phase most 

affected (MAPP) and a type of effect (length vs. photoperiod sensitivity). Twelve of the QTL have Z20-

Z30 as their MAPP, while all the other sub-phases have smaller numbers of QTLs for which they were the 

MAPP. Ten of the QTLs affected the length of the relevant phase while eighteen the photoperiod 

sensitivity of it. 

 

Table 2. Summary of the most relevant QTL detected in each planting date, showing the proposed  most 

affected phenological phase (MAPP) for each QTL, marker associated, chromosome, position (according 

to Muñoz-Amatriaín et al. 2011) and effect class. 
  Location  

Effect 

class* 

Coincident reports 

MAPP Marker Chr. cM Laurie** CCT-domain 
genes 

Other 
reports*** 

Z00-Z20 1110094 5H 113 PS   H19931 

Z00-Z20 1121177 5H 124,0 PS   Other 
Z20-Z30 1121134 1H 37,0 PS   Other 

Z20-Z30 1120138 1H 139,4 PS eam8   

Z20-Z30 1120632 2H 67,5 LP, PS eps2S HvCo18  
Z20-Z30 1110287 2H 97,9 PS   H1993 

Z20-Z30 1120182 2H 126,6 PS   Other 

Z20-Z30 1121099 2H 166,7 LP    
Z20-Z30 1120130 3H 107,7 PS   H1993 

Z20-Z30 1121513 3H 118,5 PS  HvCMF1 H1993 

Z20-Z30 1110432 4H 54,2 LP eam9 HvPRR59  
Z20-Z30 1110942 4H 54,7 PS eam9 HvPRR59  

Z20-Z30 1121221 5H 6,3 PS    

Z20-Z30 1121001 5H 63,4 PS    
Z30-Z49 1110109 2H 142,4 LP   H1993 

Z30-Z49 1110600 5H 165,9 PS   H1993 

Z30-Z49 1120103 7H 103,4 LP  HvCMF7 H1993 
Z00-Z49 1120694 3H 84,2 PS  Gigantea  

Z00-Z49 1120053 6H 81,1 PS eps6L1 HvCO2/ HvCO11  

All traits until Z49 1110177 5H 42,0 LP  HvCMF13 Other 
Z49-Z90 1111002 3H 47,6 LP   Other 

Z49-Z90 1120879 7H 81,0 PS  HvCO15 Other 

All traits 1120838 4H 106,2 LP, PS eps4L HvCMF4  
All traits 1111287 1H 42,7 LP  HvCMF10 Other 

All traits 1120230 7H             87,3 LP, PS   Other 

 

* Effect class (PS: Photoperiodic sensitivity, LP: lengh of phase in º.day). 

** QTL/genes reported by Laurie et al (1995). 

*** H1993: Hayes et al., 1993; Other: other reports not listed for space reasons. Most reports refer to 

heading date.  
1
 Located close to VrnH1 

 

Most QTLs were coincident with previous reported heading time QTLs (Table 2) although for three of 

them we did not find coincident reports: one on 2H (11-201099) and two on 5H (11-21221, 11-21001). 

We also find coincidence with the reported location of CONSTANS-like (COL) and PSEUDORESPONSE 

REGULATOR (PRR) genes, all CCT-domain genes (Cockram et al., 2012), a fact that may support the 

role of this gene family in determining barley phenology (Table 2).  

Several QTLs showed high LD between them, not only within chromosomes but also between 

chromosomes (Figures 3 and 4), which suggest the importance of phenology in the genomic structure of 

the population. QTLs with significant main effect (as determined by MEMQ) located in chromosomes 1H, 

2H, 3H, 4H, 5H and 7H show the mentioned LD. Highest LD between chromosomes was detected 

between QTLs on 2H (eps2S), 3H, 5H (HvCMF13) and 7H. High LD between chromosomes was also 

detected for CCT-domain genes (Figure 3). 



At the moment we are completing the analysis of the data. Our results will provide good characterization 

of the phenological effects of different QTL types and advance in the understanding of how CCT domain 

genes may affect phenological barley traits, helping the theoretical development, through planned crosses, 

of “ideal” genotypes for our environmental conditions. 

 

 

 

 

 
 

Figure 3. Triangular linkage disequilibrium (LD) matrix plot of SNP markers from different 

chromosomes associated to several phenological phases in early sowings. Plots were obtained using 

pairwise r2 estimates of LD (values inside the boxes) with the computer program Haploview (Barret et al. 

2005).  
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Figure 4. Triangular linkage disequilibrium (LD) matrix plot of SNP markers from different 

chromosomes associated to several phenological phases and coincident with CCT domain gene families 

(Cockram et al., 2012) . Plots were obtained using pairwise r2 estimates of LD (values inside the boxes)  

with the computer program Haploview (Barret et al. 2005).  
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Abstract 

This paper discusses the possibilities for improving yield potential using field trials investigating variation 

in crop phenology and yield in elite genotypes adapted to Australian environments.  Improved yield 

potential is associated with increased grain number and grain weight. The pre-anthesis developmental 

stage is critical in determining grain number. During the period from awn primordium (when grain 

number potential is set) to anthesis, a proportion of reproductive structures fail to survive. This suggests 

GxE interaction between potential and actual grain number. It is known this period corresponds with rapid 

stem elongation which influences subsequent partitioning of assimilates to yield. The findings from the 

research revealed even in well-adapted cultivars there is large variation for the duration of spike growth 

relative to other phenological stages.  The correlation between grain number and spikelet survival ranged 

from 30%-60% across site, cultivar and sowing date combinations. This indicates the possibility to 

improve final grain number and yield potential by manipulating the genes associated with sensitivity to 

environmental cues during the pre-anthesis period. Using the variety Compass it is shown that grain 

weight can be increased independently of grain number. It will be discussed how focused research on the 

physiological basis of yield can complement breeding. 

 

Introduction 

In comparison to wheat, individual barley varieties are generally more widely adapted in Australia across 

a range of agro-ecological zones.  Varieties with superior adaptation, yield and grain size stability are 

therefore favoured.  The majority of the breeding effort has understandably focused intensively on 

improving final grain yield with solutions to tackle “terminal drought” and to defer water use to later 

stages in the crop cycle and ensure grain filling (Slafer et al., 2014).  Varieties have been selected to 

ensure flowering and grain fill occurs in optimal conditions and consequently there may be little scope for 

improving barley adaptability and yield by further adjustments in time to flowering. (Boyd et al., 2003; 

Slafer et al., 2005). Apart from grain weight and yield there is very limited information on the 

physiological basis and dynamic generation of yield in Australian barley varieties that occurs prior to 

flowering.  It is widely recognised that grain number is the dominant driver of cereal yield improvement in 

Mediterranean environments (Peltonen-Sainio et al., 2007). The pre-anthesis developmental stages are 

critical in determining grain number and careful manipulation of these phases may provide opportunity for 

further raising yield potential.  Focused research on the physiological basis of yield is needed in order to 

complement breeding and to better understand genetic control of yield and its development. 

 

Grain number and phenology 

In barley, the pre-anthesis developmental phases ultimately determine grain number depending on 

availability of resources between the onset of stem elongation and flowering.  Pre-anthesis phases include 

the vegetative phase, the early reproductive phase (spikelet primordia initiation) and the late reproductive 

phase (spike growth and development) (Kirby and Appleyard, 1987).  The duration of these phases are 

under control by environmental conditions such as temperature, photoperiod and vernalisation (Campoli 

and von Korff, 2014), but also by genotypic differences among barley varieties (Kernich et al., 1997).  

Final grain number per m
2
 is the product of spikes per m

2
 and grains per spike, both which respond to the 

environmental drivers (i.e. water and N) of yield, with spikes per m
2
 is generally considered to 

accommodate most of the large changes in environment and are most plastic (Slafer et al., 2014).  Grains 

per spike result from a complex process that involves a large overproduction of primordia, however only 

few primordia survive and form actual grains due to spikelet abortion. The period of growth from awn 

primordia to tipping (spike growth phase) has been suggested  as the most critical for determining grain 



number, and that extending the length of the phase with differing phenology genes is promising for 

improving yield through increased spikelet development and survival (Alqudah and Schnurbusch, 2014). 

The results presented here investigate this idea as part of a multidisciplinary PhD project aimed at 

understanding the genetic and physiological basis of yield of elite barley varieties within a crop phenology 

framework. 

 

Preliminary experimental data 

There is a lack of current information for well-adapted genotypes grown under field conditions.  A study 

was conducted at Charlick Farm (Strathalbyn, South Australia) to examine the genetic variation in 

phenological phases, and yield component generation. Three growing conditions were established by 

sowing at three different dates, the 28
th
 April, 20

th
 May, and the 20

th
 June to expose adapted genotypes to 

different photoperiod and temperature regimes.   Main stems from a destructive plot were sub-sampled on 

regular intervals and the apical meristem dissected as per (Kirby and Appleyard, 1987).   
The findings revealed it is possible to manipulate the length of the spike growth phase with genotype and 

sowing date and that even in adapted cultivars there is large variation for the duration of the spike growth 

phase relative to other phenological stages (Figure 1).    

 
Figure 4. Variability in thermal time from sowing to maximum primordia number and from maximum 

primordia to flowering (spike growth phase) for a given total time to flowering (Diagonals join lines with 

the same total time to flowering). 

 
It has been shown in barley that there could be more potential for increasing grain number by reducing the 

level of spikelet abortion than by increasing the maximum number of spikelet primordia initiated (Kernich 

et al., 1997, Alqudah and Schnurbusch, 2014).  Using data from 2014 as an example, (Figure 2) adapted 

varieties achieved a relatively similar time to flower (sown June 20) but differed in their duration of the 

spike growth phase.  The duration of the spike growth phase ranged from 271-degree days in Hindmarsh 

to 465-degree days in Compass in this example. This represents a significant difference; however, 

Hindmarsh still achieved a similar number of grains per spike compared to Commander despite a shorter 

phase because it initiated more spikelet primordia in its previous phases (Table 1).  
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Figure 5.  Thermal time for duration of different developmental stages and phases in elite barley varieties 

sown on the 20
th
 June 2014, Charlick including thermal time from sowing to the beginning of spikelet 

initiation (vegetative phase), thermal time from floral initiation to awn primordia (spikelet primordia) and 

thermal time to anther extrusion (anthesis) from awn primordia (spike growth).  Spike growth phase LSD 

(5%) = 55Cd. 

  
A longer spike growth phase improved the spikelet survival of Compass relative to other varieties, and 

Fathom achieved a greater number of final grains per spike (Figure 2 and Table 1).  While much research 

focus has been on improving spikelet survival,  the results for Fathom suggests generating more spikelet 

primordia than can be maintained maybe equally as valuable, as the required investment of plant resources 

involved in initiating primordia seems small and comes with little trade off.  This phenomenon is common 

in flowering plants and is known as the ‘optimistic strategy’ (Sadras and Slafer, 2012). Furthermore, the 

material and energy requirements for survival of one reproductive tiller are larger than those for survival 

of a floret primordium (Fischer and Turner, 1978).  Therefore the number of grains per spike is likely to 

act as a reliable fine-tuning mechanism and spikes per metre square more likely to respond to larger scale 

changes in environment (water and nitrogen) (Sadras and Rebetzke, 2013). 

 

Table 1. Mean spikelet primordia numbers in elite barley varieties sown on 20
th
 Jun 2014, Charlick taken 

from manual dissections at the awn primordia stage, actual grains per spike calculated from 50 heads at 

flowering, and their corresponding spikelet survival.  

 Spikelet Primordia Grains/Spike Spikelet survival 

(%) 

Commander 41.5 18.46 44 

Compass 43.1 19.45 45 

Fathom 49.2 21.12 43 

Hindmarsh 44.3 18.55 42 

LSD 2.1 1.1  

 

Grain number and grain weight 
Yield components are frequently reported as a static view of the final composition of yield, as shown 

previously this is misleading as yield components are dynamic and exert compensatory effects on each 

other.  Therefore, the negative correlations between some components are of particular interest.  It is 

widely recognised that increasing grain number will generally exert some trade off with grain weight.   

Barley crops will store carbohydrate reserves in vegetative structures, which have implications for the 

allocation of resources to final grain weight (Gordon et al., 1982).  However, with increasing grain 

number per m
2
 there is an increase in the proportion of grains of lower potential weight that can occur in 

secondary tiller spikes.  Therefore, a negative relationship between number and size occurs (Benbelkacem 

et al., 1984), however as demonstrated in wheat this does not necessarily always involve competition for 

resources among grains (Miralles and Slafer, 1995) as the determination of grain size can be dependent on 

carpel size, and overlap with the determination of  grain number (Calderini et al., 2001). These biological 
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constraints present challenge and opportunity for improving yield potential by grain number independent 

of grain weight.     

Results from 2014 field trials demonstrated that grain weight could be increased independently of grain 

number suggesting mechanisms other than competition for resources.  Relative to the site mean for each 

sowing date, grain yield improvement was predominantly driven by larger grain number responses in 

almost all varieties (Figure 3).  However, in new varieties Fathom, and in the Compass family (WI4895 to 

WI4897) grain weight responses were on average 5% and up to 15% even when grain number responses 

exceeded 10% (Figures 1 and 2).   Whereas in the variety Hindmarsh when large grain number responses 

exceeded the mean >0% it caused a significant trade off (reduction) in grain weight of more than 10%.    

 
 

Figure 6. Relationships between yield improvement and its components (a) grains per m
2
, and (b) average 

grain weight. Data are relative to the mean of each experiment and expressed as a % of site mean. 

 
While this data is only from one site in one year of experiments, this result is validated across the national 

variety trial network and confirms that Compass and Fathom present a new benchmark for Australian 

varieties in terms of improved grain number and grain weight. This advancement suggests there is 

opportunity for breeders to continue to achieve improvements in grain number while maintaining or 

improving grain weight.  More research on this finding is currently underway.   Furthermore, grain size is 

of particularly importance for the malting industry where high grain screenings, and low grain plumpness 

are penalised in the market.  Compass and related lines (WI4895 to WI4897) have demonstrated an 

improvement on Commander and Hindmarsh in terms of yield, grain retention and low grain screenings. 

While longer season varieties are often mentioned as alternate options for earlier sowings these varieties 

still face challenges in achieving acceptable grain size suitable for malting (Table 2). 
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Table 2.  Grain yield, grain number, kernel weight, retention and screenings averaged across all sowing 

dates at Charlick 2014. 

Variety Grain 

Yield  

(kg/ha) 

Grains m
−2

 Kernel 

weight 

 (mg) 

Retention Screenings   

(<2.0mm) 

Admiral 3974 10511 37.7 71.9 4.1 

Commander 4339 10726 40.3 80.5 4.3 

Compass 5142 11539 44.4 91.4 1.5 

County 4094 10668 38.2 52.0 6.8 

Fathom 4969 10788 46.0 86.4 2.7 

Hindmarsh 4650 12040 38.8 72.4 3.9 

Navigator 4340 11218 38.5 78.9 2.3 

Urambie 4351 10776 40.3 34.6 12.0 

Westminster 4119 9992 41.2 77.7 2.6 

WI4895 4684 10102 46.2 95.4 1.1 

WI4896 5041 11278 44.6 94.0 1.3 

WI4897 4853 10996 44.0 92.3 1.6 

LSD. (5%) 233 620 1.1 2.8 2 

 

 

Conclusion 

There is significant variation in well-adapted genotypes for duration of pre-anthesis phases and there 

appears possibility to improve final grain number and yield potential by manipulating the genes associated 

with sensitivity to environmental cues during the pre-anthesis period, however the optimal pattern of 

development is still not understood as varieties can achieve different yield outcomes through different 

mechanisations. Using the variety Compass has shown that grain weight can be increased independently 

of grain number.  More research will continue into investigating the physiological and genetic basis of 

yield.  These preliminary findings pose more research questions than solutions however, represents an 

example of how more targeted research on the physiological basis of yield may complement breeding 
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Recent increases in the number of new barley varieties have significant benefits for Australian 

farmers 
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There were relatively few changes to malting barley varieties grown in Australia from the 1960’s to 2000. 

In recent years, however, there has been a significant increase in the number of new malting varieties 

available to growers that offer significant agronomic as well as market benefits. Many Australian farmers 

have been very quick to change varieties yet there has been a lag in realising the full economic benefit of 

these changes. This presentation discusses the demand for these new varieties from maltsters, brewers and 

exporters and the strategies needed to realise their full potential in the supply chain. 
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Since the 1970s, Australian grain industry has relied heavily on fumigant phosphine to disinfest grain 

stored both on farm and central storages. Phosphine is a unique fumigant with several positive attributes 

including its cheap price, versatility and ease in application and most importantly, its broad acceptance as 

a residue free treatment. This over reliance on a single fumigant, however, has resulted in development of 

strong level of resistance in key stored grain pests. Over the last decade, this problem has further 

aggravated with a very high level of resistance being detected in several populations of the rusty grain 

beetle, Cryptolestes ferrugineus (Stephens); this level being considered as the strongest ever resistance 

detected for phosphine in any stored grain pests.  

This paper will present a critical appraisal of the challenges associated with the phosphine resistance 

problem, with specific reference to the current research advances in its management in Australia. An 

insight into the opportunities offered by the alternative fumigant sulfuryl fluoride and other pest 

management tactics towards alleviating phosphine resistance will also be discussed. This will include 

research highlights from the characterisation of strong-level of phosphine resistance in key pest species 

and rapid diagnosis for their detection; development of new phosphine fumigation protocols and the 

potential for using sulfuryl fluoride as a ‘phosphine resistance breaker’ as well as establishment of 

eradication strategies.  

 

Key words: Phosphine, stored grain pests, resistance management, sulfuryl fluoride, eradication 

strategies. 
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The EyeFoss
TM

 technology and partnership project with CBH Group,Western Australia, was presented at 

BTS, Melbourne in 2013. At that stage, the project was on the verge of trial implementation for grading 

wheat and barley at selected CBH receival sites. 

 

This presentation will provide a summary of the outcomes from the CBH trials conducted during harvest 

2013/2014 and 2014/2015, as well as progress towards a national approach to utilising  EyeFoss
TM 

for 

grading wheat and barley. 
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Abstract 

The International Center for Agricultural Research in Dry Areas (ICARDA) is one of the 15 CGIAR 

centers and has a global mandate for barley improvement, specifically for more than 19 million ha of 

barley grown in dry areas across the globe. ICARDA’s barley improvement program has been reorganized 

into high input (HI), low input (LI) and winter (W) barley programs to address the requirements of 

different agro-climatic conditions/regions. The HI barley program targets germplasm improvement for 

optimal conditions for feed, food and malt purposes, while LI barley program targets germplasm 

improvement for stressed environments to address the feed, forage and food uses. Both, HI and LI barley 

programs deal with both hulled and naked spring barley improvement activities. The winter barley 

program is basically focused to improve germplasm for colder regions in West and Central Asia where 

cold and frost are the major stresses along with drought. Each year, nearly 10,000 advanced lines are 

evaluated for various agronomic, biotic and abiotic stress tolerances, and quality parameters in each of the 

breeding programs. ICARDA’s gene bank holds more than 33,000 barley accessions of which 2,042 

accessions are wild relatives of barley. Recently our gene bank has successfully used the Focused 

Identification of Germplasm Strategy (FIGS) to mine efficiently this collection for by selecting 

manageable subsets with higher frequencies for finding the sought traits.  ICARDA’s barley improvement 

programs are now streamlined with CGIAR Research Program on Dryland Cereals. In 2013-2014 and 

2014-2015 cropping seasons, 317 and 339 sets of international trials & nurseries, respectively, were 

distributed to more than 60 collaborators in 35 countries. During 1977-2014, more than 250 barley 

varieties have been released across globe by different countries, with direct introduction of germplasm 

from ICARDA’s barley breeding programs, out of which 18% releases were by developed countries 

including Australia and Canada. These releases do not include the use of ICARDA bred advanced lines 

through hybridization with respective national germplasm. In recent year, ICARDA’s feed and food barley 

improvement programs aim at improving nutritional qualities of barley, specifically Zn, Fe, and β-glucan 

contents. Simultaneously the malt barley improvement has been initiated through private-public 

partnership in Mexico with the target to improve/ identify better malting quality germplasm for 

developing countries in Africa and Asia. The demand for industrial uses of barley is on sharp rise and 

local industry is looking for assured supply of quality raw materials through contract farming with a 

possibility of additional income to farmers through premium price for better quality in east Africa and 

south Asia. 

 

Keywords: Barley, FIGS, Germplasm, Hordeum, ICARDA  

 

Introduction 

The International Center for Agricultural Research in 

Dry Areas (ICARDA) is one of the 15 CGIAR centers 

and has a global mandate for barley improvement, 

specifically for more than 19 million ha of barley grown 

in dry areas across the globe. Realizing the fourth major 

grain crop after rice, wheat, and maize, ICARDA has 

been engaged in contributing research and development 

of barley at global scale since its establishment. Barley 

is grown in more than 48 countries with 16.1 m ha in 

dry areas under ICARDA’s immediate mandate regions 

(Fig. 1). There are more than 228 million farming 

families who are directly engaged in barley production 

Fig. 1. Distribution of barley growing developing 

countries in CRP DC (FAOSTAT 2013). 



in developing countries with potentially 55 million further beneficiaries arising from off-farm activities in 

barley value-chain (FAOSTAT 2013).  

 

CRP Dryland Cereals (Barley Component) 

ICARDA’s barley improvement programs are now streamlined with CGIAR Research Program on 

Dryland Cereals (CRP DC). In CRP DC, barley program is having six focal countries (Table 1) in the five 

regions to address the needs of many target countries. However, barley being the global mandate crop, 

ICARDA has been serving non-focal countries as well through direct germplasm sharing. Table 1 presents 

the current constraints and/or opportunities of barley improvement in focal countries.    

 

Table 1. Focal and target countries with production constraints under CRP DC on barley.  

Region  Focal Country Targeted countries Production constraints of the region 

North 

Africa  

Morocco Algeria, Tunisia, Libya, 

Egypt, Mauretania 

Heat and drought stress, lodging, diseases and insect 

pests 

East 

Africa  

Ethiopia Eritrea, Kenya, Tanzania, 

South Africa, Yemen 

Lower productivity of malt and food barley (63.3 k 

tons deficit in 2015), drought, disease resistance 

South 

Asia  

India China, Pakistan, 

Afghanistan, Nepal, 

Bangladesh, Bhutan  

Productivity of malt barley (demand increasingly 

10-15 % annually), lack of high yielding varieties 

for marginal areas, food (high β-Glucan), biotic 

stresses (stripe rust, foliar blights) 

West 

Asia  

Iran Syria, Iraq, Jordan, Lebanon, 

Armenia,  

Cold and drought stress, biotic stresses (leaf rust, 

powdery mildew, and scald) 

West 

Asia,  

Turkey Syria, Iraq, Jordan, Lebanon, 

Armenia, Georgia, 

Azerbaijan,  

Heat and drought stress, biotic stresses (net blotch, 

scald, insect pests) 

Central 

Asia  

Kazakhstan Uzbekistan, Azerbaijan 

Tajikistan, Kyrgyzstan, 

Turkmenistan  

Drought, heat, cold and salinity stresses, lower 

productivity of malt and feed varieties, diseases and 

insect pests 

Latin America barley requirements are being addressed under contract research in Mexico 

 

Barley is the keystone crop in non-tropical and tropical 

dry area across the globe. Livelihood of poor farmers 

and their livelihood strategy which is based on 

livestocks (especially small ruminants) they own, are 

dependent on barley (both as food and feed, and forage 

crops) (Fig. 2). In dry areas, a conservative estimate 

indicates that one ha of barley production can normally 

supports 5 small ruminants (sheep and goat) for feed 

and fodder for one year. Therefore, potentially barley 

has been key feed and forage crops supporting more 

than 80 million small ruminants in dry area. It is 

evident that small ruminants are the livelihood assets 

for small farmers especially in dry areas and barley has 

pivotal role in livelihood of poor farmers.  

Barley is the climate resilient crop for the present and future. Barley is successfully grown and cultivated 

in drylands of arid, semi-arid, and temperate regions of the world in general and Africa and Asia in 

particular. Barley is the most important feed and food crop for climate change considering its resilience 

and buffering capacity as well as to adapt quickly to the gradients of moisture stresses, and short growing 

season. Being one of the most early vigor and faster vegetative growing crop among small grains, it is 

adapted to the rising temperature and frequent droughts stresses.  The range of cultivation of barley is 

from the sea level to as high as 10-12 thousand feet high in the cold deserts (where no other crop is 

Fig. 2. Barley in dry areas plays pivotal role to 

survival strategy of poor farmer through “small 

ruminants”. 



growing), providing the human food, and feed and forage for 

livestock. The added advantage of survival in cold stress 

with faster biomass production makes winter type barley a 

possible option in cold regions of west and central Asia. The 

worldwide increasing salinity problem also makes barley as 

a crop from marginal and problematic soils.    

In the dryland area, major cropping systems is cereal-food 

legume (and/or feed) based system and barley dominates as 

major cereal in the cropping systems prevailing in the arid 

and semi-arid zones. In the CRP programs, CRP Dryland 

Cereals (DC) and CRP Legumes are working closely to 

benefit from synergies between two CRP programs and 

importance of legume-cereal based cropping systems across 

dry areas. Therefore Consortium Office has decided to merge 

DC, Legume and Dryland System together in future CRP 

programs. The short and fast growing season of barley 

perfectly fits farmer cropping systems with various legumes. Under the one year with two seasons 

rotations in winter season barley is an ideal crop for rotation with legumes /cereals of summer season. 

Barley is one of the most potential dryland crops for harnessing benefits from value addition of natural 

properties of barley grain such as food crop (value added food products), forage (hydroponic green forage 

throughout the year with limited water use), malting (alcoholic and non-alcoholic beverages), and 

nutraceutical food (barley powder and barley flakes with rich in β-glucan to lower cholesterol, higher 

antioxidant activities). 

 

Barley Improvement Program in ICARDA 

In ICARDA, there are four major component of barley research, 1) low input program for stressed 

environment (Food and feed barley), 2) high input program for optimal environments (Food, feed and malt 

barley), 3) winter barley program (food and feed under cold and drought stressed environments), 4) barley 

genetic resources for trait discovery and integration (pre-breeding using wild barley, landraces and elite 

lines). In each programs, nearly 10,000 elite lines are evaluated each year to meet the demand of diverse 

genetic materials targeted to specific ecological regions and niche specific preferences of farmers. In last 

two years (2013-2014 and 2014-2015 cropping seasons) only, ICARDA contributed a total of 656 trials 

and nurseries to more than 60 collaborators each in 35 countries (majority developing countries) through 

International Nursery Program. During 1977-2014, more than 250 barley varieties have been released 

across globe by different countries, with direct introduction of germplasm from ICARDA’s barley 

breeding programs, out of which 18% releases were by developed countries including Australia and 

Canada. These releases do not include varieties developed through hybridization with ICARDA 

germplasm. The success of continuous improvement of ICARDA germplasm lies in the fact that ICARDA 

barley program has used barley landraces and wild germplasm for trait discovery and trait integration for 

several years. ICARDA’s gene bank holds more than 33,000 barley accessions of which 2042 accessions 

are wild relatives of barley. Recently our gene bank has successfully used Focused Identification of 

Germplasm Strategy (FIGS) to mine potentially important germplasm for various traits. Currently 

ICARDA is collaborating with several institutes and organization globally mining barley genetic resources 

using FIGS approaches including BARLEY-CAIGE program with Australian partners. So far, seven FIGS 

sub-sets have been developed in barley specifically targeted for abiotic (drought) and biotic stresses 

(powdery mildew, net blotch, yellow rust, BYDV, and barley gall midge). FIGS approach uses algorithms 

linking environmental conditions with sought traits to select subsets with fewer accessions having higher 

probability of finding the sought traits. This approach has already allowed to identify adequate sources of 

resistance to PM, BYDV, Net blotch and drought.  

Fig. 3. Value added products of barley with 

potentially several new products in pipelined 

for future. 



The genetic diversity of ICARDA’s barley programs are high 

and comparable to several international collections (Fig. 4). In 

the past several 2-rowed by 6-rowed crosses have been made 

therefore, often, an overlap between two-rowed and six-rowed 

germplasm is reported within ICARDA’s barley genetic 

resources.  

The latest inclusion in ICARDA barley program is the malting 

quality improvement aspects, currently being addressed 

through Private-Public Partnership (PPP), in Mexico with M/s 

Impulsora Agricola de SA (IASA) a joint subsidiary of AB 

InBev and Heineken groups. The program has identified 

advanced genotypes with excellent grain and malt traits in two 

and six row types, which have great potential in East Africa 

and South Asia regions where the demand on malting barley is 

on continuous rise in recent past. Ethiopia and India national 

programs are making good use of such genotypes in evaluation 

and release in the country for meeting the requirement of 

malting and brewing industry. Another aspect of malt based industry, energy drinks for infants and 

children, is also targeted with developing cultivars for non-brewers malt.  

 

Summary 

The barley program of ICARDA has been recently reorganized and streamlined with CRP DC. The spring 

barley (low and high inputs) programs have been relocated in Morocco, while winter program is based in 

Turkey. Lebanon is serving as hub of International Nursery program and new evaluation sites in Ethiopia 

and India platforms will further add to the efficiency of the program. Despite the recent reorganization of 

ICARDA program in different location, barley program has successfully delivered useful genetic 

resources to it collaborators across globe. Recently, malt and food barley (nutrient dense [Zn and Fe] and 

high β-Glucan) component have received greater attention at ICARDA to meet increasing demand of 

diverse raw materials required by barley industry in developing countries.  
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Fig. 4. Genetic diversity of AM-15 panel of 

ICARDA’s based on agronomic traits. (Data 

unpublished, 2015) 
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Introduction 

Endosperm cell walls require complete modification during malting to reduce wort viscosity and chill 

haze. The endosperm cell walls are comprised of 70% (1→3,1→4)-β-glucan cell walls that are hydrolysed 

by (1→3,1→4)-β-glucan endohydrolases (β-glucanase) synthesised during germination. Incomplete 

degradation of cell walls results in the solubilisation of residual malt β-glucan during mashing that 

increases wort viscosity, significantly reducing filtration efficiency (Evans et al. 1999; Stuart et al. 1988). 

Reducing wort β-glucan is a challenge as barley β-glucanase is relatively thermolabile and rapidly 

denatures during kilning and mashing. 

The fundamental biochemistry and structure of the genes encoding β-glucanase are well characterised and 

its role in malt and brewing quality is understood. The two isoenzymes are affected unequally by kilning 

with significant losses of EI leaving EII dominant in finished malt (Barber et al. 1994; Loi et al. 1987). 

Average losses of β-glucanase activity range from 55% to 62% in malt varieties during kilning due to the 

loss of EI (Georg-Kraemer et al. 2004; Loi et al. 1987; Zwickert-Menteur et al. 1996). In addition, in a 

65°C mash β-glucanase is required to function at temperatures far greater than optimum resulting 

incomplete activity losses in the first 10 minutes without any influence on reducing wort β-glucan (Loi et 

al. 1987). The genetic variation within EI and EII relative to β-glucanase activity and thermostability 

between cultivars and genetically diverse wild barley is limited. 

Wild barley (Hordeum vulgare ssp. spontaneum) is the progenitor of domesticated barley and is a 

potential source of novel alleles for malt quality improvement (Eglinton et al 1998). A survey of wild 

barley accessions identified significant variation in β-glucanase activity (Ahokas and Naskali 1990), 

however assessment of enzyme levels in wild barley is potentially confounded by large differences in 

grain size and composition such that variation may not relate to novel alleles. Past studies have examined 

EI sequence variation in 80 cultivated varieties and 80 Tibetan wild barley accessions using single 

stranded conformation polymorphism identifying 37 (single nucleotide polymorphisms) SNPs in HvGlb1 

of which five were unique to Tibetan wild barley (Jin et al. 2011). In the same study a significant 

correlation was shown between genomic HvGlb1 polymorphism and malt β-glucan levels using a subset 

of 34 cultivated varieties. These previous studies have highlighted the degree of variation in β-glucanase 

activity present in the primary gene pool of barley and suggest this may be conferred by allelic variation 

within HvGlb1 or HvGlb2. This study examines the sequence variation of HvGlb1 and HvGlb2 to identify 

alleles with improved stability using protein prediction techniques.  

 

Materials and Methods 

Elite barley varieties were selected as representatives of current malt and feed varieties that include 

mapping population parents. Seventy varieties were sourced predominantly from Australia as well as a 

number of current international varieties from the USA, Canada, Europe, Japan and China. The exotic 

germplasm comprised 58 wild barley accessions described by Nevo et al. (1979) and 10 landraces sourced 

globally.  

DNA extractions were made from leaf tissue samples taken from two week old seedlings. The leaf tissue 

was freeze-dried and DNA was extracted as described by Karakousis and Langridge (2003). 

Full length sequences of Glb1 and Glb2 were available in the NCBI database (Slakeski et al. 1990; Wolf 

1992). PCR amplifications were conducted in 25μL total volume reactions with approximately 25ng of 

genomic DNA, 1X PCR Buffer, 200μM of each dNTP, 1.5mM MgCl2, 400nM of each primer and 5 units 

of Tfi DNA Polymerase. Reactions were cycled under the following conditions: initial denaturation at 



94°C for 2 minutes, with 35 cycles of denaturation at 94°C for 30 seconds, annealing at 58.5°C for 30 

seconds, and extension for 72°C for 90 seconds. Final extension was at 72°C for 10 minutes with reactions 

held at 15°C until removed from the thermocycler. DNA fragments were purified and sequenced directly 

from PCR reactions by the Australian Genome Research Facility (AGRF).  

Sequence reads were edited and aligned using Geneious R6. Exon only sequences were aligned and 

translated to amino acid sequence. Novel EI and EII alleles were identified by amino acid substitutions. 

The change in Gibbs free energy (ΔG) for each amino acid substitution was calculated to determine 

changes in stability using online software PoPMuSIc 2.0. ΔG is a tool used to aid the prediction of 

changes in protein thermodynamic stability caused by amino acid substitution.  

 

Results 

Allelic variation in EI and EII 

Limited variation was identified in EI with five new alleles identified in 11 individuals. A summary of EI 

alleles is presented in Table 1. The wild type Glb1-a was the reference for amino acid substitutions 

(Slakeski et al. 1990). Many of the SNPs identified in Glb1 alleles are conservative with only five SNPs 

causing amino acid substitutions. Glb1-b and Glb1-c from wild barley observed decreased ΔG values with 

increased thermodynamic stability.  

 

Table 1: Amino acid substitutions identified in β-glucanase activity isoenzyme EI. Bold values indicate an 

increase in stability. 

Glb1 
No. of 

individuals 
T17S A95T Q110H Q282E L293I 

Allele 

ΔΔG 

(kJ/mol) 

Glb1-a (wt) 127 T A Q Q L Reference 

Glb1-b 7 
   

E 
 

-0.38 

Glb1-c  1 
 

T 
   

-2.6 

Glb1-d  1 
  

H 
  

3.44 

Glb1-e  1 
    

I 3.85 

Glb1-f  1 S 
    

3.56 

 

Significant variation was identified in EII with 11 of the 13 new alleles exclusive to wild barley. A 

summary of EII alleles is presented in Table 2. The wild type Glb2-a was the reference for amino acid 

substitutions comparisons (Wolf 1992). Glb2-a and Glb2-b were exclusive to cultivated varieties and 

landraces with the exception of Glb2-a identified in a single wild barley. Glb2 alleles identified in wild 

barley had 13.8% more SNPs than cultivated varieties and landraces that resulted in 12 alleles derived 

from different combinations of the 10 amino acid substitutions identified. Glb2-c, common to wild barley 

was identified in a single landrace from a similar geographical location. Glb2-d to Glb2-n are exclusive to 

wild barley. 

 

 

 

 

 

 

 

 

 

 



Table 2: Amino acid substitutions identified in β-glucanase activity isoenzyme EII. ΔΔG is given for each 

substitution and allele. Bold values indicate an increase in stability. 

Glb2 
No. 

of 

ind. 

S 

20 

G 

G 

44 

S 

S 

84 

T 

A 

98 

G 

R 

100 

Q 

V 

114 

A 

A 

149 

V 

N 

162 

S 

Q 

204 

H 

G 

219 

A 

A 

246 

T 

E 

271 

K 

D 

284 

E 

ΔΔG by 

allele 

(kJ/mol) 

Glb2-a 

(wt) 
51 S G S A R V A N Q G A E D Reference 

Glb2-b 29 G S 
   

A V S 
 

A 
   

5.77 

Glb2-c  23 G 
        

A 
   

-1.67 

Glb2-d 4 
 

    
   

A 
   

A 
   

-3.85 

Glb2-e  7 G 
    

A 
   

A 
   

-1.51 

Glb2-f 7 G 
            

2.34 

Glb2-g 5 
     

A 
       

0.17 

Glb2-h 2 G 
    

A 
       

2.51 

Glb2-i  1 G 
       

H 
    

1.46 

Glb2-j  2 G 
          

K 
 

4.94 

Glb2-k  1 
   

G 
 

A 
       

2.47 

Glb2-l  1 G 
   

Q 
       

E -0.08 

Glb2-m 1 G 
        

A T 
  

0.80 

Glb2-n  4 G 
 

T 
      

A T 
  

1.72 

ΔΔG by 

Sub 

(kJ/mol) 

 2.34 1.46 0.92 2.30 
-

1.13 
0.17 3.64 2.18 

-

0.88 

-

4.02 
2.47 2.60 

-

1.30 
 

 

ΔG predictions of amino acid substitutions identified four substitutions and four alleles with increased 

thermodynamic stability. G 219A has the greatest decrease in ΔG and occurs in six of the new alleles. Five 

of the six alleles also have a destabilising substitution S20G that was the most common substitution. 

G219A is predicted to give Glb2-c, Glb2-d and Glb2-e overall increased thermodynamic stability. Glb2-l 

is the fourth allele predicted thermodynamic stability increase resulting from a combination of two 

different amino acid substitutions R100Q and D284E. However, Glb2-l also contains the destabilising 

S20G substitution affecting overall stability. 

 

Discussion 

Significant variation was identified in Glb2 from the wild barley accessions; however limited variation 

was identified in cultivated varieties and Glb1 across the germplasm. Restricted allelic variation in Glb1 

suggests that the structure and function of EI is optimum in germination and beyond. The new rare Glb1 

alleles identified in few individuals suggests that EI is partial to allelic variation. Prediction analyses of 

new EI alleles did not identify any significant stability improvements. Glb1-b and Glb1-c were identified 

to have a slight increase in thermodynamic stability. In addition, the binding capacity of the substrate to 

the active site may also be altered. Both the amino acid substitutions A95T and Q282E are located closely 

to a catalytic binding site E93 and a substrate binding site L283 respectively (Tsai et al. 2008).  

 

Analysis of Glb2 variation identified four new alleles as potential candidates for improving malt β-

glucanase survival in mashing conditions. Glb2-c, Glb2-d, and Glb2-e are the best candidates for 

improving EII thermostability due to the G219A substitution. The improved thermodynamic stability of 

α6-helix is caused by the replacement of the glycine residue that reduces flexibility in the α-helix 

(Matthews et al. 1987). Contrastingly, S20G introduces a glycine residue into an α-helix that has the 

opposite effect increasing helix flexibility and reducing thermodynamic stability. Two of the three Glb2 

candidates with G219A have the S20G substitution and in a fourth candidate with improved 



thermodynamic stability, Glb2-l. Glb2-l has increased thermodynamic stability from two substitutions that 

together may have an additive effect for improved thermostability. The alleles discussed have the potential 

to improve β-glucanase survival in kilning and mashing. Further characterisation of kinetic and 

thermostability properties will determine the benefit or detriment of the amino acid substitutions.  
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The Australian National Frost Program (ANFP) was established with support from GRDC. The initial role 

of the ANFP is to conduct frost phenotyping trials for benchmarking commercial Australian barley and 

wheat varieties in terms of relative frost sensitivity. Data collected will be used to develop varietal frost 

susceptibility ratings to assist growers better understand and manage their risk of yield loss from frost 

damage. Potential also exists for research projects to utilise ANFP facilities for pre-breeding and breeding 

purposes. ANFP trials are undertaken at frost prone trial sites in WA, northern NSW and SA. Between 

2012 and 2014 48 barley and 65 wheat varieties were assessed in frost benchmarking trials. Frost damage 

data was collected from several frost events where frost induced sterility was assessed in 204,000 heads 

and 7,600,000 individual florets. Results for current established varieties will be presented.  
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Abstract 

Since 2012, eleven new malting barley varieties have been accredited by Barley Australia, this is in 

addition to a number of dedicated feed varieties. The Variety Specific Agronomy Project (DAN00167) co-

funded by the GRDC and NSWDPI, aims to provide independent advice on the suitability, agronomic fit 

and management of new and existing barley varieties in the Northern grains region (NGR), by comparing 

variety responses to management and environment (G x E x M). Currently a number of promising barley 

varieties are undergoing evaluation that have shown good yield potential and grain quality characteristics 

across the northern grains region. The information generated from these trials assists in the development 

of variety specific guidelines and tactical agronomic practices. The agronomic response of varieties to 

management inputs and considerations in terms of the probability of achieving malt grade receival 

standards and/or optimising yield potential, will obviously affect variety uptake and adoption. A series of 

time of sowing (TOS), variety response to nitrogen management by seed rate (V x N x SR) and variety 

response to crown rot (Fusarium pseudograminearum) infection trials were conducted on the Liverpool 

Plains and North West Slopes and Plains of NSW in 2014. Varieties examined included both 

commercially released and advanced lines with agronomic, yield and grain quality findings evident along 

with implications for variety specific management.  

 

Introduction 

In recent years there has been a rapid increase in the number of Barley Australia malt accredited 

(www.barleyaustralia.com.au) variety releases. The agronomic yield and grain quality response of these 

new varieties to management inputs and considerations such as time of sowing, nitrogen fertiliser, seeding 

rate and varietal response to disease, will obviously affect likely adoption and uptake. 

Barley continues to play an important role in winter cereal production systems in the Northern grains 

region (NGR) of NSW. As a crop it is very adaptable, not as dependent on the timing of seasonal breaks, 

soil moisture profiles, is less sensitive to frost during anthesis in comparison to wheat and exhibits 

tolerance to root lesion nematodes (RLN) and sub-soil constraints such as salinity. There is also a 

perception among some growers that barley offers a better management option in terms of crown rot risk 

management in comparison to wheat, due to its increased tolerance. Crown rot, caused predominantly by 

the fungus Fusarium pseudograminearum (Fp), is a major constraint to wheat and barley production in the 

NGR, estimated to cost growers ~$97m annually (Murray and Brennan, 2009, 2010). 

The aim of this paper was to consider the agronomic fit of new and existing barley varieties in the NGR, 

by comparing variety response to management and environment (G x E x M) as well as disease, in this 

case crown rot. This information should assist growers in making informed decisions around variety 

adoption and help to identify varietal differences in terms of probable response to management and 

environment. 

 

 

Materials and Methods  

A series of variety response to nitrogen management by seed rate (V x N x SR), time of sowing (TOS), 

and variety response to crown rot (Fusarium pseudograminearum) by TOS trials were conducted on the 

Liverpool Plains and North West Slopes and Plains of NSW in 2014. Varieties examined included both 

malt accredited and feed varieties.  

V x N x SR trials were conducted at three locations Garah, Tamarang and Terry Hie Hie. A common set 

of eight, malt accredited and/or varieties undergoing Barley Australia accreditation were trialled. These 

were Bass, Buloke, Commander, Compass, GrangeR, La Trobe, Skipper and Wimmera. Varieties were 

sown with a target population of 75, 150 and 300 plants/m
2
, in a factorial design, with four nitrogen (N) 

rates of 0, 30, 90 and 150 kg N/ha, all applied as urea (46% N). Nitrogen treatments were side banded at 

http://www.barleyaustralia.com.au/


sowing, with no further N applications made throughout the season. These trials forming part of a larger 

collaborative trial series between the western (DAW00224), southern (DAN00173) and northern 

(DAN00167) GRDC funded barley agronomy projects.  

A variety response to TOS trial was conducted at Narrabri on the North West Slopes of NSW. There were 

24 barley entries both commercially available and advanced breeder’s lines included in the trial. The trial 

was sown over four separate sowing dates in 2014, the 23
rd

 of April, 15
th
 of May, 12

th
 of June and 4

th
 of 

July, in a split plot design with three replicates. This trial also included a parallel wheat variety by TOS set 

sown across the same corresponding sowing dates. 

Variety responses to crown rot (Fusarium pseudograminearum) infection trials were conducted at two 

locations Garah and Tamworth. Trials had a common set of 10 varieties these were Bass, Commander, 

Fathom, Gairdner, GrangeR, Hindmarsh, La Trobe, Navigator and Oxford. Trials were replicated and had 

uninoculated versus inoculated (2 g inoculum/m row) treatments imposed at sowing, using sterilised 

durum grain colonised by at least five isolates of Fp as described by Dodman and Wildermuth (1987). The 

impact of crown rot on yield was determined through the comparison of yield between plots either 

inoculated or uninoculated with Fp at sowing. The trials also included a time of sowing component and 

were sown at two sowing dates; Garah 2
nd

 May and 12
th
 June, and Tamworth 20

th
 May and 10

th
 June, in a 

split plot design with three replicates. 

In all trials, grain yield was obtained using a small plot harvester with a sub-sample of the harvested grain 

analysed for physical and chemical parameters using commercial receival methods. Core measurements 

comprised grain yield (t/ha), kernel weight (1000 grain weight mg, db), retention (% > 2.5 mm), 

screenings (% < 2.2 mm), test weight (kg/hL) and grain protein (%, db). 

 

Data analysis 

Met analysis was conducted on combined data of the three variety response to nitrogen management by 

seed rate (V x N x SR) trials for grain yield and quality parameters. Spatial analysis for each desired trait 

was conducted with autoregressive correlation matrix using ASReml3 (Gilmour et al. 2009) for R (R Core 

Team 2015).  Split plot spatial analysis with an autoregressive correlation matrix was conducted on the 

time of sowing (TOS) trial using ASReml3 for R. Split plot ANOVA was conducted on the variety 

response to crown rot trial using Genstat 16
th
 edition (VSN International 2013). 

 

Results 

Mean grain yields averaged across all treatments for the variety response to nitrogen management by seed 

rate (V x N x SR) trials were 1.61 t/ha at Garah, 3.85 t/ha at Terry Hie Hie and 5.90 t/ha at Spring Ridge. 

The difference in GY, reflecting the variation in growing season in-crop rainfall (May – October) and 

plant available water (PAW) to 1.2m at sowing.  This ranging from 100mm in-crop rainfall and ~25 mm 

of PAW at Garah up to 170mm of in crop rainfall and ~130 mm of PAW at Spring Ridge. 

Averaged across the three sites and treatments, Compass was the highest yielding variety at 4.19 t/ha out 

yielding the benchmark NGR malt variety Commander, by 0.32t/ha and the newly accredited malt variety 

La Trobe by 0.37t/ha (Table 1). Physical grain parameters also varied with variety, Compass and Skipper 

achieved the highest grain retentions (%> 2.5 mm) of 88.3 % and 87.8% respectively (Table 1), with 

Compass and Buloke recording the largest kernel weights and La Trobe the highest test weight of 76.4 

kg/hL. When looking at physical grain GTA Malt 1 specifications (test weight > 65 kg/Hl, retention > 

70%, screenings < 7%), it can be seen that varieties such as Bass, Compass and La Trobe exhibit 

improvements in grain stability in a number of parameters (e.g. Retentions and Screenings) in comparison 

to benchmark varieties. 

   

Table 1.  Predicted mean varietal values for grain yield and grain quality parameters averaged 

across sites. 

Variety 

Grain 

yield 

(t/ha) 

Grain Protein 
(%, db) 

Test 

weight 
(kg/hL) 

Retention 
(%> 2.5 mm) 

Screenings 
(% < 2.2 mm) 

Kernel 

weight 
(mg, db) 



Bass 3.57 13.6 75.4 83.6 3.0 41.4 

Buloke 3.58 13.0 74.4 75.8 3.8 44.0 

Commander 3.87 12.4 74.7 79.2 4.2 40.5 

Compass 4.19 12.1 74.0 88.3 2.1 43.9 

GrangeR 3.75 12.9 74.7 78.3 4.3 39.7 

La Trobe 3.82 12.7 76.4 83.7 2.7 41.3 

Skipper 3.96 12.8 75.5 87.8 2.3 43.4 

Wimmera 3.54 13.3 73.2 72.0 5.7 38.1 

Significance 

lsd (p=0.05) 

*** 

0.06 

*** 

0.2 

*** 

0.3 

*** 

1.0 

*** 

0.1 

*** 

0.3 
Significance: *** P<0.001 

Spring Ridge was considered a representative site in terms of varietal performance in higher yielding NGR 

environments. It was both high yielding (mean yield averaged across all treatments of 5.90 t/ha) and N 

responsive with a significant grain yield increase up to 90 kg N/ha applied (5.71, 5.91 and 6.03 t/ha for 0, 

30 and 90 kg N/ha, respectively). Averaged across all treatments (N rate and population), Compass was 

the highest yielding variety, achieving a grain yield of 6.49 t/ha, followed by Commander at 6.12 t/ha, 

GrangeR 5.97 t/ha and La Trobe at 5.92 t/ha, (lsd (p=0.05) = 0.12). 

Results showed when averaged across all treatments (N and population) that Compass, Commander and 

La Trobe achieved significantly lower GPC than the other varieties, indicating that these varieties were 

able to maintain GPC across a range of N and seed rates. Variety responses for GPC trended towards the 

established yield dilution response (increasing yield and decreasing protein), with the exception of Bass, 

which showed at comparable yields (e.g. vs. Skipper, GrangeR and La Trobe) that it was more grain 

protein responsive (Figure 1). Commander, Compass and La Trobe achieving GPC within the 9 to 12% 

band for GTA Malt 1 when 0, 30 and 90 kg/ha of N was applied. Only when 150kg of N was applied did 

the measured GPC fall outside GTA Malt 1 specifications. Interestingly, Commander, La Trobe and 

Compass may possibly have issues achieving minimum GPC requirements (> 9%) at low to moderate N 

rates in high yielding environments In contrast Bass, GrangeR and Wimmera were outside GPC 

specifications above 30 kg of N applied (Figure 2). Wimmera also exhibited issues around screenings (< 

7.0%) and retentions (< 70%) with increasing N rate (data not shown). Skipper under moderate to high N 

rates in high yielding (>5t/ha) environments showed an increased potential to lodge. Finally, in terms of 

seed rate response, yield was optimised at the targeted 150 plants/m
2 

in the higher yielding environments 

(Spring Ridge and Terry Hie Hie) in comparison to 75 plants/m
2 

in the lower yield <2 t/ha Garah 

environment. 

 



Figure 1.  Linear relationship between grain yield (t/ha) and grain protein concentration (%) for 

varieties sown at Spring Ridge in 2014. 

 

 
Figure 2.  Effect of N rate on grain protein (%) for selected barley varieties - Spring Ridge 2014. 

 

Due to the unreliability of the seasonal break and wide sowing window (March – July) in the NGR, it is 

also important to look at variety performance across the sowing window, to gauge the effect of TOS on 

yield and grain quality parameters. Results from a 2014 trial at Narrabri demonstrated the yield potential 

of some of the newer varieties. Compass currently undergoing malt accreditation demonstrated good yield 

potential across the sowing window in comparison to a range of malt and feed varieties (Table 2). The 

newer malt accredited variety GrangeR achieved good yield in early to mid-season sowings (23
rd

 April 

and 15
th
 May), as did the longer season variety Navigator from an early sowing date (23

rd
 April). La Trobe 

a newly accredited malt variety, demonstrating good yield potential from a mid-season TOS. The 

dedicated feed variety Fathom, achieved good yields across the sowing window, achieving a 4.50 t/ha 

yield from a late sowing (4
th
 July).  

 

Table 2.  Grain yield of eleven barley varieties sown at four sowing times at Narrabri in 2014. 

 Grain Yield (t/ha) 

Variety 23
rd

 April 15
th
 May 12

th
 June 4

th
 July 

Bass* 5.88 5.96 4.11 3.13 

Commander* 5.97 5.42 4.41 3.64 

Compass 6.33 6.01 5.00 3.80 

Fathom 6.00 5.80 5.22 4.50 

Gairdner* 4.52 5.29 3.31 2.62 

GrangeR* 6.25 5.67 4.21 3.43 

La Trobe* 5.68 5.83 4.18 3.17 

Navigator* 5.75 4.10 3.41 3.49 

Oxford 6.08 5.17 4.30 3.17 

Skipper 5.43 5.27 4.25 3.72 

Wimmera* 5.22 4.75 4.03 2.71 

lsd (p=0.05) (TOS x Var) 0.64 
*Denotes malt accredited variety 

 

Trial results clearly demonstrate the negative impact of both variety choice and delayed sowing on grain 

screenings (Figure 3). The late maturing varieties Navigator and Oxford were clearly impacted by delayed 

sowing, particularly given the high starting N (300 kg N/ha 0-120 cm) and warm dry finish to the season, 
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further emphasising both the significance of sowing date and variety selection. Compass showed good 

grain stability across the sowing window, as reflected by its low percentage of screenings, similarly the 

feed variety Fathom displayed excellent grain size/stability. Gairdner as noted in previous trials has issues 

with increased screenings with delayed sowings and hard finishes, in comparison GrangeR demonstrated 

reduced screenings relative to Gairdner. 

 
Figure 3.  Screenings (% < 2.2 mm) for nine barley varieties over four sowing dates. 

 

Yield loss associated with crown rot infection, is largely related to the expression of whiteheads, which is 

influenced by moisture and/or temperature stress during flowering and grain filling (Chakraborty et al. 

2006). In comparison to wheat, data on the relative yield of barley varieties in the presence of crown rot 

tends to be more limited. Replicated trials were conducted at Tamworth and Garah in 2014 where a range 

of barley varieties were evaluated for their relative yield in the presence of high levels of crown rot 

infection. The impact of crown rot on yield was determined through the comparison of yield between plots 

either inoculated or uninoculated with Fp at sowing. 

Trial results from Tamworth in 2014 found that Fp infection caused yield losses in the barley varieties 

ranging from 10% in La Trobe up to 29% in Oxford (Figure 4). When looking at actual yields of each 

variety measured in the presence of high crown rot (Fp inoculated), La Trobe was 0.72 t/ha and 0.54 t/ha 

higher yielding than Commander and Compass respectively. Significantly, in comparison to bread wheats 

also evaluated in this trial all barleys with the exception of Oxford, were 0.51 to 1.32 t/ha higher yielding 

than the best yielding wheat variety LPBR Spitfire (Data not shown). Although Garah was a considerably 

lower yielding site (1.6 t/ha uninoculated yield averaged across all entries) than Tamworth, encouragingly, 

the trends in varietal yield performance in the presence of crown rot were fairly consistent with Tamworth. 

Fp infection caused yield loss in the barley varieties ranging from 17% in Hindmarsh up to 31% in 

GrangeR (Data not shown). 
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Figure 4.  Impact of crown rot on yield of seven barley varieties averaged across two sowing dates at 

Tamworth in 2014. 

 

Discussion 

Preliminary results from G x E x M trials conducted across the NGR of NSW in 2014, showed that 

varieties differed in grain yield and quality to agronomic management. Compass demonstrated good 

adaptability maintaining yield potential and physical grain quality parameters across a range of sites and 

treatments. Results from the across sites analysis, showed that Compass was the highest yielding variety, 

out yielding the NGR benchmark Commander by 0.32 t/ha and the newly accredited malt variety La Trobe 

by 0.37t/ha. A number of the newer varieties namely Bass, Compass and La Trobe also showed 

improvements around physical grain parameter (e.g. Retentions and Screenings) in comparison to 

benchmark varieties. Variety responses for GPC trended towards the established yield dilution response 

(increasing yield and decreasing protein), with the exception of Bass, which showed at comparable yields 

(e.g. vs. Skipper, GrangeR and La Trobe) that it was more grain protein responsive which is consistent 

with previous findings (Porker and Wheeler 2013; Paynter and van Burgel 2014). Results for GPC when 

averaged across treatments (N and SR) appeared to show that Commander, Compass and La Trobe were 

able to maintain acceptable GPC across a range of N and SR treatments. 

Time of sowing results also highlighted the potential of some of the newer varieties such as Compass and 

Fathom to maintain grain yield and quality parameters across a wide sowing window. Importantly, the 

findings illustrated grain yield and quality advantages of sowing varieties in the early part of their 

optimum sowing window, particularly the longer season varieties Navigator and Oxford, which showed 

significant decreases in grain yield and quality (e.g. increased screenings) with delayed sowings. GrangeR 

and Compass depending on market demand and accreditation respectively, appear to offer significant 

grain yield and quality advantages over benchmark malting varieties, namely Gairdner and Commander.  

Although results indicate that barley is likely to provide a yield advantage over wheat in the presence of 

high crown rot infection due to better tolerance to this disease. If forced into planting a cereal crop in a 

high crown rot risk situation, some barley varieties such as La Trobe, may provide a yield advantage over 

bread wheat in a given season. Barley will however, not reduce inoculum levels for subsequent crops as it 

does not have improved resistance to crown rot infection compared to bread wheat (Liu et al. 2012).  
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Abstract 

A trial was undertaken to compare current and existing barley varieties to determine their competitiveness 

in the presence and absence of weeds, to assist the development of variety specific management packages. 

Barley is a vigorous growing crop when compared to wheat. Cultivars have different growth habits that 

can influence the way they compete for light and resources. Some varieties have a slow early vigour, erect 

growth habit or fewer tillers, allowing greater light into the canopy, whilst other varieties have high early 

vigour, have greater tillering and grow in a prostrate manner. 

With current farming systems relying heavily on non-selective grass herbicide chemistries, resistance to 

these herbicides is becoming a serious issue. With fewer in-crop herbicides that can effectively control 

problematic grasses, growers will place greater weight on the use of non-chemical control methods, such 

as harvest weed seed management or choosing a variety that can compete strongly against weeds. This 

paper describes results from a trial evaluating the weed competitiveness of different barley varieties. 

The trial consisted of 18 varieties, in the presence and absence of an introduced weed burden. Wintaroo 

oats were broadcast prior to sowing to simulate a grass weed. In crop assessments were undertaken during 

the season and grain yield and quality was determined. 

The presence of weeds reduced overall grain yield by 1.4t/ha on a 5.4t/ha crop. Shorter varieties 

Wimmera, Flinders, Navigator and Hindmarsh incurred the greatest yield loss. Consequently, growers 

should avoid sowing these varieties into weedy paddocks due to poor competition, unless other control 

methods remain effective. Taller varieties such as Scope CL, Buloke, Compass and Sloop SA were the 

most competitive varieties. 

 

Introduction   

This trial was conducted as part of the tri-funded GRDC barley agronomy project comparing the 

competitiveness of new and existing barley varieties in the presence and absence of weeds. 

Weed competition can be affected by crop variety selection, sowing rate, weed species and density and 

time of emergence of the crop, relative to the weed. The competitiveness of a crop is related to its capacity 

to access resources such as light, water and nutrients. It can be looked at as the ability of a crop to tolerate 

weed pressure and maintain yield, or the ability of the crop to suppress weed growth and seed production.  

Barley is a vigorous growing crop when compared to wheat. Varieties have different growth habits and 

canopy structure that can influence the way they compete for light and resources. Speed of emergence, 

rate of biomass accumulation (and ground cover), tillering capacity, height and leaf characteristics may all 

influence a variety’s ability to suppress or tolerate weeds (Agriculture & Agrifood Canada). For example, 

some varieties have a slow early vigour, erect growth habit or fewer tillers, allowing greater light into the 

canopy, whilst other varieties have high early vigour, greater tillering and grow in a prostrate manner. 

Hindmarsh has been criticised for its lack of competiveness, particularly in the presence of ryegrass and 

brome grass. Hindmarsh’s open canopy does lend itself to be mistaken for favouring the growth of weeds, 

however there may also be other factors that are contributing to the weed problem. These include the 

adoption of wider row spacing which have reduced Hindmarsh’s ability to compete given its canopy 

structure.  

A reason why it is still a popular variety choice is its ability to yield well in challenging environments and 

adaptability to late sowing.  This means that it generally has a lower priority in terms of sowing order, and 

quite often less emphasis on the use of pre-emergent herbicides, as later sowing allows the use of non-

selective, “knock-down” herbicides. Sowing a variety with a poor competitor growth habit late means it 

emerges and develops slower from the cold soil, and adds to the challenge of varieties like Hindmarsh 

being competitive with late weeds. 



With very few in-crop herbicides that can effectively control problematic grass weeds, combined with 

increasing resistance to Group I herbicides, greater weight will be placed on using non-chemical methods 

for an integrated weed management strategy. This may be in the form of higher seeding rates, crop 

orientation, narrower row spacing and choosing varieties that will compete well in a paddock with a high 

weed burden. 

 

Aim 

To determine the competitiveness of current and new barley varieties so management packages can be 

developed for growers to use. 

 

Method 

The trial was located at Nhill in the Western Wimmera region of Victoria on a heavy cracking clay with a 

low soil starting nitrogen (28kg/ha) and a full soil water profile prior to sowing. The site received 339mm 

of growing season rainfall (decile 8), which is higher than average. 

 The trial was sown on the 23
rd

 April using a knife point seeder and press wheels with 30cm row spacing. 

The trial was a latin square design with 3 replicates of 18 (variety) main plots, each split into two weed 

competition sub plots (plus and minus weeds). Barley varieties were chosen for their differences in early 

vigour, known competitiveness and growth habit. These varieties included Fathom, Westminster, 

Gairdner, Sloop SA, Commander, Maritime, Bass, La Trobe, Compass, Hindmarsh, Granger, Flinders, 

Navigator, Yarra, Wimmera, Skipper, Scope CL and Buloke. Wintaroo oats were used to simulate a grass 

weed and were broadcast prior to sowing and then incorporated into the soil with the seeder at sowing.  

  

Table 1. List of the varieties used in this trial and their specific characteristics 

Variety Height Growth habit Maturity 
Known competitiveness 

ability 

Bass M prostrate ML Unknown 

Buloke MT semi-erect ME Moderate 

Commander M semi-erect ME competitive mid-season 

Compass M erect ME Unknown 

Fathom MT erect E Unknown 

Flinders MS prostrate ML Unknown 

Gairdner M prostrate ML moderately good 

Granger M prostrate ML moderately good 

Hindmarsh S-MS very erect VE poor competitor 

La Trobe S-MS very erect E poor competitor 

Maritime MT semi-erect VE most competitive 

Navigator S-MS semi-erect ML unknown 

Scope CL MT semi-erect ME moderate 

Skipper M semi-erect EM unknown 

Sloop SA MT semi-erect ME competitive mid-season 

Westminster MT prostrate ML unknown 

Wimmera M semi-prostrate ML unknown 

Yarra S-MS prostrate ML 
poor competitor – late 

maturing 

Height; T =tall, MT = moderately tall, M = medium, MS = moderately short, S = short 

Maturity; VE = very early, E = early, ME = moderately early, M = mid, L = late 



Note: Height and maturity data sourced from the GRDC Victorian Winter Crop 

Summary 2013, and updated with the 2015 copy.  

 

Data recorded throughout the season included; establishment counts (barley and oats), crop biomass 

(barley), stem counts (barley and oats – October), NDVI (GS31 and GS80), seed production (oats), 1000 

grain weight (barley and oats), grain yield and quality parameters. The amount of oats in the “weed” 

treatments meant grain quality analysis could not be done on these treatments.  The sub-samples (40g) 

were taken from the original plot grain samples. The yield of the oats and barley in treatments was 

subsequently determined by physically separating, counting and weighing the grains, with this information 

used in the calculation of yield. Herbicides, pest control and fertiliser were applied to best practice 

management and applicable to the site history. Plots were harvested with a Wintersteiger plot harvester 

and protein was measured using a Foss Infratec NIR whole grain analyser (on the ‘no weeds’ plots only). 

Yields were corrected to 11.5% moisture. 

 

Results 

The trial established well and the method of incorporating the oats into the ‘plus’ weeds treatments was 

successful, with a good strike of oats establishing in the inter-rows of the plots. The Wintaroo oats had 

excellent early vigour and growth rate was similar to that of the barley plants. It is important to note that 

the previous year’s crop was sown to oats (hay), so there were volunteer oats that emerged also, making 

the oat numbers in the ‘weeds’ plots higher than the target plant density. There were also very low 

densities of volunteer oats in the ‘no weeds’ plots (average of 3.4 plants/m (Table 2)). 

The site received above average rainfall throughout the year with the only dry month being April-May. 

This, as well as the site having a low N status, meant that higher rates of urea were applied; subsequently 

the oats would have been better fertilised than in a normal season.  

 

Effect of ‘weeds’ on the crop growth and yield 

As expected, all barley varieties were affected in terms of yield, in the presence of weeds (Table 2). Barley 

yields were reduced by 1.4t/ha on a 5.4t/ha crop (mean of all varieties). Whilst there was no reduction in 

plant establishment, later in the season it was evident the weeds reduced stem number, stem thickness and 

the biomass of the barley in the ‘weeds’ plots. Biomass cuts were only taken on the barley however. 

In the ‘plus weeds’ treatments, the total (oat + barley) yields of the plots, showed only a small reduction of 

total plot yield with weeds. However, upon separation of the barley and oats, the barley yields (determined 

from subsampling the original plot sub-samples) were found to be closer to 4.0t/ha and the oat (weed) 

yields about 1.4t/ha. So not only did the weeds reduce the yields of the barley but also resulted in the 

quality of the sample being contaminated, reducing it to feed classification by Australian receival 

standards.  

NDVI which was taken at GS31, showed, that the ‘plus weeds’ treatments had a higher reading, indicating 

more biomass, canopy cover and greenness in the canopy from the oats and barley combined. NDVI 

undertaken at GS77-80 however, showed that the NDVI values were higher in the ‘weed free’ plots. A 

possible explanation for this result is that competition within the weedy plots caused earlier senescence, 

either as a result of moisture limitation, which is unlikely given the decile 8 season, or potentially 

competition for nitrogen.The site was very low in N (28kg N/ha) and the trial was spread with 110 kg 

N/ha. This equates to 138kg N/ha, which is approximately enough N for 4 tonnes of barley (based on a 

rule of thumb of 35kg N/ha for 1 tonne of barley). All of the varieties however, yielded well over this 

amount (average 5.41t/ha), so N was potentially limiting for these higher yielding plots or those with 

competition from weeds. 

Protein, test weight and screenings were not compared in both of the treatments, due to the ‘plus weeds’ 

samples being contaminated with oats, (giving an inaccurate reading of barley grain parameters). 

 

 

 



Table 2. Production data for the mean of varieties with and without oats. 

Treatment Barley 

plants 

(/m
2
) 

Oat 

plants 

(/m2) 

Biomass 

GS65 

(t/ha) 

Barley 

stems 

(m
2
) 

NDVI 

(GS31) 

NDVI  

(GS80) 

Grain 

Yield 

(t/ha) 

‘Weed-free’ 120 3.4 6.02 196 0.79 0.44 5.41 

‘Weeds’ 118 160.5 3.96 137 0.83 0.40 3.99 

Sig Difference  

LSD (P=0.05) 

NS P<0.001 

8.56 

P<0.001 

0.27 

P<0.001 

10 

P<0.001 

.01 

P<0.001 

0.012 

P<0.001 

0.12 

 

Was there a difference between varieties? 

NVDI can also be used to gain an understanding of the growth habit of these varieties as discussed earlier 

and in Table 2. NDVI values give an indication of the amount of greenness, biomass and ground cover. 

The higher the value, indicates that there may be more ground cover and biomass within the crop 

 

 

 
 

Figure 1: NDVI values taken at GS31, showing data values in the ‘no weeds’ plots indicating growth 

habit. (P<0.001, LSD=0.03, CV=2.1%). 
 

Figure 1 shows NDVI taken at GS31 from data in the ‘no weeds’ plots.  Due to their erect growth habit, 

varieties like Hindmarsh and La Trobe have a greater amount of ground area exposed with more light 

being able to penetrate the canopy making it more favourable to weed growth. NDVI values in figure 2 

taken at GS31 in the ‘no weeds’ plots show that Hindmarsh and La Trobe have the lowest reading as 

expected. Scope CL, Buloke and Compass all have a high NDVI representing their more prostrate growth 

habit with greater canopy cover. 

Wimmera stood out from the rest of the varieties as being a very poor competitor against weeds, incurring 

substantial yield loss and the greatest weed yield (Table 3 and Figure 2). Skipper, Navigator, Flinders and 

Westminster behaved very similarly and indicated moderate to poor competitiveness. As may be expected, 

Hindmarsh was also found to be a poorer competitor, with higher yield loss and a very high oat yield, 

indicating its inability to suppress weeds. La Trobe, although it has very similar characteristics to 

Hindmarsh, had similar reduction in yield but significantly lower weed yield than Hindmarsh.    
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Table 3. Grain yields (Barley and Oat) for each variety.  

Variety 
Barley grain yield (t/ha) Yield loss 

% 

Oat yield 

(t/ha) ‘No weeds’ ‘weeds’ Difference  

Bass 5.35 4.16 1.19 22 1.41 

Buloke 5.57 4.73 0.84 15 1.08 

Commander 6.08 4.76 1.32 22 1.35 

Compass 5.87 5.00 0.87 15 0.99 

Fathom 5.27 4.19 1.08 20 1.39 

Flinders 5.08 3.37 1.71 34 2.08 

Gairdner 5.11 3.59 1.52 30 1.68 

Granger 5.29 3.84 1.45 27 1.68 

Hindmarsh 5.44 3.72 1.59 29 2.09 

La Trobe 6.03 4.44 1.59 26 1.53 

Maritime 5.77 4.41 1.36 24 1.16 

Navigator 5.70 4.03 1.67 29 1.67 

Scope CL 5.03 4.42 0.61 12 1.10 

Skipper 5.12 3.35 1.77 35 1.83 

Sloop SA 4.70 3.81 0.89 19 1.47 

Westminster 5.14 3.50 1.64 32 1.71 

Wimmera 5.74 3.20 2.54 44 2.38 

Yarra 5.12 3.48 1.63 32 2.06 

Sig. Diff 

Variety 

‘Weeds’ 

Variety x ‘Weeds’ 

 

LSD (P=0.05) 

Variety 

‘Weeds’ 

Variety x ‘Weeds’ 

 

CV% 

 

P<0.001 

P<0.001 

P=0.003 

 

 

0.50t/ha 

0.12t/ha 

0.61t/ha 

 

 

 

P=0.007 

NS 

NS 

 

 

0.78t/ha 

– 

– 

 

33.1 

  

P<0.001 

NS 

NS 

 

 

0.53t/ha 

– 

– 

 

19.9 

 

There was a strong correlation between the height of the variety and its subsequent yield loss; the shorter 

the variety, the greater the yield loss. Flinders (MS), Navigator (S-MS), Hindmarsh (S-MS), Yarra (S-MS) 

and La Trobe (S-MS) all lost significant yield when weeds were present. Scope CL, Buloke, Compass, 

Sloop SA, Fathom are all moderate to moderately tall varieties and had the least yield loss when weeds 

were present. Skipper (M), Wimmera (M) and Westminster (MT) weren’t consistent with this relationship 

however, incurring similar yield losses to the shorter varieties. So, not all varieties can be grouped into 

‘competitiveness’ without some form of evaluation, however, height can still provide a useful early 

indication. Characteristics other than plant height, for example root mass and early vigour may be 

identified with further analysis that could explain why Skipper, Wimmera and Westminster lost greater 

yield than other taller varieties. Anecdotally, varieties such as Wimmera, Navigator, Westminster, 

Hindmarsh and La Trobe have all been observed to have very poor early vigour, potentially contributing 

to their reduced competitive performance. 



 
 

Figure 2. The grain yield loss and the weed yield for each of the barley varieties. (Variety yield loss 

P=0.007, LSD=.78t/ha, CV=33.1%. Weed (oat) yield P<0.001, LSD=.53t/ha, CV=19.9%). 

 

Figure 2 above shows the yield loss of the barley varieties (bars) with the yield of the ‘weeds’. It 

illustrates that Wimmera and Hindmarsh have the worst competitive abilty (for reducing weed yields) 

while Scope CL, Buloke and Compass are very competitive. These competitive varieties by reducing 

weed yield, may potentially reduce weed numbers the following year. 

 

Conclusion 

With herbicide resistance becoming more common, growers should be opting for an integrated weed 

management strategy across their farm, looking at both chemical and non-chemical approaches to weed 

control to maximise efficiency and control and to reduce pressure on herbicide groups. Selecting a variety 

not only for its yield performance, but also for its competitiveness is another useful tool.  

This trial confirms what growers have known about some varieties, such as Hindmarsh; it has a poor 

ability to compete against weeds (in this case the oats). Winteroo oat competitiveness is similar to that of 

wild oats. Brome grass would behave differently as it has a cold requirement prior to germinating, and 

therefore may not necessarily emerge on a season breaking rain, particularly if the seasonal break occurs 

early. These results have provided a greater understanding of where other varieties perform in relation to 

Hindmarsh and can enable growers and advisors alike to select varieties not only on their grain production 

attributes but also fine tune selection to suit paddock conditions with consideration of weed pressure. 

La Trobe, should be considered to have a similar yield loss penalty as Hindmarsh, but potentially a better 

ability to reduce weed seed set compared to Hindmarsh. Hindmarsh is still a very commonly grown 

variety, and with La Trobe gaining malt accreditation, adoption is likely to increase. Instead of eliminating 

a high yielding, but poor competitor out of your system, ensure good paddock planning to get optimum 

performance from those varieties by selecting paddocks that don’t have such a high weed burden or 

consider sowing earlier to improve early growth. Wimmera, Skipper, Navigator, Flinders, and 

Westminster should also not be sown in paddocks with a known weed problem. 

Scope and Buloke, though not the highest yielding varieties, offer greater weed competition. Scope, with 

its tolerance to Clearfield herbicide, has an added advantage in its ability to keep the crop weed-free, 

provided the weeds being targeted are susceptible to Clearfield chemistries.  

Of the new varieties, Compass, is high yielding and has shown good competition against weeds, making it 

a better choice than a variety like Hindmarsh or Wimmera if weeds are an issue. Compass also has a low 
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‘weed yield’, which potentially means it may be able to reduce the amount of weed numbers the in 

following year. 

While this trial has shown varieties will differ in their ability to compete, it still reinforces the need to 

keep crops weed free to maximise yields. 
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Doing the right thing by our growers, markets and industry. It’s In Our Hands 

 

Andrew Weidemann 

Farmer, Rupanyup, Wimmera Victoria. Chairman Grain Producers Australia 

 

Just like farming practices have changed so have the markets that we deliver our produce into.  Greater 

emphasis is now on consumer requirements, particularly with Pulses that are essentially going from the 

paddock straight to the plate in countries right around the world and locally. 

 

Weidemann Farm: 

3500ha growing Wheat, Barley, Canola, Pulses & Hay. Incorporating a 350 Head White Suffolk 

Stud and currently 11000t on farm storage system. Graincare Accredited. 

Going right back to the early days of growing field peas in the early 80’s the Weidemann family has had a 

high focus on dealing directly where possible with the end user of our product.  From this we have learnt 

valuable lessons over quite a period of time which has helped us to continue to add value to our produce 

and gain reward for effort.  

During the early 90’s along with local farmers, we went through a training process to provide assurance to 

a segment of the market   requesting quality assurance.  This program was called Great Grain which was 

eventually superseded by Graincare which was an industry led assurance program. Like most farmers we 

saw little value in the early days other than recognising where we needed to improve certain management 

areas within our business. Buyer acceptance of the program was minimal which eventually led to very low 

farmer participation. 

The introduction of the computer age at the same time has allowed us to keep records much easier along 

with reporting requirements for the markets we have developed. Since 1994 we have relied on PAM 

(paddock action Manager Fairport) as our production recording system which has also evolved to manage 

the reporting requirements of any Quality system. Pam has a range of recording process from using hand 

held Palm recorders to now using Ipads which automatically sync with the base computer. As a part of our 

planning developing work sheets for spray jobs and silo treatment records can also be developed in PAM. 

In 2003 we were part of a pilot program in Victoria with five growers looking at providing quality assured 

barley to a new market in Japan. The basis for the trial was to ensure that the barley would meet the 

extensive MRL’s (maximum residue limits) that the purchasers of the Malt required. This process requires 

us to provide a comprehensive list of all activities used in growing the crop which is provided to the 

maltster and made available to the purchaser of the malt. Advances in technology and computers have 

made this process unobtrusive in the business; however it does make crop choice and chemical usage 

paramount in any planning discussion with our agronomic advisor. The final product in most cases carries 

the traceability identification on through to the barcode on the bottle. 

While this would seem quite a process to most farmers ultimately it is recognising good farmer practice 

which ultimately has its rewards through better management and extra value on the grain we produce. We 

have established a range of markets over time, which have grown and most growers would now have had 

some experience with grain sales into PRF (pesticide residue free) markets which usually pay a small 

premium for quality grain or provide storage opportunities. More recently the markets we deliver to 

operate under an identity preserved process which requires full knowledge of the production process being 

made available at the point of sale.  

The CUB Crown Lager program is an exceptional example of what can be achieved but it is unrealistic to 

believe that the grain market in the short term will offer these types of premiums on a broad scale. But the 

landscape is changing as deregulation of the grain supply chain continues to reshape itself in my opinion 

from being a commodity based delivery system to a more defined quality supply chain system. 

 

Australian Grains Industry Today 

Australian grain has a well-earned reputation for quality and reliability. Maintaining this valued reputation 

relies on diligence by the industry in its management practices.   



 

A number of issues are creating a need for the industry to work together to assure and protect its 

reputation.  These include: 

 Markets becoming increasingly concerned about food safety, more stringent about maximum 

chemical residues levels (MRLs) and increasingly sophisticated in grain testing  

 Markets becoming more aware of and demanding of standards of farming practice in relation to 

food safety, environmental and workforce management 

 Customers establishing their own audited assurance and certification programs  

 Chemical drift to other properties and MRL breaches placing increased pressure on chemical 

registration and use restrictions 

 Chemicals uses requiring some form of assurance  

 Identity preservation grain to meet specific market requirements’. 

 Profitability of the farming enterprise. 

 

Careful management of agricultural chemicals and good hygiene in field, in on-farm grain storage and 

handling and post-farm gate and clear lines of communication are important to avoid chemical uses that 

may unintentionally result in residues that could exceed acceptable limits. 

The industry is reliant on developing new strategies to combat the weeds, pests and diseases which create 

problems for high production farming systems in the Australian environment.   

Whilst new approaches are essential, real care is needed as some off-label chemical strategies appear to be 

the cause of the higher number of detections of chemical residues though NRS (National Residue Survey) 

residue monitoring.  The levy-funded NRS Grains Program was put in place by the grain industry in 1992. 

The NRS component of the overall grain levy funds the collection and analysis of about 6,000 samples per 

year.  The program helps to maintain the confidence of Australian grain purchasers by providing results 

which indicate that the product meets market requirements and relevant food standards. 

Pesticide registration and establishment of MRLs can differ markedly from country to country. Awareness 

of the MRLs established by our overseas trading partners is critical to successful marketing. There are 

many cases where for a particular Australian MRL there is a lower or no corresponding MRL in the 

overseas market. 

Some countries do not have a pesticide registration. In almost all cases, these countries choose to adopt 

Codex MRLs. Australia is very active at the Codex Committee on Pesticide Residues to ensure where 

practicable the Australian MRL is the same or near to the Codex MRL. With many developing countries 

adopting Codex MRLs, these efforts help to reduce the potential impacts from differing trading standards.  

Another challenge facing industry is the increasing sophistication of food safety regulation and associated 

residue monitoring in overseas countries. With ever improving laboratory analytical methods, our 

overseas trading partners are better able to detect lower and lower levels of pesticide residues in imported 

product. This applies to most Asian markets and coupled with increasing product certification 

requirements which means that Australian grain growers, advisers and marketers must ensure that 

pesticide use patterns do not create potential trade issues. 

During 2014 the industry was faced with a potentially long term issue with a positive sample of Scope 

Barley from barley destined for the Japanese market, showing a breach of the herbicide Imazapic which is 

not registered for usage on this crop. Japan has now put in place a stronger testing regime across all grains 

which have intensified the issue. 

Over the coming season growers have the potential to see further barley lines with the tolerance trait seen 

in Scope barley introduced but without a significant adherence to stewardship around the technology we 

face the potential of not having these products reach registration because of the potential market issues as 

seen with the usage of off label chemistry. 

 

 

 



What is Industry Doing to Address This? 

Over the last 5 years GPA has been exploring with key industry stakeholders right through the supply 

chain the need for the good practice pre and post farm gate to be recognised.. In July 2013 the post farm 

gate adopted the Australian Grain Industry Code of Practice which included reference to the pre farm gate 

or on farm sector adopting its own code. 

The on farm sector, through industry associations and technical specialists, has been working on 

developing a set of grain production stewardship principles.  These principles outline the basic 

components of good farming practice. In 2015 the pre farm gate sector is hoping to launch these principles 

as a way of publicly recognising the good farming practices of Australian grain growers and promoting 

this good practice to customers and stakeholders.   

The aim is for these principles to be embedded in existing industry assurance programs, record keeping 

packages, supplier declarations and chemical use requirements.  These common principles can give 

consistency and reliability of the integrity of Australian grain.  It is hoped this will make a simpler, 

streamlined system for growers by avoiding the need to complete a plethora of assurance and other 

records for different purposes. 

This in itself will not solve the potential issues from the usage of off label herbicides in our industry which 

can potentially cost the industry market entry worth millions and our reputation as a safe food provider. 

Our supply chain has the ability to trace MRL breaches back ultimately to the source of the breach and 

simple actions such as cleaning trucks after fertiliser cartage are crucial awareness’s steps that should be 

paramount. As advisors to the agricultural sector we all have a responsibility to understand the impact this 

can have and be aware of the potential issues uninformed advice can have. 

 

Who Benefits? 

Adoption of best practice herbicide stewardship provides benefits to many sectors of the industry, 

especially those sectors where investments are long term and high risk: 

 Those companies developing herbicides will be able to see long term benefit in the maintenance 

of those investments in herbicide development 

 Breeding companies, with 6 – 10 year cycle times in developing varieties, will have the 

confidence to continuing breeding for herbicide tolerant varieties to be released next decade 

 Grain marketers can have confidence that the product they are selling will meet with customer 

satisfaction 

 Customers will have confidence that products produced in Australia meet the highest levels of 

quality standards 

 Growers will have farming systems that are sustainable, and be able to pass on valuable 

technologies to future generations of farmers with the confidence that those technologies have not 

been abused and devalued, ultimately increasing their property values. 

 

 

Andrew Weidemann 

Rupanyup 

Victoria. 

 


