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Introduction 

Spring radiation frost can result in significant economic losses for farmers throughout the 
southern and western wheat belts.  Frost events that occur close to flowering cause sterility, 
significantly reducing yield.  Subsequent frost events during grain filling can increase the 
percentage of screenings and cause discolouration of the grain, resulting in a downgrade of 
grain quality. 
Past efforts to identify genetic variation for spring radiation frost tolerance and incorporate 
the associated genes into commercially adapted varieties have met with limited success.  This 
slow progress has been due to the difficulty in distinguishing between the effects of genetic 
variation and environment × genotype interactions.  The recent development of more efficient 
screening systems that eliminate field and related errors have enabled identification of 
significant variation for frost tolerance in barley and analysis of the genetic basis for variation 
in frost tolerance.  In addition, the advent of molecular marker technology has significantly 
improved the ability to target complex traits and ensure desirable genes are successfully 
transferred into agronomically adapted varieties. 
Between 2000 and 2003, Reinheimer et al. (1,2) subjected a diverse array of barley varieties 
from around the world to frost conditions in a specifically designed field screening nursery to 
identify genotypic variation for frost tolerance.  Marked differences in frost-induced sterility 
(FIS) were identified, with two Japanese varieties exhibiting particularly low rates compared 
with commercial Australian varieties.  Haruna Nijo and Amagi Nijo had FIS at rates of 4.5 
percent and 5.4 percent respectively, compared with Schooner at 79.1 percent, Arapiles 27.2 
per cent, and Galleon 40.3 per cent.  While not "frost proof", this level of tolerance could 
translate into a very major economic advantage to farmers in frost prone regions. 
Although the Japanese varieties are poorly adapted to growing conditions in frost-prone grain 
production areas of Australia, the identification of genetic variation for reproductive frost 
tolerance means there is potential to incorporate frost tolerance into locally adapted varieties.  
Both lines were already key varieties used to develop two of three Australian barley mapping 
populations (Arapiles/Franklin, Amagi Nijo/WI2585, Haruna Nijo/Galleon) with alternate 
parents that were shown to contrast significantly for FIS.  Using these three mapping 
populations, Reinheimer et al. (1,2) identified two genetic locations controlling the frost 
tolerance trait.  From this new information about the genetics of frost tolerance, plant breeders 
can use fast breeding strategies to incorporate frost tolerance into commercial barley varieties. 
The ability to identify genetic variation for frost tolerance, and validate the potential of 
breeding lines carrying frost-tolerant genes, could be further enhanced through the use of 
specially designed controlled environmental growth chambers that can accurately mimic 
spring-radiation frost events. The advantage of such a system is that the effects of 
confounding factors such as plant maturity and type can be minimised.  In this paper we 
review the frost simulation chambers at CSIRO (Brisbane), the Tasmanian Institute of 
Agricultural Research (TIAR, Hobart) and the new facility at Australian Genome Research 
Facility (AGRF, Adelaide) to gauge their potential to adequately discriminated germplasm for 
routine screening for frost tolerance. 
 



Methods 

Frost Chamber Systems 
Initial studies to gauge the potential and reproducibility of frost chambers for routine 
screening of cereals for frost tolerance were conducted at facilities that made use of two 
alternate methods of energy exchange to reproduce frost.  At TIAR, Hobart, the frost chamber 
operated by means of a radiative process, while at the CSIRO, Brisbane, frost was reproduced 
using a conductive method of energy exchange.  The AGRF facility, commissioned in 2005, 
employs a radiative system, incorporating the capability to control temperature around the 
pots (i.e. soil).  This, and other aspects of the frost chamber design were thoroughly 
considered to construct a system that better reflected the dynamics between the soil surface, 
plant canopy and sky during spring radiation frost events in the field. 
 

Tasmania 
The TIAR study was conducted in 2002 as a preliminary investigation to demonstrate the 
effectiveness or otherwise of a frost simulation chamber to produce useful and discriminatory 
levels of FIS in barley, and whether the data could be related to results from field based 
screening.  Seven barley lines were selected based on frost tolerance screening data collected 
in 2001.  Six of the lines and their mean sterility during frost tolerance screening in 2001 are 
included in table 1.  The seventh line used was selected from the Arapiles/Franklin mapping 
population on both phenotypic data (low sterility) and genotypic marker data (Franklin alleles 
at the Vrn-H1 locus and Arapiles at the Ppd-H2 and denso loci) after a frost event at Horsham 
on this population enabled frost tolerance to be mapped to Vrn-H1. 
 
Table 1: FIS data for Loxton, 2001 
Line name Sterility 

(%)* 
Haruna Nijo 8.2 
Beka 15.1 
ICARDA#66 18.5 
ICARDA#81 18.5 
Schooner 67.8 
ICARDA#70 79.1 
l.s.d. (P<0.05) 22.0 
* Percentage of total number of grains/head 
 
Thirty pots of each line were planted over seven seeding dates in 140mm x 140mm pots.  
Plants were grown in the glasshouse until the third seeding time of the mid maturity types had 
reached anthesis.  At this stage plants with tillers that were in the maturity range of awn 
emergence (AE) to late milk were selected for frost tolerance screening.  Each tiller per plant 
was scored for maturity and tagged a different colour for each stage of development for future 
reference during frost tolerance scoring. 
Tagged plants were randomly selected for exposure to one of three treatments that varied in 
frost duration and intensity (Table 1), such that each line was replicated six times in each 
experiment.  After exposure to one of the three frost events, the plants where placed back in 
the glasshouse until physiological maturity.  Each individual head was harvested and scored 
for FIS (% of florets per spike that did not produce grain) and grain damage (% of grains per 
spike with visual frost damage). 
 

Brisbane 
In the Brisbane study 30 barley lines and two wheat lines (Kite & Yitpi) were evaluated.  
Kite, an Australian wheat cultivar, is considered to have superior frost tolerance (3).  Thirty-
two plants of each line was sown over 6 seeding dates (8 plants per seeding).  A total of 1024 
plants were sown over seven seeding dates to accommodate the various maturities, and to 



maximise the number of plants available for screening in the range AE to late milk.  Plants 
were tagged, randomly selected for each frost treatment, stored post treatment, harvested and 
scored for FIS in the same manner as for the TIAR trial.  The frost treatments were as below 
(Table 1).  The rate of temperature decline to the pre-determined set point was the same for 
each experiment, and carbon dioxide was injected into the chamber when the chambers 
temperature approached 0oC to promote ice nucleation.  Relative humidity in the chamber was 
constant in the mid 70s, before dropping to the mid 60s when the temperature fell below –2oC 
 
Table 1: Frost intensity and duration for the TIAR and Brisbane frost chamber studies 
Study Experiment Set Frost 

Intensity 
(oC) 

Actual 
Temperature

reached 
(oC) 

Duration of 
frost 
(hrs) 

TIAR 1 -5.0 -5.5 1 
 2 -4.0 -4.7 2 
 3 -5.0 -5.7 2 
Brisbane 1 -4.5 -5.3 3 
 2 -4.5 -5.3 3 
 3 -3.0 -3.7 4 
 

AGRF-Full heat load trial 
The barley varieties, Haruna Nijo and Schooner, were sown in 8″ pots and grown in a 
glasshouse until booting stage, at which point they were transferred to a growth room.  At 
flowering, tillers were tagged according to developmental stage (pre-anthesis, anthesis, post-
anthesis).  Flowering commenced when the spike was still enclosed in the boot and was 
virtually complete when approximately a quarter of the florets had emerged.  Pre-anthesis 
tagging was awn peeping to flowering.  Post-anthesis tagging was flowering complete, but 
prior to commencement of grain fill and distinguished by a quarter to half the florets visible. 
Plants were then exposed to the frost profile outlined below (Table 2; Figure 1).  A thermistor 
probe positioned at canopy height, which also logged actual temperature in the frost chamber 
during the trial, regulated the set temperature.  The set and actual temperature data from this 
sensor is illustrated in Figure 1.  Canopy sensors placed in pots at random locations within the 
chamber revealed that some spikes were being exposed to temperatures well below the set 
frost intensity (-5.5oC).  The lowest minimum recorded during this phase was -7.5oC.  After 
treatment, the plants where placed back in the growth room for 4 weeks to continue grain 
development, then scored for FIS (% of florets per spike that did not produce grain) and grain 
damage (% of grains per spike with visual frost damage). 
 
Table 2: Set frost intensity and duration, and set tank temperature for the full heat load trial of 
the AGRF frost chamber. 
Study Set Frost 

Intensity 
(oC) 

Temperature 
range and mean

during frost 
event 
(oC) 

Set Tank 
Temperature

(oC) 

Duration of 
frost 
(hrs) 

AGRF (Full load) -5.5 -5.1 to -5.9 
(-5.48) 

12 3 

 



Figure 1: Set canopy temperature, actual canopy temperature and soil temperature for the full 
heat load run of the AGRF frost chamber. 
 

Statistics 

A linear mixed model analysis using residual maximum likelihood (REML) to predict the 
means for varieties, treatments, and the variety x treatment interaction was used to test the 
data from the TIAR study.  Analysis was performed using Genstat statistical software 
(Genstat® for Windows™ software, 5th edition, Lawes Agricultural Trust).  Some genotypes 
had a higher proportion of heads that had developed past anthesis and the florets were into 
grain fill when exposed to the frost treatments.  The predominant effect of frost at this stage is 
in the form of grain damage.  Consequently, maturity was included in the analysis to improve 
the fit of the model by taking into account the higher ratio of grain damage to floret sterility. 
 
The experiments at Brisbane were characterised by the unbalanced nature of the data due to 
the unequal replication of varieties in each experiment.  To examine any variety by 
experiment effects a random effects model was fitted to the data.  Experiments were 
compared by fitting a correlation structure to the varieties to give a correlation matrix for each 
pair of experiments.  Significance of predicted means are interpreted on the basis of the 
probability that the variety is truly superior to the control (Haruna Nijo). 
Data from the Brisbane study were analysed in maturity classes to remove the confounding 
effect of maturity. 
 

Results 

Tasmania 
REML analysis on the sterility data identified significant genotypic differences for FIS 
(P<0.001).  Table 3 shows the predicted sterility means for the seven genotypes over the three 
frost treatments.  Beka, 90-028D9*003 and Haruna Nijo had the lowest FIS scores of the lines 
tested.  Table 4 shows the predicted means for the seven genotypes for each of the three frost 
treatments.  A significant genotype*treatment interaction (P<0.001) for FIS was established 
by the REML analysis with rankings in sterility changing between the three frost treatments.  
The rankings of ICARD#66 and Schooner were particularly variable between treatments.  The 
rankings of Haruna Nijo and 90-028D9*003 changed little between treatments.  The landrace 
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variety, Beka, had low overall FIS, but was significantly more susceptible to frost in treatment 
1.  Treatment had no significant effect on sterility.  Problems arose in treatment 2 with the 
temperature following the set frost temperature idling at –3.5oC for 6 hours instead of rising 
above zero degrees Celsius.  The high powdery mildew levels observed is also likely to have 
had a confounding effect on the results and contributed to the variation between treatments. 
The inclusion of maturity in the model had an effect on the predicted means from the analysis, 
and highlighted the significant maturity effect (P<0.001) on FIS. 
 
Table 3: Genotype means for FIS adjusted for maturity 
Genotype Sterility 
Beka 25.7 
90-028D9*003 36.4 
Haruna Nijo 37.3 
ICARDA#66 51.1 
Schooner 55.3 
ICARDA#81 62.1 
ICARDA#70 67.6 
LSD (P<0.05) 20.3 
 
Table 4: Maturity adjusted genotype means for FIS for each frost treatment 
Treatment 1 2 3 
Beka 49.72 15.76 11.59 
90-028D9*003 43.62 20.89 44.6 
Haruna Nijo 40.36 45.61 25.95 
ICARDA#66 28.98 85.58 38.66 
Schooner 53.68 42.15 70.12 
ICARDA#81 89.02 57.76 39.6 
ICARDA#70 83.84 55.84 63.25 
LSD (P<0.05) 30.59   
 

Brisbane 
The level of FIS in experiments 1 and 2 was very high compared to experiment 3, except for 
tillers tagged at late grain fill stage of development (Table 5).  This would be expected, since 
flowering has long been completed and frosts during late grain filling predominately causes 
grain damage rather than floret sterility.  Therefore, other factor(s) are likely to account for 
the floret sterility observed for late grain fill samples.  Experiments 1 and 2 were highly 
correlated for FIS at anthesis (r=0.929) and early grain fill (r=0.998).  There was no 
correlation between experiments 1 and 2 for sterility in spikes exposed to frost at AE 
(r=0.188).  Despite the very high FIS in experiments 1 and 2, the treatment significantly 
differentiated varieties for FIS (data not shown), although the range was smaller than in 
experiment 3 (data not shown), and the ranking of varieties was sufficiently different (r=-
0.051 at AE; r=0.675 at anthesis) to that observed in experiment 3.   
 
Table 5: Mean FIS at four plant developmental stages for experiments 1-3 at CSIRO frost 
chamber facility, Brisbane. 
Plant development stage Experiment 1 

FIS (%) 
Experiment 2 

FIS (%) 
Experiment 3  

FIS (%) 
Awn emergence 72.5 89.8 39.3 
Anthesis 77.0 88.5 35.7 
Early grain fill 59.9 61.9 23.2 
Late grain fill 20.0 24.9 15.9 
 



The frost protocol used in experiment 3 produced a good level of FIS and significantly 
discriminated between varieties (Table 5 & 6).  Pre-anthesis and anthesis FIS was highly 
correlated (r=0.988).  Accordingly varietal rankings were alike at each developmental stage.  
Predicted FIS for each stage and the combined predicted value is shown in Table 6.  Evident 
from this experiment was the high level of FIS for Haruna Nijo and Amagi Nijo.  In all the 
experiments conducted at the CSIRO facility, both lines exhibited FIS values that equated to a 
poor level of tolerance to frost.  This did not compare favourably with the data from field 
screening (1,2) and the TIAR study. 
 
Table 6: Predicted sterility in spikes exposed to frost at awn emergence (AE) and anthesis, and 
the probabilities of being superior to Haruna Nijo (lower FIS) in experiment 3, CSIRO frost 
chamber, Brisbane. 
Variety FIS 

(AE) 
(%) 

FIS 
(Anthesis)

(%) 

Predicted 
FIS 

(combined) 

Probability % of 
Haruna 

Nijo 
Galleon 19.9 13.9 16.9 0.00 35.51 
WI3851 20.4 14.7 17.5 0.01 36.88 
GxH/ind-3 23.7 18.5 21.1 0.02 44.28 
VB0105 23.7 18.5 21.1 0.01 44.30 
ICARDA70 25.1 20.2 22.6 0.01 47.60 
Haruna Nijo*Galleon/129 26.6 22.0 24.2 0.04 50.96 
Keel 27.8 23.5 25.6 0.02 53.86 
Sloop 32.0 28.4 30.2 0.07 63.43 
GxH/ind-98 32.1 28.5 30.3 0.07 63.65 
WI3828 32.9 29.5 31.2 0.07 65.49 
Yitpi 34.4 31.2 32.8 0.11 68.93 
Schooner 34.9 32.0 33.4 0.11 70.27 
WI3825 35.9 33.1 34.5 0.13 72.47 
ICARDA81 36.6 33.9 35.2 0.16 74.09 
GxH/ind-53 38.6 36.3 37.5 0.22 78.76 
WI3847 40.1 38.1 39.1 0.22 82.17 
GxH/ind-26 40.2 38.2 39.2 0.24 82.44 
Amagi_Nijo 41.0 39.2 40.1 0.26 84.29 
GxH/ind-7 41.3 39.5 40.4 0.32 84.93 
GxH/ind-55 41.5 39.8 40.6 0.32 85.40 
Veery5 44.1 42.9 43.5 0.37 91.49 
WI3102 47.1 46.4 46.7 0.48 98.24 
Franklin 47.7 47.2 47.5 0.50 99.83 
Haruna Nijo 47.8 47.3 47.6 NA 100.00 
GxH/ind-18 49.0 48.6 48.8 0.54 102.57 
WI3423 51.2 51.4 51.3 0.62 107.75 
Kite 53.7 54.4 54.0 0.71 113.61 
GxH/ind-40 54.3 55.0 54.6 0.72 114.85 
ICARDA76 54.5 55.3 54.9 0.67 115.37 
GxH/ind-52 60.0 61.8 60.9 0.81 127.97 
GxH/ind-46 73.7 78.2 75.9 0.99 159.61 
LSD (P<0.05) 20.2 33.8    
 
The poor comparability of the Brisbane facility with field testing, particularly for Haruna 
Nijo, initially diminishes confidence in the suitability of a conductive cooling system for 
screening for spring radiative frost tolerance by creating an environment not typical of actual 
field conditions.  This may still be the inference from this study; however, the plants were 
exposed to high temperatures (35-40oC during the day) and humidity (90%) in the glasshouse, 
prior and post exposure to the frost treatment, the effect of which was compounded by the 
absence of a cooling system.  It is highly likely that these conditions caused some level of 
floret sterility.  Although no control plants were included and the effect of the glasshouse 
conditions could not be quantified, the level of sterility observed in tillers tagged at late grain 



filling gives an indication of the level of floret sterility that could be attributed to the high 
temperatures and humidity prior to frost treatment.  Sterility from this source would have had 
a confounding effect on the FIS observed and contributed to the poor relationship with field 
data and the TIAR study. 
 

AGRF-Full heat load trial 
A number of small-scale trials had previously been run in the AGRF facility and provided 
encouraging data (Brule-Babel, unpublished) for determining the intensity and duration of 
frost necessary to produce good levels of FIS and frost induced grain damage to differentiate 
barley genotypes on their tolerance to spring radiation frost. 
The first full run of the AGRF frost chamber produced useful levels of FIS, although there 
was no significant difference between Haruna Nijo (30.4%) and Schooner (25.9%).  The close 
proximity of each developmental stage tagged to evaluate FIS was such that there was no 
significant effect of tiller maturity. 
This experiment in addition to the preceding small-scale trials forms part of the 
commissioning process to calibrate the entire system from plant husbandry prior, and 
subsequent, to the frost treatment, through the actual frost treatment in the chamber, in order 
to accurately simulate frost events and produce discriminating FIS in cereals that is sensible 
in relation to field data.  Issues arising from this trial included problems where localised 
severe temperatures caused whole plant death, and random instances of complete stem 
damage causing tiller death.  Temperature in the plant canopy varied considerably from the 
set temperature (-5.5oC) with the lowest minimum of -7.5oC recorded during the frost phase.  
Also an error in the software running the frost program resulted in a prolonged duration of 
frost to that set (Table 2, Figure 1). 
Despite these problems, the level of FIS was not excessive and there was no significant 
difference between the varieties tested, as discussed above. 
In future screening of varieties in the AGRF facility greater rigor will be taken in how we 
approach plant husbandry prior to frost treatment, including exposing plants to the diurnal 
temperature movements common in spring, prior to anthesis and the frost treatment, to visit 
the impact this may have on tolerance and the level of FIS.  It may be that these conditions 
trigger the tolerance mechanism of varieties such as Haruna Nijo and promotes greater 
discrimination between tolerant and intolerant germplasm.  Brule-Babel (pers com) has 
suggested that duration, rather than intensity, is more important in frost simulation studies to 
discriminated germplasm of tolerance.  According less severe frost events will be used in 
future experiments, with similar durations (3 hours) to that employed in this study.  A series 
of temperature probes will be set at canopy height across the chamber to monitor frost 
intensity and trace temperature variability.  This will gauge the uniformity of frost in the 
chamber with the view to further developing the protocol to improve its value as a high 
throughput screening method in breeding programs. 
 

Conclusions 

The studies of frost simulation facilities in Australia have demonstrated that useful levels of 
FIS can been obtained to discriminate germplasm on their tolerance to frost.  The relevance, 
and potential, of frost simulation as a high throughput system to screen germplasm in a plant 
breeding program is contingent on the reliability of the system to accurately reflect field 
screening data.  The TIAR study, although preliminary, demonstrated there is potential for 
routine screening of frost tolerance in cereals. 
The outcomes from the more rigorous and systematic investigation at Brisbane was mixed.  
While good discriminating frost events were achieved, the data did not reflect results from 
either field screening or the TIAR study.  While the conductive cooling method could not be 
ruled out as the cause, glasshouse conditions and/or plant husbandry prior to the frost 
treatment were highly likely to have contributed to floret sterility and the poor relationship 
with field screening. 



The design of AGRF facility evolved from experience with the TIAR and Brisbane facilities, 
and was guided by the attributes of both systems and correcting for perceived limitations, 
such as the ability to control soil temperature and more accurately simulate the radiative 
exchange occurring between soil, canopy and sky. 
Significant progress has been made in developing a system that complements field screening 
to fast-track germplasm with improved tolerance to frost. 
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