Tall Sorghum Plants Use Water More Efficiently Than Short Ones
Barbara George-Jaeggli 1, 3, Graeme Hammer2,   Erik van Oosterom2 and David Jordan1

1 Queensland Department of Primary Industries, Hermitage Research Station, Yangan Road, Warwick, Qld 4370

2 Agricultural Production Systems Research Unit, School of Land and Food Sciences, The University of Queensland, Brisbane, Qld 4072

3 Author for correspondence; mailto:Barbara.George-Jaeggli@dpi.qld.gov.au

Abstract
Increased plant height in sorghum has been associated with higher grain yield, but the underlying physiological causes of this relationship are not clear. One possible mechanism conferring this yield advantage of taller plants may be transpiration efficiency (TE), which is defined as the amount of biomass produced per unit of water transpired. To test this hypothesis, we grew plants of different height in mini lysimeters. Individual plants were grown in each lysimeter and weekly water use was determined until anthesis by weighing. After anthesis the plants were harvested and their biomass determined. The experiment included three pairs of isogenic lines, which differed at one of the possible four height loci. In addition, one of the pairs was used in hybrid combination. To account for potential interactions between height and tiller number, we also included a pair in which we removed tillers.  There was a consistent trend for greater TE in the taller plants when all pairs were contrasted. This was only significant for one pair. De-tillering reduced TE in both the tall and short lines.  In hybrid combination, both tall and short plants had relatively high TE. The tall hybrid plants had slightly greater TE (ns) than their short counterparts. The trend for higher TE in tall plants indicates that there may be opportunities to exploit taller sorghum in water-limited environments.
Introduction

Sorghum has evolved in the semi-arid tropics of Africa and South-East Asia. It is a C4 plant and naturally grows up to 4 metres tall. However, height is usually significantly reduced, before material is introduced into any industrialised country, to allow mechanical harvesting. Four different major dwarfing genes are available that each reduce total plant height by about 20-50 centimetres (Morgan & Finlayson 2000). Most commercial hybrids in Australia contain three of the four dwarfing genes and their resulting height is typically around 1 metre. Such a significant change in the plant’s natural architecture could affect its efficiency in resource (radiation, water) capture and utilisation. Preliminary studies leading up to this research indicated higher biomass production per unit intercepted radiation for a tall Indian hybrid compared with a standard (short) Australian hybrid (George-Jaeggli et al. 2004).

Studies with near-isogenic Australian bread wheat lines have shown that transpiration efficiency (TE) and water-use efficiency decline with increasing plant height (Richards 1992). However, TE is strongly positively correlated with plant height in sunflower (Lambrides, Chapman & Shorter 2004).  
While no comparable data exist for sorghum, sorghum yield is known to correlate positively with plant height in breeding trials (Jordan et al. 2003). Increased TE of taller plants could be one of the reasons for this observation. The aim of this study was therefore to examine the effects of plant height on TE in sorghum.

Material and Methods

A lysimeter experiment was conducted at Hermitage Research Station (Lat. 28( 12’ S, Long. 152(06’ E 470 m above see level) during the summer season 2004-2005.
Pairs of near-isogenic lines of tall 2-dwarf and short 3-dwarf plants were developed in four different genetic backgrounds (31945-2-2, 55637, 55343-1 and A23171/31945-2-2). Individual plants of these lines were grown in each lysimeter to determine water use (transpiration) and transpiration efficiency. The mini lysimeter pots were arranged in a ventilated, plastic-covered growth tunnel.  
The treatments were completely randomised within each of three replications, which were arranged parallel to the long axis of the north-south orientated growth tunnel. Front and sides of the growth tunnel were white knitted shade cloth to allow air flow, while the top was made from white solarweave (both materials Gale Pacific Pty Ltd, Melbourne, Australia). The solarweave transmitted approximately 70% of the incident solar radiation.
The lysimeter pots were round PVC tubes which were 300 mm in diameter, 750 mm high and sealed at the base. They were filled with a mixture of 60% vertosol soil, 20% loam, and 20% feedlot manure. Each plant was fertilised with 30 g of Osmocote Plus (Scotts Pty Ltd, Baulkham Hills, Australia).
The pots were fully saturated with water and then drained to field capacity, before the basal drainage hole was sealed. Black plastic sheeting was placed around the plant to cover the soil surface and minimise soil evaporation. Weekly water use until anthesis was measured by weighing and pots were rewatered to the starting weight.

Phenology Observations

Anthesis was defined as the time when 50% of the anthers had extruded from the panicle of the main shoot.
Plant Height
Height measurements were taken to the ligule of the last fully expanded leaf, as well as absolute plant height or height to the top of the panicle after full flag leaf expansion.

Meteorological Data

Table 1 Weather data inside the growth tunnel.

	2005
	Mean Max Temp

((C)
	Mean Min Temp

((C)
	Mean Daily Solar Radiation
	Relative Humidity (%)

	March
	30.4
	13.2
	16.8
	55.8

	April
	29.1
	12.3
	13.3
	60.7

	May
	24.1
	7.0
	10.1
	62.4


Table 2 Weather data from Hermitage Weather Station.

	2005
	Mean Max Temp

((C)
	Mean Min Temp

((C)
	Mean Daily Solar Radiation
	Relative Humidity (%)

	March
	28.7
	13.8
	20.8
	63

	April
	26.6
	12.3
	17.7
	67

	May
	21.5
	7.0
	12.9
	73


Biomass Harvesting

Each isogenic pair was harvested when 50% anthesis was reached in the main shoot.

Leaf area was determined with an electronic planimeter (DIAS image analysis system, Delta-T Devices Ltd., Cambridge, UK) for each individual green leaf.  Plants were separated into main stems and tillers and then divided into stem, green leaf and dead leaf portions for determination of dry weight.
Each sample was dried in a forced draft oven at 80(C until no further weight loss before weighing.

Results

Total water use (transpiration) and TE (kg of above ground biomass produced per kg of water used) were only significantly greater in the tall plants of the 31945-2-2 pair comparison (Table 3). While not significant within any of the other pairs, there was a consistent trend for increased transpiration efficiency of the tall compared to the short plant in each pair. For transpiration, a trend for increased transpiration for the tall plants only existed for the paired comparisons within lines. The hybrid or de-tillered treatments showed higher transpiration for the short compared to the tall plants. 
Table 3 Analysis of variance for transpiration, total above ground biomass, TE and plant height. Numbers in bold are significant (0.05%) within a particular pair comparison. TM signifies Tall Mutant.
	Genotype
	Transpiration (kg)
	Total Above Ground Biomass (g)

	TE (g/kg)
	Height Head (cm)

	31945-2-2 TM
	35.7
	226.7
	6.38
	114.7



	31945-2-2
	29.6
	151.5
	5.11
	74.7



	55343-1 TM
	27.4
	187.8
	6.87
	91.3



	55343-1
	24.1
	158.5
	6.56
	79.3



	55637 TM
	34.2
	218.8
	6.47
	108.7



	55637
	29.1
	176.4
	6.12
	92.7



	31945-2-2 Hybrid TM
	23.5
	159.0
	6.75
	119.3


	31945-2-2 Hybrid
	26.5
	169.2
	6.46
	100.0



	31945-2-2 No Tillers TM
	22.0
	107.9
	4.90
	109.3


	31945-2-2 No Tillers
	24.0
	102.8
	4.32
	74.0

	
	
	
	
	

	
	
	
	
	

	lsd (0.05)
	5.736
	29.79
	1.001
	17.73

	
	
	
	
	


Across all genotypes and treatments above ground biomass correlated highly with both transpiration and transpiration efficiency. Sixty four percent of the variation in above ground biomass could be attributed to transpiration and forty four percent to transpiration efficiency (Figure 1 and Figure 2).
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Figure 1 Linear regression of above ground biomass (g) against transpiration (kg). 
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Figure 2 Linear regression of above ground biomass (g) against transpiration efficiency (g/kg). 
Fifteen percent of the variation in TE over all treatments and genotypes was directly explained by variation in plant height (Figure 3).
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Figure 3 Linear regression of transpiration efficiency (g/kg) against plant height (cm). 
When results were pooled by plant type (i.e. tall or short), a clear distinction became evident between the two sets. While transpiration efficiency varied greatly with plant height in the short group with thirty two percent of the variation attributed to plant height, there was no effect of plant height on transpiration efficiency in the tall group (Figure 4).
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Figure 4 Linear regression of transpiration efficiency (g/kg) against plant height (cm) for groups of tall and short plants. 
Discussion 
The results of this study confirm the strong association expected between above ground biomass and total water use (transpiration) of the plants. However, the efficiency with which this water is converted to biomass also contributed significantly to above ground biomass. Both traits lend themselves to exploitation for yield increase in sorghum as biomass production is a key factor determining grain yield. Greater biomass through increased transpiration is useful in high yielding environments with greater moisture availability, whereas, increased transpiration efficiency is particularly useful in water limited environments. 
The TE values presented here are based on above ground biomass only. Further analysis will be examining root/shoot ratios to see if this contributes to any of the differences observed. 
The fact that differences in TE were only significant within the one pair (31945-2-2) could be due to the smaller height differences that were observed between the tall and short plants in all the other pairs. In other experiments with the same near-isogenic pairs, we observed that the expression of height differences varied with season (data not shown). 
As plant height per se explained fifteen percent of the variation of TE over all genotypes and treatments in this experiment, there might be an avenue to increase grain yield by simply breeding taller plants. The fact that increased plant height had no further effect on TE in the 2-dwarf (tall) group of plants, however, could mean two things: 
Firstly, an optimal plant height could have been achieved in the tall set and a further increase in plant height did not confer any additional advantage. Breeding ‘tall’ dwarf sorghums would ensure that among the 3-dwarf plants, the ones with better TE would be selected. This principle has been followed in wheat breeding since physiologists have also found that ‘tall dwarfs’ were superior to shorter dwarf plants (Brooking & Kirby 1981; Law, Snape & Worland 1978; Snape & Parker 1984). 
Secondly, the third dwarfing gene that is present in the short group may have caused the variation in TE. TE for the short plants in the 31945-2-2 pair was below the TE found for most other (tall and short) plants (Table 3). This may indicate that some genetic backgrounds can compensate better for some of the negative effects the dwarfing genes have on TE. Careful study of the effects of the dwarfing genes in different genetic background would allow the selection of dwarfing genes with less detrimental effects.
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