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Abstract
CHLOROTIC STREAK DISEASE (CSD) is transmitted in water, specifically drainage, flood
or irrigation water. Research showed that transmission in water was increased by the
addition of oxytetracyline (Terramycin). A two-hour inoculation period, where roots
were dipped in infected hydroponic solution containing the antibiotic, was sufficient to
lead to significant disease levels in test plants grown in a hydroponic system. A
hydroponic system incorporating no water circulation (still-hydroponics) was found
more effective than one where the solution was regularly circulated. Monitoring of the
disease at field sites showed that disease levels build up over time and that different
lengths of inundation associated with flooding events may lead to uneven distribution of
the disease in a commercial crop.
Introduction
Chlorotic streak disease (CSD) remains one of the most important diseases in the Australian
sugarcane industry (Magarey, 2006); yield consequences vary greatly with seasonal conditions
(Egan, 1962; Nielsen et al., 1986; Magarey and Nielsen, 2002; Magarey and Croft, 1998). CSD is
transmitted in flood water, infected planting material and via root systems growing in waterlogged
soils.
Seasons with above average rainfall, and flood events, lead to widespread CSD incidence.
Research undertaken in the late 1950s-early 1960s clearly elucidated the most important
mechanisms associated with disease transmission. Hydroponic growth systems successfully led to
CSD transmission to disease-free test plants (Bird et al., 1958; Egan, 1989).
There remains a need to screen commercial varieties for disease resistance so that farmers
can select appropriate varieties to grow in situations that favour the disease. Some resistance
screening research was undertaken (Bell, 1935, 1938, 1939, 1940; Egan, 1965; Magarey et al.,
2006). Egan (1965) developed a glasshouse-based screening technique based on a gravel
hydroponic system which included no circulation of the hydroponic solution. This technique
provided useful information; however, further refinement is needed to increase screening capacity.
Field monitoring of commercial crops has been expedited by the development of GPS
technology; this enables disease incidence to be recorded on a stool-by-stool basis. GIS systems
enable mapping of this information and provide an easily visualised understanding of the disease
spatial pattern. Further information on the incidence and spread of the disease may provide a better
understanding of factors that may be manipulated for improved CSD management.
In this paper, we report on a series of glasshouse experiments investigating CSD
transmission using several hydroponic systems, to identify the best potential resistance screening
technique. One system includes root system temperature control, as this was shown previously to be
critical for CSD symptom expression (Sturgess, 1962).
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Two commercial crops in the Tully district have been monitored for CSD, to learn more
about disease transmission in the field. Sites were located in the Riversdale (Zamora) and Lower
Syndicate (Harney) sub-districts.
Method
Glasshouse hydroponic experiments
Temperature-controlled root systems Tully SRA has developed air-conditioned benches
(Reghenzani, 1984) for Pachymetra root rot varietal resistance screening; root system temperature
control is critical for Pachymetra root rot infection and symptom expression, and this is the case
also for CSD.
Initial testing of circulating hydroponic system
An air-conditioned bench was modified to suit a hydroponic growth system via the
following modifications; a slope was added to the false floor to facilitate hydroponic solution
drainage, and collection at the lower end. An NFT channel system that contained the hydroponic
solution provided for the growth of test plant root systems. Sugarcane test plants were planted in the
six NFT channels aligned across the bench (Figure 1).
CSD-infected plants were placed at the top of each NFT channel to provide an inoculum
source for spread of the CSD causal agent. Holes in the bench-top allowed for shoot growth of the
16 test plants in each of the six NFT channels, while maintaining the temperature-controlled air
within the bench. Small plastic baskets were filled with inert clay balls (‘pebbles’, 1–2 cm diameter)
and these supported the pre-germinated sugarcane test plants. Roots grew freely around the inert
clay balls and into the hydroponic solution. At the lower end of the channels, hydroponic solution
drained to a large storage container located within the air-conditioned bench. From there, the
solution was pumped back to the top end of the channels to re-circulate past the sugarcane plants.
There was a maximum capacity of 96 plants in the bench (Figure 1). As CSD is known to
spread in drainage water, the system provided a suitable starting point to test CSD transmission in a
hydroponic system.

Fig. 1—Set up of the test plants in the air-conditioned bench at Tully SRA.

The test varieties were randomly assigned within each NFT channel and were maintained in
the bench for around 4 months. When mature stalk material was noted at the base of the developing
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shoots, the plants were ratooned; Egan (1965) had previously noted that higher rates of transmission
occurred when plants were ratooned in the presence of the CSD inoculum.
Regular inspections were undertaken in both the ‘plant’ and ‘ratoon’ cane. The experiment
was terminated after approximately 5 months
Follow-up testing of circulating hydroponic system
The first experiment was repeated using similar methods but with regular adjustment of the
solution pH using sodium hydroxide. An additional problem arose in this experiment with root
infection by Pythium arrhenomanes. This pathogen has a zoosporic stage (motile spore) and
hydroponic systems offer an ideal system for Pythium root rot spread. Previous soil research had
identified the pathogen (Magarey and Croft, 1996); fungicides for disease management were also
investigated (RC Magarey, unpublished data.). Furalaxyl was added to the hydroponic solution at
2 ppm, greatly reducing the effects of Pythium root rot.
Non-temperature controlled root systems
Still-gravel hydroponics
In order to multiply the CSD inoculum and to provide CSD-infected plants for glasshouse
experiments, gravel-filled steel troughs, as used by Egan (1965), were established. There was no
management of root system temperature in this system. CSD symptoms were evident in diseased
material, there being very few problems with either plant nutrition, solution pH or Pythium root rot
within these troughs. The need for large scale testing of varieties, and the bulky nature of the
troughs, meant this system was generally unsuitable for large-scale varietal resistance screening.
However, the success of this system may provide a useful model for a refined resistance screening
procedure. Two ‘gravel hydroponic’ experiments were therefore established, using smaller plastic
storage containers plus a modified inoculation system.
Egan (1965) showed that CSD transmission can occur with just a two-hour dip of root
systems in CSD-infested hydroponic solution. He grew healthy test plants in disease-free solution
until shoot roots had developed, dipped the root systems in infested solution for two hours, ratooned
the plants and then established them in a gravel-filled steel trough. He changed the hydroponic
solution every two weeks and monitored symptom development. Transmission was affected when
several chemicals were introduced into the inoculum for the two-hour root inoculation: terramycin
increased transmission while the general fungicide TMTD (Thiram) and the biocide PCNB reduced
CSD infection. His observations were used to design two ‘gravel hydroponic’ experiments.
Fifteen litre plastic storage containers were purchased and taps sealed into the base of each
container (to allow for solution drainage). Washed ‘blue metal’ was obtained and used to two-thirds
fill the containers. The susceptible varieties Pindar, Q238A and Empire were used in the experiment.
Single-eye setts were germinated after a short hot water treatment (50 °C, 30 min) to eliminate
CSD. Plants were initially grown in either perlite or vermiculite; plants were inoculated when
mature stalk material had developed.
The following treatments were applied to the hydroponic solution, with test plant root
systems dipped in the solutions for two hours:
1.
Healthy control: roots dipped in water
2.
Disease control: roots dipped in CSD-infested hydroponic solution
3.
Terramycin: roots dipped in CSD-infested hydroponic solution with terramycin
added at 0.02% solution (w/v). ‘Terramycin pinkeye powder’, oxytetracycline
hydrochloride, 20 mg / g. Pfizer product.
4.
Thiram: roots dipped in CSD-infested hydroponic solution with Thiram added at
0.1% (w/v) solution. TMTD, 500 g/kg, Barmac product.
To prepare the treatment solutions, hydroponic solution was collected fresh from one of the
CSD diseased planting material troughs; plants growing in this trough were exhibiting excellent
CSD symptoms (leaf streaks) at the time.
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The solution was drained into a bucket and the treatment chemicals added within 20 min of
collection. The chemicals were weighed then mixed fresh with 5.0 L of water, and the roots
submerged for two hours in the chemical solution. Water (control) and hydroponic solution (CSD
treatment) were prepared separately. Some root injury occurred at inoculation – this was found by
Egan to increase CSD infection (Egan, 1965). In this instance root injury was a natural consequence
of washing away the potting medium from the roots at inoculation. Treatments were replicated four
times.
Boxes containing the test plants were placed side-by-side in the glasshouse and care taken to
avoid cross contamination.
The same experiment was repeated using identical methods: the first experiment was
established on 7 July 2015, while the second was initiated on 30 July 2015. No diseased plants were
placed with the test plants: infection relied solely on the two-hour inoculation. Plants were
monitored closely over the next 12 weeks; plants were ratooned after 9 weeks. Soon after ratooning,
symptoms began to develop, especially in the terramycin treatment and slightly later in the CSD
hydroponic solution treatment.
An attempt to analyse the results was made using a Generalised Linear Mixed Model
assuming a Poisson distribution.
Crop transmission dynamics
Sites
Zamora variety trial
Fully grown cane stools were inspected and mapped at the Zamora site in the Riversdale
district, Tully. Though varietal differences were present (it was a variety trial), a comparison of the
same (all) varieties in each replicate allowed for assessment of differences in disease distribution
across the site. There was a definite slope across the block, with the northern end quite a lot higher
than the southern (approximately 1–2 m) and significant differences in flood levels were observed
during flood events. A single-row farming system was in operation with a trash blanket.
Harney
Crop growth was approximately waist height when the disease assessment was undertaken
at this farm in the Syndicate area, Tully. The weather had been warm and dry and the assessment
followed a very dry wet season (with wet season rainfall about half the average for the Tully area).
The site is located in a flood-prone part of the district, though little spread in the last 12 months
would have been expected because of the lack of flooding events. The crop was growing reasonably
well and cultivated as part of a single-row farming system incorporating a trash blanket.
Details of the inspected sites are outlined in Table 1.
Table 1—Field cropping sites inspected for CSD.
Site

Zamora

Harney

Various

Q250A

1R

2R

Area

0.16 ha

0.65 ha

Number of rows inspected

All plots

6 rows

Variety
Crop class

Monitoring
Where individual stools were assessed for CSD, two assessors walked representative rows in
the crops. Each individual stool was carefully observed for CSD symptoms and GPS data for
infected stools were recorded. A record was kept of stool numbers (both diseased and healthy),
using a ‘tele-counter’.
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Opportunity arose to record individual disease stools at the Zamora variety trial and data
were recorded on 10 April 2014, 20 October 2014 and 3 June 2015. The Harney cropping site was
assessed on 9 November 2015.
Mapping
Individual stool data were mapped using Mapinfo software. GPS data were uploaded and
converted to ‘Mapinfo’ compatible files; stool data were manipulated using the software to
determine the distribution of the disease within the crops.
Results
Glasshouse hydroponic experiments
Temperature controlled root systems
Initial testing of circulating hydroponic system
Very little disease transmission was noted in the ‘plant’ crop and many plants failed to
ratoon. Various leaf patterns / chlorosis were associated with poor plant nutrition. Investigation
revealed that the pH of the hydroponic solution dropped markedly with time, falling to 3.5 or lower.
Follow up testing of circulating hydroponic system
In the follow up experiment, limited CSD transmission was noted while nutritional problems
lingered (rapid lowering of the solution pH). The reason for the pH reduction is not known.
Non-temperature control of root systems
Still-gravel hydroponic experiments
Plant growth was much better with this system with no nutrient deficiency symptoms
(Figure 2). Terramycin doubled the CSD transmission rate in test plants with over 50% plants
showing symptoms after dipping in CSD-infested inoculum (Table 2). This compares to
approximately 25% disease in the ‘no chemical’ inoculum. There was no infection in the TMTD
and un-inoculated control treatments. There appeared to be a variety effect with Empire exhibiting
more disease than either Pindar or Q238A.
The statistical analysis using a Generalised Linear Mixed Model failed as the model would
not converge due to there being too many zeros.

Fig. 2—The still-gravel hydroponics system in the Tully SRA glasshouse.
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Table 2—The effect of the biocide terramycin, the fungicide TMTD and varieties on CSD
transmission in a gravel hydroponic trial at Tully (data refer to ‘% plants diseased’).
Variety
Empire
Pindar
Q238A
Inoculum treatment
Control (CSD-free)
CSD-inoculation
CSD+terramycin
CSD+TMTD

Inspection date
30 October 2015
31.3
12.5
6.7
30 October 2015
0
12.5
21.7
0

14 October 2015
0
0
0
14 October 2015
0
0
0
0

9 November 2015
68.8
25.0
20.0
9 November 2015
0
25
52.2
0

Crop disease dynamics
Disease levels
Zamora resistance trial
A progressive increase in disease was evident over time (Figure 3). This corresponds with a
number of significant flood events over the period, particularly in 2014. Replicate one is at the
higher end of the cropping site, while replicate five is at the lower (higher flood-prone) area (Figure
3).

Fig. 3—Disease levels present in each of the replicates (average over all varieties)
in the variety trial at Ray Zamora’s farm, Riversdale (data are % diseased stools’).

Harney crop site
The following data were recorded for the Harney site, Syndicate on 9 November 2015
(Figure 4)

Fig. 4—The percent diseased stools in Q241A at the Harney field crop site, Syndicate, at
three different inspection times (10 December 2014; 10 May 2015; 9 November 2015).
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Crop site maps
The incidence of CSD within the monitoring sites is illustrated in Figures 5 (Zamora) and 6
(Harney). These show clearly the level of CSD that developed at each site at the time of the
inspections.

Fig. 5—The spatial pattern of CSD diseased stools at the Zamora variety trial site,
Riversdale in June 2015. Note the difference in disease incidence between the
higher (northern end) and lower parts of the site.

Discussion
A great deal of research into CSD has been undertaken over the last 85 years (Egan, 1989;
Magarey and Egan, 2000). Although much is now known about various aspects of the disease, some
key issues have remained – including the identity of the causal agent, a suitable assay for screening
planting material, and a rapid CSD resistance screening test. The latter is essential for providing
resistance data to plant breeders, and to farmers in general, so that the best choices can be made
with regard to breeding strategies and variety selection for commercial crops. With the disease
leading to losses as large as 60%, farmers will want to minimise losses by planting varieties of
appropriate resistance in areas prone to high levels of the disease.
The work described in this paper focused on rapid transmission experiments. Previous work
(Bird, 1958; Sturgess, 1964; Egan, 1965) showed that CSD transmission may occur via various
forms of hydroponic systems. Such transmission is consistent with CSD spread in floodwaters.
In our work, very little transmission occurred when diseased plants were located with
healthy test plants in a circulating hydroponic system. The reason for this remains unclear, though
rapid changes in solution pH, with associated plant nutritional effects, may well have contributed.
A non-circulating, non-aerated hydroponic system provided a better transmission
environment. Plant nutrition appeared to be improved, and coupled with a two-hour inoculation of
root systems, CSD transmission was much better. Adding the antibiotic terramycin increased the
CSD transmission / symptom expression, as found by Egan (1965).
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Fig. 6—The CSD spatial pattern at Harney site in November 2015 (above) vs the
spatial pattern at the same site in December 2014 (below). There was very little
difference in extent and spread of the disease at each inspection (12-month period)

We do not have data on hydroponic solution biology to determine why more CSD was
observed with the terramycin treatment, but it is possible that biological interactions, and perhaps
competition between organisms in the infested hydroponic solution, are affected by the chemical.
Our intention is to incorporate terramycin in a 2-hour infection treatment for plants that are
then placed within an air-conditioned bench hydroponic system. In this modified system, the
hydroponic solution will not be circulated, to simulate conditions in our gravel system.
The results from our work offer hope of a potential rapid resistance test and, if further work
can demonstrate reliability, a system for rapid screening may not be far away.
The Zamora crop site showed a definite trend in disease incidence with varying height of the
block; the lower ends of the site had a lower incidence of the disease that was independent of the
total stool population (even though flood events had affected some stool survival). The reason for
this variation in incidence could be related to the ecology of the causal agent; further causal agent
research may lead to a better understanding of the reasons for the difference in spatial pattern.
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Differences in elevation at this site will have affected the length of time soils were
waterlogged and this could have affected the causal agent.
Observations at the Harney cropping site showed little difference in disease levels over the
12-month period. This is not surprising since there were few flooding events during this time;
rainfall was considerably lower, with wet season rainfall about half the normal average. The even
disease distribution across the site probably parallels the lack of slope and drainage lines in this
field; there was little influence of drainage on the disease at this site.
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