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Abstract 

Barley (Hordeum vulgare L.) is a cereal crop and is relatively sensitive to waterlogging, 

but with some genotypic variation in tolerance. There are knowledge gaps for the 

effects of waterlogging on nutrient uptake by seminal and adventitious roots of barley, 

and of how adventitious root porosity is related to root functions. To address these 

questions a series of experiments were conducted. 

Initially (Chapter 2), five barley genotypes (Franklin, Naso Nijo, TX9425, Yerong, and 

YYXT) of diverse origins (Australia, China and Japan) were grown in aerated (control) 

and stagnant de-oxygenated agar in nutrient solution to identify putatively waterlogging 

tolerant and sensitive genotypes. Plants were raised for 14 in aerated conditions and 

then treatments were imposed for 3 weeks. Growth of all five genotypes was reduced in 

stagnant agar, for example shoot dry weights were 31-46% of aerated controls. In 

aerated conditions adventitious root porosity was 6-15% (v/v) and it increased for all 

genotypes when in stagnant agar, but in Franklin to only 9% as compared with 20-23% 

in the other genotypes. Genotypes differed in adventitious root number per plant in 

stagnant agar (67-133% of the aerated controls). Shoot K+ concentration was decreased 

for all genotypes when in stagnant agar, with Naso Nijo being most affected (41% of 

control) and YYXT the least affected (73% of control). Overall, the results showed 

diversity in responses of barley to root-zone O2 deficiency and contrasting genotypes 

for adventitious root porosity (Franklin with 9% and Yerong with 23%) were identified 

for use in experiments on root functioning during hypoxia. 

The experiments in Chapter 3 measured the net uptake of ions (K+, Cl-) by seminal and 

adventitious roots of two barley genotypes (Yerong and Franklin) contrasting for root 

porosity. Plants were raised for 14 days in aerated conditions and stagnant agar 

treatment was imposed on half of the plants for a further 14 days. Plants were in split-
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root pots with seminal and adventitious root types in separate compartments for the 

final 7 days to enable measurements of ion net uptake by the two root systems. In 

stagnant conditions, the adventitious root porosity of Yerong was 10% as compared 

with 3% for Franklin, while the seminal root porosity was 3% in Yerong and 1% in 

Franklin. Adventitious roots of both of the genotypes maintained higher K+ net uptake 

rates than did the seminal roots. Cl- net uptake rates of the seminal and adventitious 

roots did not differ as much as for K+. Higher adventitious root porosity of Yerong than 

for Franklin would result in increased O2 for respiration and presumably the energy 

needed for the higher K+ net uptake rates by Yerong. The low porosity of seminal roots 

might have caused the lower K+ net uptake in stagnant solutions by these roots. 

In Chapter 4, the functionality of root porosity as aerenchyma for internal O2 supply 

was evaluated. When in an O2-free root medium and reliant on internal O2 movement to 

the root apex, the adventitious root extension rate of Yerong (higher porosity) was 

greater than that of Franklin (lower porosity). Radial O2 loss (ROL) from adventitious 

roots in an O2-free medium was higher for Yerong than for Franklin, which is consistent 

with the higher porosity in Yerong. ROL increased towards the root base which 

indicates that probably no ROL barrier was formed in these two genotypes. To evaluate 

whether O2 supply restricts the adventitious root extension, plants with different shoot 

O2 concentrations (21, 42 or 84 kPa) and therefore increasing amounts of O2 diffusion 

into and along the roots, were measured for root extension rates (plants raised in aerated 

and stagnant conditions). Increases in O2 partial pressures at the shoots resulted in 

increased adventitious root extension rates in both genotypes and treatments, 

demonstrating that when shoots are in air (21 kPa O2) the supply of O2 to the root apex 

is insufficient for maximal growth even in roots that had developed aerenchyma. 

Overall, the findings from my thesis contribute new knowledge on waterlogging 
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tolerance in barley, especially through the study of the comparative physiology of 

selected genotypes in stagnant conditions, highlighting differences in adventitious root 

numbers and porosity, exploring seminal root porosity, and determining effects on K+ 

and Cl- uptake rates.  
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General Introduction 

 

Waterlogging is a major problem in agriculture as it affects about 10% of the cultivated 

land area worldwide and results in crop losses in many parts of the world. As examples, 

in Eastern Europe and the Russian Federation, up to 20% of land suffers from poor soil 

drainage (Setter and Waters, 2003); in the USA 16% of soils are too wet for optimal 

plant growth (Boyer, 1982); and in Australia it has been estimated that the state of 

Western Australia alone has between 1 and 2 million hectares of agricultural land prone 

to waterlogging (Price, 1993; Hamilton et al., 2000; Setter and Waters, 2003). Taking 

this example of Western Australia, economic losses due to waterlogging in agricultural 

soils have been estimated at about 180 million Australian dollars p.a. through reduced 

crop production each year. 

Waterlogging reduces crop production primarily through the reduced availability of 

oxygen (O2) to roots (Drew, 1980). Other stress factors can also be involved, such as 

low soil redox potential and increased levels of potentially-toxic Mn2+ and Fe2+ 

(Ponnamperuma, 1984). The O2 deficiency alone can result in a number of changes to 

plant growth and physiology including reduced growth of roots and shoots, decreased 

nutrient and water uptake and decreased photosynthesis (Drew, 1991; Malik et al., 

2001; Pang et al., 2004). Waterlogging in crops has been shown to result in a yield 

penalty of between 15 and 80% depending on crop species, soil type and timing and 

duration of waterlogging (Zhou, 2010). The detrimental effects of waterlogging on crop 

production are influenced by both plant genetic and environmental factors. 

Tolerance to waterlogging varies both between and within species. Genetic variability 

in waterlogging tolerance within a species provides plant breeders with the opportunity  
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to breed tolerant varieties for improved crop production. Furthermore, an understanding 

of the mechanisms of waterlogging tolerance can be obtained by comparing the growth 

and physiology of waterlogging tolerant and waterlogging sensitive varieties of a crop 

species. 

Barley (Hordeum vulgare L.) is an important cereal crop and is relatively sensitive to 

waterlogging but some variation in tolerance has been observed (Setter et al., 1999; 

Pang et al., 2004). However there are huge gaps in knowledge when it comes to the 

effects of waterlogging and in particular differences in uptake of nutrients by seminal 

and adventitious roots in barley and how adventitious root porosity is related to root 

functions. Adventitious roots are known to be better at tolerating the waterlogging stress 

than the seminal roots of dryland species (Colmer and Greenway, 2011). There is, 

however, not much literature available on nutrient uptake by barley genotypes during 

waterlogging. Another aspect that could increase our understanding of waterlogging 

tolerance in barley is the study of O2 transport from shoot to the root tip under 

waterlogged conditions and to find out if even roots that develop aerenchyma are O2-

limited, such as by use of manipulations to increase the O2 partial pressure at the shoots 

which increases O2 diffusion into the roots, to determine if an enhanced O2 supply 

results in increased root extension (cf. work on wheat by	  Wiengweera and Greenway, 

2004). 

More specifically, the main aims of my thesis were: 

1) A focused mini-review of main topics in the following experimental chapters. 

2) To determine the growth of five barley genotypes for the first time under restricted 

O2 supply (stagnant de-oxygenated agar conditions) in nutrient solution culture to assess 

growth and other traits including adventitious root porosity, chlorophyll fluorescence 
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and tissue ion concentrations (K+, Cl-). The five barley genotypes (Franklin, Naso Nijo, 

TX9425, Yerong, YYXT) are from diverse origins and are reputed to differ in 

waterlogging tolerance (as tested for three genotypes in soil by Pang et al., 2004) 

(Chapter 2). 

3) To measure the ion net uptake (K+, Cl-) by seminal and adventitious roots of barley 

under waterlogged and stagnant agar conditions in a waterlogging tolerant and a 

sensitive barley genotypes. Based on the results of Chapter 2, I revised this aim to be a 

comparison of two barley genotypes that differed in adventitious root porosity. 

4) To evaluate whether an increase in O2 partial pressure around the shoots affects the 

adventitious root elongation in barley genotypes Franklin (which has a low root 

porosity) and Yerong (which has a higher root porosity), when in an O2-free root 

medium and reliant on internal diffusion of O2 to the root tips.  

The remainder of this chapter contains a mini-review of literature focused on the topics 

of most relevance to my experimental chapters. The main research questions addressed 

are listed in Table 2. In addition to this mini-review, additional background and context 

have been given in the Introductions of each of the experimental chapters. 
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Literature mini-review 

Lack of O2 in waterlogged soils  

Waterlogging is defined as “a condition of soil where excess water inhibits gas 

exchange of roots with atmosphere” (Setter and Waters, 2003). Plant waterlogging 

tolerance can be defined in a number of ways, but in a physiological sense is defined as 

“survival or the maintenance of high growth rates under waterlogging, relative to non-

waterlogged (usually drained soil) conditions” (Setter and Waters, 2003).  

Due to slow diffusivity and low solubility of O2 in water, as compared to in air, and 

since any O2 in the soil is consumed by roots and microorganisms, the waterlogged soils 

usually lack O2 (Ponnamperuma, 1984; Armstrong and Drew, 2002).The factors that 

determine the reduction in the amount of O2 are the metabolic activities of the 

microorganisms and the plant roots present in the soil (Drew, 1992). This shortage of O2 

hinders root respiration in the waterlogged soils and results in acute energy shortages.    

 

Effects of waterlogging (or low O2 in the root-zone) on plants 

Low energy production due to deprivation of O2 under waterlogged conditions results in 

reduced growth of roots, which ultimately affect the overall plant growth. Oxygen 

shortage also results in a decreased nutrient uptake by roots (Colmer and Greenway, 

2011). Other impacts include the death of apices of seminal root main axes and in cases 

of extended periods of waterlogging or O2 deficiency the almost complete death of the 

initial root system (Jackson and Drew, 1984; Wiengweera and Greenway, 2004). Other 

physiological consequences include reduced water uptake by plants, decreased 

photosynthesis and nutrient deficiency in the shoots (Pang et al., 2004). 
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Table 1. Main effects of waterlogging (and O2 deficiency in the root-zone) on plants.  

 

Reduced growth of roots and shoots 

Decreased nutrient uptake by the roots 

Death of apices of seminal root main axes or initial root system  

Decreased nutrient translocation to the shoots 

Reduced water uptake by plants  

Decreased photosynthesis  

Nutrient deficiency in the shoots 

Decrease in the final yield 

 

Due to the factors mentioned above, waterlogging can result in a yield penalty of 15-

80% and this depends on crop species, soil type and also on the waterlogging stress 

duration (Zhou, 2010). In wheat, a yield loss of around 40% as a result of waterlogging 

has been observed in a number of experiments (Ahmed et al., 2013). One such 

experiment was a field experiment using 15 wheat (Triticum aestivum L.) genotypes to 

determine yield loss under waterlogged conditions, this experiment showed that there 

was a 44% average yield loss after 5 weeks of continuous soil waterlogging due to a 

decrease in wheat tiller number and the kernels per head (Collaku and Harrison, 2002). 

In another cereal crop, barley (Hordeum vulgare L.), waterlogging drops average yield 

by 20–25%, although the reduction may be more than 50% depending on the stage of 

plant development at which waterlogging occurs (Setter and Waters, 2003). For 

example, the yield of grains for barley, wheat and oats had lower reduction when 

waterlogging started at 6 weeks or 10-14 weeks after sowing as compared to when it 
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started 2 weeks after sowing of these crops (Watson et al., 1976; Setter and Waters, 

2003). Thus, waterlogging limits production especially in wheat and barley (Kubo et al., 

2007). 

 

Plant responses to waterlogging or low O2: aerenchyma and adventitious 

roots 

Plants respond to low O2 availability by developing certain morphological and 

anatomical features to ensure improved internal transport of at least some O2. These 

characteristics include the formation of aerenchyma and the development of 

adventitious roots (Jackson and Drew, 1984; Justin and Armstrong, 1987; Laan et al., 

1989; Pang et al., 2004; Fagerstedt et al., 2013). Adventitious roots usually possess 

aerenchyma and emerge from the shoot base and can substitute (even if only partially) 

for the killed or damaged seminal roots (Drew and Sisworo, 1979; Laan et al., 1989). 

Plants in anoxic conditions rely on internal gas-phase O2 diffusion from the shoot to the 

root to facilitate the process of respiration. This O2 diffusion occurs mainly through 

aerenchyma which provides large interconnected gas channels that highly increase the 

O2 movement from shoots into and along roots (Armstrong, 1979).  

Internal O2 supply determines the growth rate of adventitious roots when in a medium 

lacking O2. In an experiment on wheat, extension rates in stagnant solution were 35-

43% of the aerated control for the adventitious roots with a porosity of 15%. An 

increase in the partial pressures of O2 around the shoots firstly to 40 kPa and later to 80 

kPa resulted in considerably faster adventitious root elongation (Wiengweera and 

Greenway, 2004), showing that even these roots with 15% porosity are O2-limited when 

reliant on internal diffusion into and along the roots.  
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Differences in root aerenchyma and radial O2 loss (ROL) 

Waterlogging stress affects different types of plants in different ways. Wetland plants 

such as rice (Oryza sativa L.) can tolerate the stress resulting from submergence or 

waterlogging much better than dryland cereals due to a better internal aeration of the 

root system (Nishiuchi et al., 2012). Hordeum marinum also possess constitutive 

aerenchyma, like rice, and can tolerate waterlogging stress better than dryland species 

like wheat and barley (Malik et al., 2011). The reason for much better handling of 

waterlogging stress by the wetland plants (like rice and Hordeum marinum) is that in 

addition to constitutive aerenchyma present at the onset of waterlogging, the root 

aerenchyma can further increase in volume under waterlogging stress, which allows 

more O2 movement to the apex, and often the roots of wetland species also have a 

barrier to radial O2 loss (ROL) (Armstrong, 1979; Colmer, 2003a and b; Garthwaite et 

al., 2003; Malik et al., 2011). On the other hand, the dryland crop plants including 

wheat and barley develop aerenchyma of a lesser volume and also lack the trait of ROL 

barrier formation (Thomson et al., 1992; Huang et al., 1994; Malik et al., 2011) and so 

are not as good as the wetland plants in tolerating waterlogging. The amounts of 

aerenchyma in roots of rice (reflected by up to 41% porosity, Colmer, 2003a) are 

certainly substantially higher than in roots of wheat (15% porosity, Wiengweera et al., 

1997).  

 

Genetic diversity, root aerenchyma and porosity 

Genotypic variation of dryland crops under waterlogged and low O2 conditions, has 

been studied in different cereals (including wheat, barley and oats) and has been 

summarized in Setter and Waters (2003) to understand the better survival of some 
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genotypes as compared to others. Their major conclusion and suggestion was that 

germplasm can be improved by new investigations of sources of tolerance and use of 

genetic diversity as well as by making the selection criteria better for breeding. In 

another experiment, Setter et al. (1999) also observed genetic diversity in waterlogging 

tolerance in eight barley and sixteen wheat genotypes when exposed to 4 weeks of 

intermittent waterlogging. The main traits considered for waterlogging tolerance in their 

experiment included root traits (aerenchyma, seminal and the nodal root numbers and 

suberisation). It was observed that there was no significant variation in nodal and 

seminal root number between or within the species (barley and wheat) and also there 

was no significant hypodermis or epidermis suberisation. However, for the important 

trait of aerenchyma formation, in the nodal root mid-cortex aerenchyma percentage 

varied between 7-63% for barley and 10-81% for wheat; these are substantial ranges for 

this important trait in the roots for waterlogging tolerance (cf. Armstrong, 1979). 

Different parameters have been considered by different researchers in other experiments 

to determine waterlogging tolerance of barley. Pang et al. (2004) conducted a study on 

6 barley genotypes and suggested that for a small number of genotypes the selection of 

waterlogging tolerance should be made on the basis of less reduction in photosynthetic 

rate or chlorophyll content as a result of the waterlogging stress, and also that 

chlorophyll fluorescence could be a useful criterion for selecting waterlogging 

tolerance. 

Pang et al. (2004) used root anatomy (percentage of aerenchyma to root cross-section 

area) to study the difference in roots of different barley genotypes and concluded that 

perhaps a significant difference in aerenchyma formation patterns is to some extent 

responsible for the contrasting behaviour of the barley genotypes. A recent study in 

barley by Broughton et al. (2015) very clearly suggests that root porosity can be an 
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indicator of aerenchyma formation. They suggest that due to the laborious nature of 

screening genotypes in field and controlled conditions, the measurement of a trait like 

root porosity might be helpful in determining waterlogging tolerance. They also found a 

single QTL for root porosity on chromosome 4H; this QTL was associated also with an 

earlier discovered QTL for waterlogging tolerance. 

Waterlogging responses of cereals have been studied in a variety of ways, such as with 

different types of soils (including a 2:1:1 mixture of sand: loam: sheep manure and 

Vertosol soil) (Pang et al., 2004) and hydroponic systems (Wiengweera and Greenway, 

2004) for easier access to the roots. However, a recent trend has been to study 

waterlogging responses in stagnant agar solution (for example, Wiengweera et al., 

1997; Weingweera and Greenway, 2004) which mimics better the conditions of changes 

in gas composition in waterlogged soils than other hydroponic systems (Wiengweera et 

al., 1997; Colmer et al., 2006) and has been quite productive to improve understanding 

of some responses of roots.  

 

Influence of low O2 on plant nutrition/ion uptake by roots  

The deprivation of O2 reduces the ability of roots to transport ions which can have 

adverse effects on plant growth and development (Pang and Shabala, 2010). Reduced 

shoot nutrient concentrations were reported in wheat grown in N2-flushed nutrient 

solution. Shoot concentrations of macronutrients, including nitrogen, potassium and 

phosphorus, were reduced in plants grown in N2-flushed nutrient solution as compared 

to aerated control plants. For example, nitrogen concentration (mmol g-1 dry weight) in 

shoots of wheat grown in N2-flushed nutrient solution was reduced to 24% of the 

control plants (Trought and Drew, 1980a). Studies of ion uptake under O2 deficient 
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conditions in other cereals including barley and maize also showed similar results to 

those of wheat (Drew, 1988; Colmer and Greenway, 2011). The effect of low O2 

concentration on the net uptake rate of N, P, K+, and C1- by 26-30-day-old wheat 

showed lower concentrations (for example, 20% reduction in total N in the shoots) of 

these nutrients in plants in hypoxic solution treatments as compared to the aerated 

solutions. It was also reported that the net transport of these nutrients to the shoots of 

wheat were reduced as a result of a lower root/shoot ratio and less ion uptake per unit 

root weight (Buwalda et al., 1988). 

The effect of root O2 deficiency on nutrient uptake has also been demonstrated in 

studies where the effects were alleviated after the O2-deficient plants were provided 

increased external nutrients. Two such studies are considered here. A high external 

NO3
- supply (10 mM) resulted in an increased shoot N concentration in wheat in aerated 

and N2-flushed solutions, but growth improved for plants in the N2-flushed solution 

when all the nutrients in the medium were increased four-times (Trought and Drew, 

1981). In another study, increased nutrient supply (complete Hoagland solution) by 

daily foliar sprays to plants in waterlogged soil resulted in improved shoot and root 

growth in barley. In this experiment, shoot and root K+ and N concentrations also 

increased and in the case of one of the tolerant barley genotypes the tissue 

concentrations reached the same levels as for its drained soil control (Pang et al., 2007). 

These studies indicate that there is a growth restoration and a better nutrient uptake in 

plants when O2-deficient roots are supplied with higher concentrations of the nutrients 

or when a daily foliar spray of full-strength Hoagland nutrient solution is done, thus 

overcoming the reduced capacity of the roots to take up and transport nutrients to the 

shoot. These studies also indicate that nutrient deficiency limits shoot growth in barley 

and wheat when in situations with O2-deficient roots (Colmer and Greenway, 2011). 
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For growth and the transport of ions in hypoxic roots, internal O2 supply is very 

important and it has been suggested that O2 concentrations in seminal roots are much 

lower than those in the adventitious roots (Colmer and Greenway, 2011). In wheat, 

proximal section of seminal roots grown in N2-flushed solution had only 3% porosity 

compared with the crown (adventitious) roots with 14% porosity in these sections 

(Barrett-Lennard et al., 1988). More O2 would be expected to be available in the roots 

with the higher porosity (i.e. in adventitious roots).  

 

Root aeration and nutrient uptake 

A key study of uptake of nutrients by seminal and adventitious roots in wheat 

(Wiengweera and Greenway, 2004) reported that adventitious roots due to these having 

a higher O2 supply as a result of more aerenchyma also have a better nutrient uptake, 

than seminal roots. In this experiment on wheat a split-root system was used to measure 

P and K+ net uptake in seminal and adventitious roots of wheat in stagnant and aerated 

solutions. P net uptake in stagnant solution by seminal roots was markedly reduced to 0-

16 % of the aerated roots, while for the adventitious roots it ranged between 31-73%. K+ 

net uptake varied between 15% uptake and 54% loss for seminal roots as compared to 

69-115% net uptake for the adventitious roots (Wiengweera and Greenway, 2004). This 

difference between the two root types can be attributed to the low O2 movement as 

evidenced by the death of main apices in seminal roots of low porosity during low O2 

conditions (Jackson and Drew, 1984) whereas high porosity in the adventitious roots 

enabled a better internal O2 supply and thus the ion transport was better maintained in 

the adventitious roots (Barrett-Lennard et al., 1988). Such data are available for wheat, 

but not for barley.  
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An earlier study on the uptake of ions by the seminal and adventitious roots in wheat 

using split-root system also showed a greater net uptake of K+ and NO3
- by adventitious 

roots as compared to the seminal roots. The K+ uptake by seminal roots was 50% of 

aerated controls as compared to 82% by the adventitious roots. The NO3
- uptake was 

also less in the case of seminal roots (35% of controls) as compared to the adventitious 

roots (55% of controls) (Kuiper et al., 1994). Thus, deprivation of O2 reduces the ability 

of roots to transport ions which can have adverse effects on plant growth. Research is 

being done to understand this mechanism by finding out plants with roots that can 

perform the function of normal ion uptake thus showing waterlogging tolerance (Pang 

and Shabala, 2010).  

An understanding of internal aeration of roots is important for understanding their 

survival, growth and functioning in waterlogged soils. There is low internal O2 supply 

in the seminal roots as compared with adventitious roots since the seminal roots have 

lower porosity and therefore O2 can only reach a small distance into the roots. 

Moreover, after reaching a certain age or length the seminal roots may not form any 

aerenchyma (Thomson et al., 1990). This is a huge disadvantage for the seminal roots 

when waterlogging occurs.  

Although adventitious roots have better internal O2 supply as they develop more 

aerenchyma than the seminal roots, the distal portions (apex, stele) of adventitious roots 

and also of the seminal roots in wheat can suffer O2 deficits (Thomson et al., 1992; 

Colmer and Greenway, 2011). Across roots, the O2 concentration can vary greatly. In 

maize, O2 profile from external medium to centre of a primary non-aerenchymatous root 

showed that O2 falls sharply across tissues of low porosity (the outer cell layers of the 

root and within the stele). Low external O2 concentrations can lead to acute hypoxia in 

the stele, while the cortex and epidermis can still receive adequate O2. In roots that are 
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fully aerobic, ions that have been taken from the external solution are loaded into 

xylem, the energy for this loading is provided by the plasma membrane H+-ATPases of 

the xylem parenchyma cells. Anoxic or ‘severely hypoxic’ stele can result in the 

inhibition of xylem loading as there is an inhibition of H+-ATPases in the xylem 

parenchyma (Gibbs et al., 1998; Colmer and Greenway, 2011; de Boer and Volkov, 

2003).  

The mechanism of ion transport across O2-deficient roots has been explained in 

different ways. Trought and Drew (1980a) suggested that water and nutrients enter by 

mass flow through damaged roots of wheat in N2-flushed solution as a response to 

transpiration. This explanation, however, was questioned by Colmer and Greenway 

(2011) as similar P and higher N in the xylem as in the external medium indicated 

energy-dependent transport of the anions, phosphate and nitrate (Colmer and Greenway, 

2011). However further experimentation is required in this context. 

 

O2 supply and root growth 

Experiments have been conducted to test whether wheat roots have sufficient O2, even 

with their observed increase in porosity. The approach taken to increase O2 partial 

pressure around the shoot, which in turn would increase O2 diffusion into and along the 

roots, has been used in a few studies (e.g. Thomson et al., 1990; Wiengweera and 

Greenway, 2004) to check how it affects the root elongation rate under low O2 

conditions. These studies have enhanced our understanding of the movement of O2 from 

shoot to root and its availability at the root tip under low O2 conditions. In the 

experiment by Thomson et al. (1990), O2 partial pressure was increased around the 

shoots of wheat (Triticum aestivum  cv. Gamenya ) from 20 to 100 kPa and this resulted 
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in an increase in the O2 concentrations (in mol m-3) at the root surface (expanding zone 

which is at 2-7 mm from the seminal root tip) from 0.006 mol m-3 to 0.04-0.26 mol m-3 

and also a five-fold increase in the rate of root extension was observed. The study by 

Wiengweera and Greenway (2004) was also based on the idea of increasing O2 partial 

pressure around wheat shoots and to see its effect on the adventitious root extension and 

clear increases were observed for roots of three different lengths (i.e., short roots (1-2 

cm), medium roots (5-6 cm) and long roots (11-12 cm)) when shoot O2 was elevated. 

The restrictions on root elongation due to O2 deficiency were relieved to a certain extent 

due to higher partial pressures of 40 and 80 kPa O2 at the shoots and the resulting 

increased O2 diffusion into and along the roots, and the conclusion that inefficiency of 

the aerenchymatous axes (including anoxic steles), slow and restricted O2 diffusion to 

other parts of gas space continuum (in shoots, and/or shoot-root junction, or in the root 

tip) must have contributed to the diffusion restrictions between the atmosphere and root 

tips of wheat (Wiengweera and Greenway, 2004). Such data are available for wheat, but 

not for barley. 

 

Radial O2 loss (ROL) 

Radial O2 loss (ROL) measurements are also very important in the context of knowing 

about the amount of O2 available along roots and studies of barriers to ROL within the 

outer parts of the roots of some species. A higher ROL has been observed at the root 

base near the root-shoot junction than at root tip in the plants (including wheat) that do 

not have a barrier to ROL in the hypodermis exodermis (Barrett-Lennard et al., 1988; 

Thomson et al., 1990; Wiengweera and Greenway, 2004). On the other hand in plants 
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(including rice) which have a barrier to ROL these have more ROL at apex than in the 

more basal zones (Colmer et al., 1998; Wiengweera and Greenway, 2004). 

Radial O2 loss (ROL) has been measured at different distances from the root tip to find 

out the ROL pattern along roots. One such recent study was by Abiko et al. (2012) who 

measured the ROL at 10, 20, 30, 40, 50, 60, 70, and 80 mm behind the tip of the root for 

maize (Zea mays) and its wild relative Z. nicaraguensis, which showed that the dryland 

maize lacked a stong ROL barrier whereas the waterlogging-tolerant wild relative 

formed a ROL barrier when grown in stagnant nutrient solution. In the wild relative, 

ROL was low at basal positions (50-80 mm from the root tip) as compared to near the 

root tip, whereas in maize ROL was highest at basal zones and lowest towards the root 

tip. Attempts have been made in the case of wheat to transfer a barrier to ROL into 

wheat through wide-hybridization and some of the H. marinum–wheat amphiploids 

produced displayed a partial barrier to ROL and were more tolerant to waterlogging 

(Malik et al., 2011). These studies of crop wild relatives demonstrate the potential of 

novel approaches in breeding for improvement of tolerance to waterlogging.  

 

Conclusions and focus of the experiments in this thesis 

The above literature mini-review gave a general overview of the major areas in which I 

conducted my PhD experiments, described in the chapters to follow. My thesis is an 

attempt to answer some of the questions and fill in the gaps in the current knowledge as 

related to aspects of waterlogging tolerance in barley. The major questions asked or 

hypothesis formed are shown in Table 2. 
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Table 2. Main questions asked or hypothesis formed in each experimental chapter of 
the thesis to fill gaps in current knowledge on aspects of waterlogging tolerance in 
barley.  
 
Chapter 2:  
 
Key Hypothesis: Barley genotypes will have contrasting waterlogging tolerance levels, 
reflected by differences in growth in stagnant agar conditions, and recovery growth 
when re-aerated. It was also expected that more tolerant genotypes will have higher 
adventitious root porosity.  
 

Chapter 3: 

Key Hypothesis: The adventitious roots of barley will have a greater ion (K+, Cl-) net 
uptake rate than seminal roots under low O2 conditions and especially in higher porosity 
roots (Yerong) than in lower porosity roots (Franklin). 
 

Chapter 4: 

Key Hypotheses: 
1) When in an O2-free root medium and reliant on internal O2 movement to the root 

apex, the adventitious root extension rate of Yerong (higher porosity) would be 
greater than that of Franklin (lower porosity). 

2) An increase in O2 partial pressure around the shoots will increase the 
adventitious root extension in barley genotypes Franklin (which has a low root 
porosity) and Yerong (which has a higher root porosity) when in an O2-free root 
medium and reliant on internal O2 transport. 	  

3) ROL would be higher from Yerong with roots of higher porosity and therefore 
increased internal O2 diffusion than in Franklin, when in an O2-free root medium 
and reliant on internal O2 transport. 	  
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Chapter 2 

Growth responses of five barley genotypes to stagnant 
conditions with low O2 in the root-zone 
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Abstract 

Five barley genotypes (Franklin, Naso Nijo, TX9425, Yerong, and YYXT) of diverse 

origins (Australia, China and Japan) were grown under aerated (control) and restricted 

O2 supply (stagnant de-oxygenated agar conditions) in nutrient solution culture to study 

their growth responses and selected aspects of physiology to identify putatively 

waterlogging tolerant and sensitive genotypes. After an initial 14 days of growth in 

aerated conditions, treatments of continued aeration or stagnant agar were imposed for 3 

weeks. Growth parameters, adventitious root porosity, and tissue concentrations of K+ 

were measured. Growth of all five genotypes was reduced when in stagnant agar for 3 

weeks; shoot dry weights were 31-46% of controls, seminal root dry weights were 

greatly reduced (9-21% of controls), and adventitious root dry weights had also 

decreased (29-43% of controls). In aerated condition, adventitious root porosity varied 

between 6-15% (v/v) and it increased for all genotypes when in stagnant agar, but in 

Franklin to only 9%, whereas in Yerong, TX9425 and Naso Nijo adventitious root 

porosities were 20-23%. Shoot K+ concentration was decreased for all genotypes when 

in stagnant agar, with Naso Nijo being most affected (41% of control) and YYXT the 

least affected (73% of control). Overall, the results show diversity in responses of 

barley to root-zone O2 deficiency and contrasting genotypes were identified for 

adventitious root porosity (e.g. Franklin with 9% and Yerong with 23%) for use in 

future experiments on responses of root functioning in barley to low O2 stress. 
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Introduction 

 

Waterlogging results in low O2 supply to roots (Ponnamperuma, 1984). O2 deprivation 

inhibits the process of oxidative phosphorylation which results in a lack of energy as 

ATP production in respiration stops in the absence of O2 and fermentation only 

produces limited ATP (Gibbs and Greenway, 2003). The energy deficit reduces the 

ability of roots to take up nutrients (Colmer and Greenway, 2011). The growth of roots 

and shoots are both reduced by waterlogging, and the reduction in dry matter 

accumulation ultimately impedes grain yield. On a physiological level, a decline in 

water uptake by plants, reduced photosynthesis and nutrient deficiencies as a result of 

reductions in nutrient uptake under waterlogged conditions, have been reported for 

barley (Pang et al., 2004) and more widely for other dryland crops. 

Plants under waterlogging develop certain morphological and anatomical features which 

help them to survive and function. These characteristics include the development of 

adventitious roots and aerenchyma formation (Jackson and Drew, 1984; Justin and 

Armstrong, 1987; Laan et al., 1989; Pang et al., 2004). Aerenchyma formation 

increases root porosity (gas volume per unit root volume) and provides an internal 

pathway for O2 movement from shoots into and along roots, which allows respiration in 

cells of roots even when in anoxic soils (Armstrong, 1979; Armstrong and Webb, 1985; 

Drew et al., 1985; Hossain and Uddin, 2011). For many species in waterlogged 

conditions, adventitious roots emerge from the shoot base and usually possess 

aerenchyma and can replace the killed or impaired seminal roots (e.g. barley, Drew and 

Sisworo, 1979; Rumex, Laan et al., 1989). 

Barley genotypes differ in their tolerance levels to waterlogging. For example, eight 

barley genotypes exposed to intermittent waterlogging over a period of 4 weeks showed 
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genetic diversity in their tolerances (leaf chlorosis and grain yields). Leaf chlorosis (% 

yellowing) in these genotypes ranged between 15-26% and grain yield reductions 

between 51-84%, as compared to controls (Setter et al., 1999). Similarly, six barley 

genotypes when exposed to waterlogging and their recovery upon drainage (and O2 re-

entry) in two soil conditions (an artificial potting mix and a Vertosol) showed 

contrasting responses of growth and shoot physiology (including total chlorophyll 

concentration, CO2 assimilation rate, maximal quantum efficiency of photosystem II 

(Fv/Fm), chlorophyll fluorescence) and for aerenchyma formation in roots (Pang et al., 

2004). In the artificial potting mix, root dry weight was reduced to 50-70% of the 

control in a waterlogging sensitive variety Naso Nijo while there was no reduction in 

root dry weight for the waterlogging tolerant TX9425. Differences were also observed 

in shoot dry weight (65-100% of controls), number of tillers (60-80% of controls) and 

CO2 assimilation rate by leaves was lower than that of controls. The above examples 

demonstrate that barley has genetic diversity in tolerance to waterlogged conditions. 

A number of parameters, in addition to growth parameters like root and shoot dry 

weight and number of tillers, have been used to evaluate waterlogging tolerance of 

barley, including chlorophyll fluorescence which can be used to screen large numbers of 

lines (Pang et al., 2004). One important trait determining waterlogging tolerance is root 

aerenchyma (Armstrong, 1979; Aschi-Smiti et al., 2003). Adventitious roots of barley 

genotypes grown in soil showed significant differences in amounts of aerenchyma; 

TX9425 had a maximum of ~24% aerenchyma (at 8.5 cm behind the root tip) and it 

showed better tolerance than the most waterlogging sensitive genotype Naso Nijo which 

had a maximum of ~7% aerenchyma (at 6.5 cm behind the root tip) (Pang et al., 2004). 

This finding by Pang et al. (2004) indicates that aerenchyma percentage is an important 

trait which differs between barley genotypes that vary in waterlogging tolerance. 
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Measurements of root porosity have been used to represent aerenchyma formation 

(Colmer, 2003b) and root porosity measurements have been used widely in a number of 

waterlogging studies of wheat and barley (e.g. Barrett-Lennard et al., 1988; Garthwaite 

et al., 2003 (in barley); Malik et al., 2009; Malik et al., 2011). Enhanced adventitious 

root porosity provides a low resistance pathway for O2 movement to the root tip 

(Colmer, 2003a) during stagnant conditions and includes the entire porous gas spaces 

(aerenchyma and smaller intercellular gas-filled spaces). In this experiment, I have also 

measured adventitious root porosity of the five barley genotypes. 

The ability of a plant to recover from transient waterlogging or root system hypoxia is a 

key feature to evaluate waterlogging tolerance and is especially important for crops that 

experience transient waterlogging events (Krizek, 1982; Malik et al., 2001; Striker, 

2012). Pang et al. (2004) assessed recovery of some barley varieties waterlogged for 3 

weeks and then drained for 2 weeks in a potting mix and found a rapid recovery in root 

growth (greater than or close to that of the control plants) in most varieties but not in 

shoot growth (where recovery ranged between 33-74% of the control). 

The present study was of five barley genotypes from three different countries (Australia, 

China and Japan) with the aim to test for tolerance to growth in stagnant de-oxygenated 

nutrient solution. The five barley genotypes (Franklin, Naso Nijo, TX9425, Yerong, 

YYXT) are reputed to differ in waterlogging tolerance as tested in soil (Pang et al., 

2004; Sergey Shabala, personal communication), but for some studies nutrient solution 

cultures (hydroponics) has the advantage of easy access to roots and so I wanted to 

evaluate whether genotypic differences were also evident when grown in stagnant 

deoxygenated agar. Thus, the main objective of this study was to determine the growth 

of five barley genotypes for the first time under restricted O2 supply (stagnant de-

oxygenated agar conditions) in hydroponics to assess their growth and other traits 
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including adventitious root porosity, leaf chlorophyll fluorescence and tissue ion 

concentrations (K+, Cl-). A key hypothesis tested was that barley genotypes will have 

contrasting waterlogging tolerance levels, reflected by differences in growth in stagnant 

agar conditions, and recovery growth when re-aerated. It was also expected that more 

tolerant genotypes will have higher adventitious root porosity. Additionally, the effects 

of stagnant conditions on the ion (K+, Cl-) concentrations in shoots, seminal and 

adventitious roots of the barley genotypes were also measured. 

 

Materials and Methods 

Plant material 

Seeds of barley (Hordeum vulgare L.) genotypes (Franklin, Naso Nijo, TX9425, 

Yerong, and YYXT) were provided by Mexiue Zhou and Sergey Shabala (The 

University of Tasmania, Australia). Franklin is a genotype of Australian origin, Naso 

Nijo is of Japanese origin and the other three genotypes are of Chinese origin. Three of 

the five contrasting barley genotypes with varying waterlogging tolerance levels, i.e. 

TX9425 (tolerant), Franklin (intermediate) and Naso Nijo (sensitive) from an earlier 

experiment (Pang et al., 2004) were used in my experiment to compare their tolerance 

to growth in stagnant deoxygenated agar. Additionally, two other barley genotypes, 

Yerong and YYXT, were used in my experiment to check for their contrasting 

behaviours in response to growth in stagnant deoxygenated agar. The name Naso Nijo 

has been used by Pang et al. (2004; 2007) and more recently by Broughton et al. (2015) 

and Zhang et al. (2015), but it is likely that this was originally called Nasu Nijo in 

Japan. I have used Naso Nijo in keeping with the source of the seeds and since this 

work builds on the earlier work by Pang and co-workers. 
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The individual seed weight of the different genotypes used in this study was as follows: 

0.055 g for Franklin, 0.046 g for Naso Nijo, 0.058 g for TX9425, 0.057 g for Yerong 

and 0.065 g for YYXT. 

Growth conditions and experimental design 

Plants were grown in a glasshouse (located in Crawley, Perth, Australia) under natural 

sunlight (from June to August 2012) with a day temperature of 20°C and night 

temperature of 15°C. The experimental design was: 2 treatments (aerated or stagnant) x 

5 barley genotypes x 4 replicates, in a completely randomised design.  

The nutrient solution had the following composition at full strength (mol m−3): K+, 5.95; 

Ca2+, 4·0; Mg2+, 0·4; NH4
+, 0·625; Na+, 0·2; NO3

−, 4·375; SO4
2−, 4.4; H2PO4

−, 0·2; 

H4SiO4
−, 0·1; and the following micronutrients (mmol m−3) Cl−, 50; B, 25; Mn, 2; Zn, 2; 

Ni, 1; Cu, 0·5; Mo, 0·5; Fe-EDTA, 50. 2·5 mol m−3 MES (2-[N-

morpholino]ethanesulfonic acid) was added to solution as buffer. KOH was used to 

adjust the pH to 6.5. 5 mmol m−3 FeSO4 was added as a single dose during the seedling 

stage to prevent the symptoms of Fe-deficiency that can otherwise occur in young 

plants. An additional 2·5 mol m−3 NH4NO3 was added in all solutions during the 

treatment period (Wiengweera et al., 1997; Rubinigg et al., 2002; Malik et al., 2002). 

Seeds were germinated and grown initially on a mesh in aerated 10% nutrient solution 

in darkness for 4 days in 4 L pots before being exposed to light and transferred to 

aerated 25% nutrient solution (4 plants per pot, held in lids with foam holders of pots 

covered with Al-foil), as described in Malik et al. (2009). The nutrient solution was 

increased to 100% concentration on day 11. A hypoxic pre-treatment with nitrogen was 

given the day before the agar treatment was imposed in the pots which were to be given 
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the stagnant agar treatment.  Treatments were imposed on day 14 when nutrient solution 

in half of the pots was changed to 0.1% (w/v) stagnant agar solution which had been 

flushed with nitrogen gas to de-oxygenate the medium, as described in Wiengweera and 

Greenway (1997). Plants in the stagnant agar solution culture lacked aeration. The 

controls received fresh aerated nutrient solution without agar and had aeration 

continued. The solution in pots was replaced with new aerated or stagnant solution, 

respectively, on a weekly basis. The treatment was given for 21 days after which 

different growth parameters, adventitious root porosity and leaf chlorophyll 

fluorescence were measured. Also, at 21 days of treatment, the remaining plants in the 

stagnant treatment were transferred back into aerated nutrient solution to evaluate 

recovery for a further 2 weeks, with aerated controls also continued. Harvests were 

taken on days 14, 35 and 49 of the experiment. 

 

Chlorophyll fluorescence 

Chlorophyll fluorescence was measured in the middle of the most recent fully-expanded 

leaf of the main stem of plants in aerated or stagnant solution at 21 days of treatment at 

a temperature of 20 ± 2  °C with a Plant Efficiency Analyser (Hansatech Instruments 

Ltd., UK).   Plants were dark adapted by using leaf clips and as a precaution also 

covering these clips and patches of leaf with aluminium foil for 20 minutes before 

taking the measurements. Maximum quantum yield of PSII ((Fm−F0)/Fm) (Maxwell and 

Johnson, 2000) was calculated. 
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Adventitious root porosity 

Porosity of adventitious roots was measured for all genotype x treatment combinations 

after 21 days of treatment, using the buoyancy method as described by Raskin (1983) 

and using the modified equations by Thomson et al. (1990). 

  

Tissue analyses for ions (K+ and Cl-) 

Analyses of plant tissues for K+ and Cl- were conducted on shoots, seminal and 

adventitious roots for plants from all genotypes x treatment combinations. The roots 

were washed three times, for 10 seconds each time, at the time of the harvest with 4 mM 

CaSO4. Tissues were oven-dried and later ground. Ion extraction used 0.5 M HNO3 and 

shaking for 48 h at 20°C (Munns et al., 2010). K+ concentrations in dilutions of the 

extracts were determined using a flame photometer (PFP7, Jenway, Essex, UK) while a 

chloridometer (SLAMED, model 50CL 1-50, Frankfurt, Germany) was used to 

determine Cl- concentrations. Reference plant material was tested using the same 

procedures to confirm the methods; no adjustments were made to the data. 

 

Statistical analysis 

Data were analysed using the software Statistix 8.1. The effects of genotype, treatments 

and the genotype x treatment interaction were determined by two-way analysis of 

variance (ANOVA). Mean comparison was done at the P = 0.05 level by using the least 

significant difference (LSD) test. Data are presented as mean ± standard error. 
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Results 

Growth of all the five barley genotypes was reduced in the 3 week stagnant agar 

nutrient solution treatment. There were reductions in shoot and root (seminal and 

adventitious root) dry weights, as well as in the shoot and root (seminal and 

adventitious root) relative growth rates (RGR).  

Shoot and root dry weights 

Stagnant agar treatment reduced the shoot dry weights for all five barley genotypes to 

31-46% of the aerated control. YYXT had the greatest reduction in root dry weight 

(31% of the aerated control) whereas Naso Nijo had the least reduction (46% of the 

aerated control), but this was not a significant difference (Table 1). Shoot dry weight 

differed significantly for genotypes (P < 0.0001) and treatments (P < 0.0001), but the 

genotype x treatment interaction was not significant (P = 0.1163) at the 5% level. 

Stagnant agar treatment reduced the total root dry weights for all five barley genotypes 

to 26-37% of the aerated control. YYXT had the greatest reduction in root dry weight 

(26% of the aerated control) whereas Naso Nijo had the least reduction (37% of the 

aerated control), but this was not a significant difference (Table 1). Total root dry 

weight differed significantly for treatments (P < 0.0001), but not among the genotypes 

(P = 0.0936) and the genotype x treatment interaction was not significant (P = 0.6625) 

at the 5% level.  
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Seminal and adventitious root dry weights 

In addition to the total root dry weights presented above, seminal and adventitious root 

dry weights were also evaluated separately for their responses to 3 weeks of stagnant 

agar treatment. Seminal root dry weights were greatly reduced (9-21% of the aerated 

control) and adventitious root dry weights had also decreased (29-43% of the aerated 

control) (Table 2). Seminal root dry weight differed significantly for treatments (P < 

0.0001), but not among the genotypes (P = 0.1945) and the genotype x treatment 

interaction was not significant (P = 0.3409) at the 5% level. Adventitious root dry 

weight differed significantly for treatments (P < 0.0001), but not among the genotypes 

(P = 0.3580) and the genotype x treatment interaction was not significant (P = 0.9729) 

at the 5% level. 

 

Relative growth rate (RGR)  

Shoot relative growth rate (RGR) was reduced by the stagnant agar treatment for all five 

barley genotypes, to 71-82% of the aerated control. YYXT had the greatest reduction in 

shoot RGR (71% of the aerated control) whereas Naso Nijo had the least reduction 

(82% of the aerated control) (Table 3). Shoot RGR differed significantly for treatments 

(P < 0.0001) but not for the genotypes (P = 0.2406) and the genotype x treatment 

interaction (P = 0.7750) at the 5% level. Stagnant agar treatment reduced the root RGR 

for all five genotypes to 56-67% of the aerated control. YYXT had the greatest 

reduction in root RGR (56% of the aerated control) whereas Naso Nijo and Yerong had 

the least reduction (67% of the aerated control) (Table 3). Root RGR differed 
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significantly for treatments (P < 0.0001) but not for the genotypes (P = 0.6215) and the 

genotype x treatment interaction (P = 0.4711) at the 5% level. 

Seminal root RGR ranged between 0-18% of the aerated control in four genotypes 

(Franklin, Naso Nijo, Yerong and TX9425) and was less than zero in the fifth genotype 

(YYXT) as it lost seminal root mass during the treatment; the standard errors were 

relatively high in relation to the means in the range -0.02 to 0.02 g g-1 d-1, so the 

genotypes were not significantly different (Table 4). Seminal root RGR differed 

significantly for treatments (P < 0.0001), but not among the genotypes (P = 0.5100) and 

the genotype x treatment interaction was not significant (P = 0.9103) at the 5% level. 

The RGR of adventitious roots of plants in the stagnant agar treatment was between 75-

83% of the aerated control (Table 4). RGR of adventitious roots differed significantly 

for treatments (P < 0.0001) and genotypes (P = 0.0024) but not for the genotype x 

treatment interaction (P = 0.8287) at the 5% level. 
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Recovery growth  

Some plants were given two weeks of recovery by transfer from the stagnant agar back 

to aerated solution. The shoot RGR for the five barley genotypes during this recovery 

phase after the stagnant treatment ranged between 80-111% of the aerated controls 

(Table 5). Shoot RGR recovery was least in Franklin (80% of the aerated control) and 

greatest in Yerong and YYXT (111% of the aerated control for each), but this was not a 

significant difference. Shoot RGR were not statistically significant for genotypes (P = 

0.0752), treatments (P = 0.8423), or genotype x treatment interaction (P = 0.3127). 

Root RGR during this recovery phase after the stagnant treatment was between 113-

136% of the aerated controls (Table 5). The recovery growth was least in the case of 

YYXT (113% of the aerated control) and greatest in the case of Yerong (136% of the 

aerated control), but this was not a significant difference. Root RGR differed 

significantly for treatments (P = 0.0015), and for the barley genotypes (P = 0.0145) but 

not for the genotype x treatment interaction (P = 0.8700) at the 5% level. 
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Stems (i.e. main stem plus tillers) and adventitious root numbers per plant and per 

stem 

Stem numbers (i.e. main stem plus tillers) per plant were reduced to 48-68% of the 

aerated controls as a result of stagnant agar treatment. YYXT had the greatest reduction 

in stem number per plant (48% of the aerated control) whereas Yerong and Naso Nijo 

had the least reduction (68% of the aerated control) (Table 6). Stem number differed 

significantly for genotypes (P < 0.0001) and for treatments (P < 0.0001), but the 

genotype x treatment interaction was not significant (P = 0.3456) at the 5% level.  

Adventitious root number per plant decreased in response to stagnant agar treatment in 

Franklin, Yerong and YYXT (ranged between 67-91% of the aerated control), was not 

affected in TX9425 (101% of the aerated control), whereas it increased for Naso Nijo 

(133% of the aerated control) (Table 7). Adventitious root number per plant differed 

significantly for genotypes (P = 0.0049) and the genotype x treatment interaction was 

significant (P = 0.0196), but it did not differ for the treatments (P = 0.2181). 

Adventitious root number per stem increased to 118-196% of the aerated controls as a 

result of the stagnant agar treatment, for the five genotypes (Table 7). Yerong had the 

least increase in adventitious root number per stem (118% of the aerated control) 

whereas Naso Nijo had the greatest (196% of the aerated control) (Table 7). 

Adventitious root number per stem differed significantly among the genotypes (P < 

0.0001), for the treatments (P < 0.0001) and also the genotype x treatment interaction 

was significant (P = 0.0256). 
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Longest adventitious and seminal root length 

Seminal and adventitious root lengths (length of the longest main axis) decreased as a 

result of stagnant agar treatment (Table 8). Seminal root length ranged from 24-48% of 

the aerated control where the greatest reduction was in Yerong (24% of the aerated 

control) and the least reduction in Naso Nijo (48% of the aerated control), but this was 

not a significant difference. Seminal root length differed significantly for treatments (P 

< 0.0001), but not among the genotypes (P = 0.2705) and the genotype x treatment 

interaction was not significant (P = 0.2551) at the 5% level. Adventitious root length of 

plants after 3 weeks of stagnant agar treatment ranged from 18-37% of the aerated 

controls and the reduction was greatest in Franklin (18% of the aerated control) and 

least in TX9425 (37% of the aerated control) (Table 8). Adventitious root length 

differed significantly for treatments (P < 0.0001) and the genotype x treatment 

interaction (P = 0.0442), but not among the barley genotypes (P = 0.0876) at the 5% 

level. 

Leaf chlorophyll fluorescence (Fv/Fm) 

The values for chlorophyll fluorescence (Fv/Fm) in the stagnant treatment ranged 

between 82-96% of the values for the aerated controls. It was least for Yerong (82% of 

the aerated control), in all other genotypes, it ranged from 95-96% of the respective 

control (Table 9). There was no significant difference (P = 0.8666) for Fv/Fm among 

the five barley genotypes in the aerated controls. There was a significant difference (P = 

0.0030) for Fv/Fm among the five barley genotypes in the stagnant treatment, where the 

value for Yerong was significantly lower than those of the other four genotypes. 

Overall, Fv/Fm differed significantly among the genotypes (P = 0.0345), for the 

treatments (P = 0.0001) and also for the genotype x treatment interaction (P = 0.0048). 
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Table	  6.	  Stem	  number	  (i.e.	  main	  stem	  plus	  tillers)	  per	  plant	  of	  5	  barley	  (Hordeum	  vulgare)	  
genotypes	  after	  3	  weeks	  of	  growth	  in	  aerated	  and	  0.1%	  (w/v)	  agar	  stagnant	  deoxygenated	  
nutrient	  solution.	  LSD	  values	  shown	  are	  for	  the	  data	  in	  the	  column	  i.e.	  differences	  between	  
genotypes	  in	  aerated	  and	  differences	  in	  genotypes	  in	  stagnant.	  

	  

	   Stem number per plant 	  

	  
Aerated Stagnant 

 
Stagnant 

(% control) 
 

Franklin 16.3 ± 0.9a 8.8 ± 0.9a 54 

Naso Nijo 23.0 ± 1.1b 15.5 ± 1.2b 67 

TX9425 16.8 ± 0.8a 9.3 ± 0.5a 55 

Yerong 21.8 ± 1.9b 14.8 ± 1.5b 68 

YYXT 20.8 ± 0.8b 10.0 ± 0.4a 48 

LSD0.05 3.5 3.0 	  

P value in 
ANOVA 

0.0028 0.0003 	  

	  

The	  plants	  were	  14	  days	  old	  at	   the	  commencement	  of	   treatment.	  For	  21	  days	   the	  plants	  
were	   grown	   in	   either	   aerated	   or	   0.1%	   (w/v)	   agar	   nutrient	   solution	   which	   was	  
deoxygenated	  (pre-‐flushed	  with	  N2	  before	  use)	  and	  stagnant	   (convention	   in	   the	  solution	  
impeded	   by	   the	   agar).	   Values	   are	   the	  means	   of	   four	   replicates	   ±	   standard	   errors.	   Least	  
significant	   difference	   (LSD)	   at	   5%	   level	   is	   given	   for	   genotype	   comparisons	   (n.s.	   =	   not	  
significant).	  
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Table	  9.	  Chlorophyll	  fluorescence	  (Fv/Fm)	  of	  5	  barley	  (Hordeum	  vulgare)	  genotypes	  after	  
3	   weeks	   of	   growth	   in	   aerated	   and	   0.1%	   (w/v)	   agar	   stagnant	   deoxygenated	   nutrient	  
solution.	   LSD	   values	   shown	   are	   for	   the	   data	   in	   the	   column	   i.e.	   differences	   between	  
genotypes	  in	  aerated	  and	  differences	  in	  genotypes	  in	  stagnant.	  

	  

 
 
Chlorophyll Fluorescence (Fv/Fm) 
 

Genotype Aerated Stagnant Stagnant 
(% control) 

Franklin 0.83 ± 0.01 0.80 ± 0.01a 96 

Naso Nijo 0.83 ± 0.02 0.79 ± 0.02a 95 

TX9425 0.84 ± 0.01 0.81 ± 0.01a 96. 

Yerong 0.85 ± 0.01 0.70 ± 0.02b 82 

YYXT 0.83 ± 0.02 0.79 ± 0.02a 95 

LSD 0.05 n.s. 0.0538  

P  value in ANOVA 0.8666 0.0300  

 

The	  plants	  were	  14	  days	  old	  at	   the	  commencement	  of	   treatment.	  For	  21	  days	   the	  plants	  
were	   grown	   in	   either	   aerated	   or	   0.1%	   (w/v)	   agar	   nutrient	   solution	   which	   was	  
deoxygenated	  (pre-‐flushed	  with	  N2	  before	  use)	  and	  stagnant	   (convention	   in	   the	  solution	  
impeded	   by	   the	   agar).	   Values	   are	   the	  means	   of	   four	   replicates	   ±	   standard	   errors.	   Least	  
significant	   difference	   (LSD)	   at	   5%	   level	   is	   given	   for	   genotype	   comparisons	   (n.s.	   =	   not	  
significant).	  

 

Adventitious root porosity 

In aerated condition, adventitious root porosity varied between 6-15% (v/v) and it 

increased significantly in stagnant agar treatment in all five genotypes, with Yerong, 

TX9425 and Naso Nijo having porosities of 20-23% (v/v) whereas in Franklin the 

porosity was only 9% (Figure 1). Adventitious root porosity differed significantly 
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among barley genotypes (P = 0.0054) and for the treatments (P = 0.0004), but not for 

the genotype x treatment interaction at the 5% level (P = 0.6841). 

 

Figure 1. Adventitious root porosity of 5 barley (Hordeum vulgare) genotypes after 21 
days of treatment in aerated (open bars) or 0.1% agar stagnant (closed bars) nutrient 
solution. Plants were 14-day-old at the time of the treatments. Porosity was measured 
using 100 mm long roots. Values are the means of four replicates ± standard error. 
Genotype (P value = 0.0054) and treatment (P value = 0.0004) effect were significant 
but the genotype x treatment interaction was not significant (P value = 0.6841). 
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Shoot K+ concentration 

There was no significant difference (P = 0.5377) for shoot K+ concentration among the 

five genotypes when in the aerated treatment. A reduction in K+ concentration in shoots 

occurred for all genotypes as a result of the stagnant agar treatment (Figure 2), with 

Naso Nijo at 41% of control and YYXT being the least affected at 73% of control. 

There was a significant difference (P = 0.0378) for shoot K+ concentration among the 

five genotypes in the stagnant treatment, where the shoot K+ concentration for Naso 

Nijo was significantly lower than YYXT and Yerong (Figure 2). The treatment effect 

was significant (P < 0.0001), but the genotype x treatment interaction for shoot K+ 

concentration was not significant (P = 0.3016) at the 5% level. 

 

Root K+ concentration 

There was no significant difference for seminal root K+ concentration among the five 

genotypes when in the aerated treatment (P = 0.1226) or in the stagnant agar treatment 

(P = 0.6248) (Figure 2). Seminal root K+ concentration differed significantly for 

treatment (P = 0.0087), the seminal root K+ concentration was 28-104% of controls in 

the five genotypes. The genotype x treatment interaction for seminal root K+ 

concentration was not significant (P = 0.0973) at the 5% level. 

There was a significant difference (P = 0.0321) for adventitious root K+ concentration 

among the five genotypes when in the aerated treatment, where the adventitious root K+ 

concentration for TX9425 was significantly lower than for Yerong (Figure 2). However, 

there was no significant difference (P = 0.2163) for adventitious root K+ concentration 

among the five genotypes when in the stagnant treatment (Figure 2). Adventitious root 

K+ concentration was 80-165% of the aerated control in the stagnant treatment. 
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Adventitious root K+ concentration was not significantly affected by treatment (P = 

0.6498) and the genotype x treatment interaction (P = 0.3930) was not significant at the 

5% level. 

Shoot Cl- concentration 

There was a significant difference (P = 0.0065) for shoot Cl- concentration among the 

five genotypes when in the aerated controls, where the Cl- concentration for Naso Nijo 

was significantly lower than for all other genotypes. The stagnant treatment resulted in a 

significant increase in shoot Cl- concentration (P < 0.0001). However, there was no 

significant difference (P = 0.4077) for shoot Cl- concentration among the five genotypes 

when in the stagnant agar treatment (Figure 2). The genotype x treatment interaction for 

shoot Cl- concentration was not significant (P = 0.9060) at the 5 % level. 

Root Cl- concentration 

There was no significant difference for seminal root Cl- concentration among the five 

genotypes when in the aerated treatment (P = 0.1601) or in the stagnant treatment (P = 

0.1951) (Figure 2). The stagnant treatment resulted in a significant increase in seminal 

root Cl- concentration (P = 0.0068). The genotype x treatment interaction for seminal 

root Cl- concentration was not significant (P = 0.3383) at the 5% level. There was no 

significant difference for adventitious root Cl- concentration among the five barley 

genotypes when in the aerated treatment (P = 0.7076) or in the stagnant treatment (P = 

0.4860) (Figure 2). The stagnant treatment resulted in a significant increase in 

adventitious root Cl- concentration (P < 0.0001). The genotype x treatment interaction 

for adventitious root Cl- concentration was not significant (P = 0.2790) at the 5% level. 
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Figure 2. K+ and Cl− concentrations for shoot, seminal and adventitious root of 5 barley 
(Hordeum vulgare) genotypes after 21 days of treatment in aerated (open bars) or 
0.1% agar stagnant (closed bars) nutrient solution. Plants were 14-day-old at the time 
of the treatments. Values are the means of four replicates ± standard error. The 
genotype x treatment interaction was not significant at P < 0.05 for K+ and Cl− 
concentrations for shoot, seminal and adventitious roots. 
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Discussion 

The five barley genotypes (Franklin, Naso Nijo, TX9425, Yerong and YYXT) of 

diverse origins (Australia, China and Japan) were studied in nutrient solution culture 

under aerated control and restricted O2 supply (stagnant de-oxygenated agar) conditions 

to evaluate putatively waterlogging tolerant and sensitive genotypes. The results showed 

contrasting responses of the genotypes (i.e. significant genotype x treatment interaction) 

for adventitious root number per plant, adventitious root number per stem and leaf 

chlorophyll fluorescence. In addition, when data on the genotype values in the stagnant 

treatment alone were analysed, several plant parameters differed significantly for the set 

of genotypes: shoot and root dry weights, adventitious root dry weights, stem number 

per plant, adventitious root number per plant, adventitious root number per stem, shoot 

K+ concentration, and leaf chlorophyll fluorescence. Interestingly, adventitious root 

porosity under stagnant agar conditions was 18-23% in four genotypes (YYXT, Naso 

Nijo, TX9425 and Yerong) but was much lower at only 9% in one of the genotypes 

(Franklin). 

 

Growth during the stagnant treatment 

Waterlogging reduces the root and shoot growth of barley (Drew, 1991; Pang et al., 

2004). This was also observed in the present experiment in the stagnant agar nutrient 

solution treatment, as the growth of all five barley genotypes was reduced. Shoot dry 

weights were adversely impacted (31-46% of controls), seminal root dry weights were 

greatly reduced (9-21% of controls), and adventitious root dry weights also decreased 

(29-43% of controls), as a result of 3 weeks of the stagnant agar treatment. When 

compared in stagnant agar solution after 3 weeks of treatment, the shoot dry weight of 
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Naso Nijo reduced to 46% of the aerated control and it was 31-43% in the other four 

genotypes (YYXT, Franklin, TX9425 and Yerong). Similarly, the root dry weight for 

Naso Nijo was reduced to 37% of the aerated control as compared 26-35% in other 

genotypes in stagnant agar treatment (Table 1). Naso Nijo is an interesting plant as it 

was larger than the other genotypes. Earlier, Pang et al. (2004) had observed shoot dry 

weights for barley genotypes Naso Nijo, Franklin, Gairdner and DYSH (last 2 

genotypes not used in this experiment) in waterlogged soil were 65-80% of the drained 

controls and root dry weights of 50-70% of controls when grown in a 2:1:1 mixture of 

sand:loam:sheep manure. In the present experiment, the retention of greatest shoot and 

root dry weight by Naso Nijo (46% and 37% of the aerated control, respectively) in the 

stagnant conditions is surprising as Pang et al. (2004) reported that Naso Nijo was the 

most sensitive to waterlogging, while Franklin was intermediate and TX9425 was the 

least sensitive to waterlogging. The difference in the experimental conditions (soil in 

Pang et al., 2004 experiment versus nutrient solution cultures in the present experiment) 

might be the possible reason for the differences in the results for relative rankings of the 

genotypes. Although, for wheat Wiengweera et al. (1997) reported that the roots of 

wheat (cv. Gamenya) grown in 0.1% stagnant agar solution resembled more closely, 

than roots in N2-flushed solution, to those in waterlogged soils, but soils and nutrient 

solutions can differ in various components in addition to the low O2 stress. In recent 

experiments, Yerong has been selected as the waterlogging tolerant variety and Franklin 

and Naso Nijo have shown sensitivity to waterlogging stress in waterlogged soil 

experiments (Zhang et al., 2015). 

In the present experiment, seminal root weights decreased more (9-21% of the controls) 

than the adventitious roots (29-43% of the controls) in all five barley genotypes. The 

greater reduction in seminal root dry weight as compared to the adventitious root dry 
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weight in barley in stagnant treatment in this experiment is consistent with many of the 

previous studies on wheat (e.g. Kuiper et al., 1994; Wiengweera and Greenway, 2004). 

Adventitious roots are known to survive and even grow during waterlogging better than 

the seminal roots due to the greater porosity of adventitious roots (Trought and Drew, 

1980c; Barrett-Lennard et al., 1988; Wiengweera and Greenway, 2004).  

The number of stems (i.e. main stem plus tillers) per plant decreased in all genotypes as 

a result of the 3 week stagnant agar treatment and the comparison in stagnant solution 

treatment showed that Naso Nijo and Yerong reduced to 67-68% of the aerated control 

as compared to 48-55% in the other barley genotypes (Table 6). Pang et al. (2004) also 

observed a decrease in the number of tillers per plant in the soil experiments with their 

barley genotypes (Naso Nijo and Franklin had 60 ± 9 % of the control and TX9425 had 

while 80 ± 15% of the control). Garthwaite et al. (2003) also found a reduction in the 

stem numbers per plant (to 64% of the control) for a different barley variety when given 

18-27 days of stagnant agar treatment. My observation is in agreement with previous 

studies of barley and also for wheat, confirming that tiller production is affected during 

waterlogging (for wheat see Robertson et al., 2009). 

Adventitious root numbers per plant were significantly higher in number in Naso Nijo 

(40.8 ± 3.8) and Franklin (36 ± 2.1) as compared with the other three genotypes (22.8 ± 

1.3 to 28.5 ± 2.9) (Table 7). Waterlogging usually results in more adventitious roots, for 

example, they were 33 in number for plants in waterlogged soil as compared to 14 in the 

drained soil for barley genotype TX9425 (Pang et al., 2007). However, in some cases 

the number of adventitious roots per plant was close to the aerated control, for example, 

adventitious root number per plant was 95% of aerated control for barley given 18-27 

days of stagnant agar treatment (Garthwaite et al., 2003). As the number of stems (i.e. 

tillers) per plant was decreased by stagnant treatment (see preceding paragraph), 
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adventitious root number per stem increased significantly, and Franklin had the greatest 

adventitious root number per stem (4.20 ± 0.34) while Yerong had the least adventitious 

root number per stem (1.57 ± 0.11) (Table 7). The number of adventitious root per stem 

increased in rice (Oryza sativa L.) in waterlogged conditions compared with plants in 

drained soil (Colmer, 2003a) and it is suggested that this response of new root growth 

contributes to waterlogging tolerance (Jackson and Drew, 1984; Drew, 1983; Colmer 

and Greenway, 2011). 

Seminal and adventitious root length decreased for all genotypes as a result of 3 weeks 

of stagnant agar solution treatment. However, the decrease in the longest seminal and 

adventitious root length as a result of the stagnant agar treatment was not significantly 

different between the genotypes (Table 7). Under waterlogging the length of 

adventitious roots is limited (Malik et al., 2001). In the present experiment, Franklin 

was on the shorter side of the length of the longest adventitious root and as porosity 

determines how much O2 is diffusing into the root (some of this O2 is used in ROL and 

respiration of the genotypes) it was expected that the longest adventitious roots of the 

low porosity Franklin would be significantly shorter than those of the other genotypes 

but this was not the case as there were no significant differences.  

 

Recovery of growth upon re-aeration  

Shoot RGR during the 2 weeks of recovery period, when plants previously in stagnant 

treatment for 3 weeks were then returned to aerated solution, was 80-111% of the 

aerated control while the root RGR was 113-136% of the aerated control. Yerong 

showed a comparatively better recovery after transfer back to aerated solution for 2 

weeks, with shoot and root RGR of 111% and 136% of aerated control, while Franklin 
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had the least recovery with shoot RGR of 80% and root RGR of 113% of the aerated 

control (Table 5). Pang et al. (2004) observed a rapid recovery in root growth rate but 

not the shoot growth rate during a recovery period of 2 weeks in their soil experiment. 

They observed that TX9425 had a better relative recovery while Naso Nijo was the 

worst. The shoot and root RGR data shows the ability of these plants to recover from 

the effects of waterlogging during the recovery period (Malik et al., 2001; Pang et al., 

2004), but the roots were still much smaller in size when compared with controls. The 

seminal and adventitious roots were not assessed separately due to time constraints, but 

it would be interesting to see if these differed in their recovery growth. 

 

 Adventitious root porosity 

Adventitious root porosity increased in all genotypes in response to the stagnant 

treatment with low external O2 supply, with Yerong, TX9425 and Naso Najo having 

porosities of 20-23%, but Franklin with only 9% porosity (Figure 1). High root porosity 

is a desirable trait for plant survival in low O2 conditions as it allows movement of O2 

by providing a low-resistance internal pathway for O2 movement between shoots and 

root tips (Armstrong, 1979). Studies of different Hordeum species previously have 

shown an increase in the adventitious root porosity as a result of stagnant agar treatment 

including for 36 species by Garthwaite et al. (2003) and of many accessions of the 

waterlogging tolerant H. marinum by Malik et al. (2009). Adventitious root porosity 

increased from 9.5 ± 1.1 in case of aerated treatment to 15.3 ± 1.3 in case of stagnant 

agar treatment for the barley variety treated for 18-27 days by Garthwaite et al. (2003). 

More recently, Kotula et al. (2015) observed that root porosity increased to 19 ± 1% in 

Franklin that was given stagnant treatment as compared to 9 ± 1.8% in the aerated 
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treatment; substantially higher root porosity values than for Franklin in my present 

experiment. Broughton et al. (2015) have recently reported that YYXT, Yerong, 

TX9425 and Yan 89110 (this genotype was not used in my experiment) had 

significantly higher adventitious root porosity (19.5-20.4%) as compared to Franklin 

(12.5%) and Naso Nijo (16.4%) in stagnant deoxygenated agar treatment. Studies on 

species of Trifolium (Gibberd et al., 2001) and Rumex (Laan et al., 1989) have also 

shown that waterlogging tolerant species have a higher porosity than the waterlogging 

sensitive species. Adventitious root porosity was not measured by Pang et al. (2004) in 

their experiments with three of the same barley genotypes (Franklin, Naso Nijo and 

TX9425) used here. Franklin with adventitious root porosity of 9% might be an 

interesting comparison with other barley genotypes with higher root porosity, for further 

research on the role of porosity in the functioning of barley roots; but the finding of a 

relatively lower porosity in Franklin will need to be confirmed as porosity was reported 

to be higher in another experiment (Kotula et al., 2015). 

 

Shoot K+ concentration  

A reduction in K+ concentration in shoots occurred for all five barley genotypes when in 

stagnant agar nutrient solution, with Naso Nijo at 41% of control and YYXT being the 

least affected at 73% of control as a result of 3 weeks of stagnant agar treatment (Figure 

2). This happened because waterlogging affects the ability of roots to take up and 

transport nutrients to the shoots, one of the major reasons for this is the reduction in 

root/shoot ratio as a result of hypoxia exposure (Ashraf and Rehman, 1999; Malik et al., 

2001; Kotula et al., 2015) and the presumed low energy status of the roots impeding ion 

transport processes (Colmer and Greenway, 2011). In an earlier experiment conducted 
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in soil, K+ concentration in shoots of plants in waterlogged compared with drained soil 

was significantly reduced in Franklin and Naso Nijo but not in TX9425 (Pang et al., 

2007). In the present study, additional barley genotypes Yerong and YYXT were used, 

and the results showing a decrease in shoot K+ concentration for Naso Nijo and Franklin 

is consistent with the findings of Pang et al. (2007). The ability of a plant to maintain 

K+ uptake is a useful trait for waterlogging tolerance (Pang and Shabala, 2010). In our 

experiment, shoot K+ concentration of YYXT was 73% of the aerated control and that 

of Yerong was 60% of the aerated control, both of these were better than the 

performance of Naso Nijo for which shoot K+ concentration was 41% of the aerated 

control. 

 

Conclusions 

Yerong was found to be a useful genotype for future experiments as a potential 

waterlogging tolerant genotype because of a 23% adventitious root porosity, although 

three other genotypes were also of similar root porosity (18-22%), and by contrast 

Franklin had a 9% adventitious root porosity. The selection of these two genotypes was 

made on the basis of the two extremes of adventitious root porosities in the current 

experiment; however, future studies should also include more genotypes if a wider 

range of root  porosity values could be identified by screening larger numbers of barley 

varieties. Other factors in this selection of Yerong for future experiments in this thesis 

include a K+ shoot concentration of 60% of the aerated control after 3 weeks of stagnant 

agar treatment and a good shoot (111% of the aerated control) and root (136 % of the 

aerated control) recovery growth. Franklin was selected for future experiments as a 

sensitive genotype due to its low adventitious root porosity (9%). Franklin also had 
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comparatively low K+ shoot concentration of 54% of the aerated control after 3 weeks 

of stagnant agar treatment and a slower shoot recovery growth (80% of the aerated 

control). Thus, Yerong and Franklin will be the two genotypes used in the next chapter 

of my thesis.  

More broadly, regarding waterlogging tolerance in barley, the present study showed: 

1) The use of new germplasm to select for waterlogging tolerance is vital. Setter and 

Waters (2003) review suggests to screen and use genetic variation in cereals (wheat, 

barley, oats) for waterlogging tolerance and one of the emphasis is screening new 

germplasm for waterlogging tolerance. New genotypes (Yerong, YYXT) in addition to 

germplasm for which the waterlogging tolerance was known (Franklin, Naso Nijo, 

TX9425) were evaluated in the present study. Addition of new germplasm opens up 

new possibilities for further refinement of previous knowledge and allows us to select 

better genotypes for waterlogged environments. However, the interpretation of the data 

across experiments can be difficult, because genotypes tend to respond differently to 

waterlogging stress under varying experimental conditions (Pang et al., 2004). For 

example, chlorophyll fluorescence (Fv/Fm) values were measured in the present study 

after 3 weeks of stagnant treatment and the only significant decrease in Fv/Fm was for 

Yerong (0.70 ± 0.02) which was not consistent with the observations of a previous 

experiment by Pang et al. (2004) where the Fv/Fm was significantly affected by the 

waterlogging treatment in six barley genotypes in grey Vertosol soil. So, the likely 

reason for differences between studies is the different conditions used in these 

experiments and with the addition of new genotypes a new comparison originated. 

2) Considering several traits to select waterlogging tolerant barley varieties is very 

important, while Pang et al. (2004) were looking for a reliable method to screen for 
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waterlogging tolerance; the primary aim in the present research was to find 

representative comparatively waterlogging tolerant and sensitive barley genotypes. 

Important traits such as adventitious root porosity and shoot K+ concentrations were 

considered in the current experiment as interesting traits to study further, after 

consulting a wide variety of literature on waterlogging stress (e.g. Setter and Waters, 

2003; Pang and Shabala, 2010; Elzenga and van Veen, 2010; Visser et al., 2003; Visser 

et al., 2000; Setter et al., 2009; Bailey-Serres and Voesenek, 2008; Bailey-Serres et al., 

2012). Recovery after transfer back into the aerated solution for 2 weeks to evaluate for 

waterlogging tolerance was also important as the yield of barley in situations with 

transient waterlogging will depends on their recovery potential. Considering several 

traits is important as no single trait can enable one to judge waterlogging tolerance. 

3) Hydroponic system allows us to study different root traits with relative ease and this 

is not possible in a soil experiment. For example, it is far easier in a hydroponic 

experiment to keep track of the root growth parameters which could be difficult in a soil 

experiment where there is always a possibility of root breakage. Also, in conditions of 

O2 deficiency, the root function is quite easy to study under nutrient solution as the 

levels of O2 and nutrients can be measured and controlled (cf. Colmer and Greenway, 

2011). The present experiment therefore identified lines of interest based on parameters 

measured for plants grown in a hydroponic system, to enable experiments in the next 

chapters of this thesis which focused on root nutrient uptake and root growth.  
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Chapter 3 

Ion uptake by seminal and adventitious roots of two barley 

genotypes in aerated and hypoxic conditions  
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Abstract 

The objective of the experiments in this chapter was to measure the net uptake of ions 

(K+, Cl-) by seminal and adventitious roots of barley genotypes (Yerong and Franklin) 

in aerated and stagnant agar solutions. Plants were grown initially for 14 days and 

stagnant agar treatment was imposed on half of the plants for a further 14 days. Plants 

were in 4 L pots for the first 21 days and then for the final 7 days of treatments plants 

were in split-root pots where seminal and adventitious root types were in separate 

compartments. The split-root pot system enabled measurements of ion net uptake by the 

seminal and adventitious root systems by taking nutrient solution and tissue samples at 

various time points. In stagnant conditions, the adventitious roots of both of the barley 

genotypes (Franklin, Yerong) maintained a higher K+ net uptake rates than the seminal 

roots. Cl- net uptake rates of the seminal and adventitious roots did not differ much 

except for the period of 11-14 days of treatment when seminal root Cl- net uptake for 

Yerong under stagnant treatment was exceptionally high (96% of the aerated control). 

The adventitious root porosity of Yerong was 10% as compared with 3% for Franklin, 

after 7 days of stagnant agar nutrient solution treatment (plants were 21 days old), while 

the seminal root porosity was 3% in Yerong as compared to 1% in Franklin. 

Comparatively higher adventitious root porosity of Yerong than for Franklin would 

result in increased internal aeration and presumably respiration providing energy needed 

for the higher K+ net uptake rates by Yerong adventitious roots, while the low porosity 

of seminal roots of both genotypes appeared to result in lower K+ net uptake in stagnant 

solutions by these roots. 
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Introduction 

Waterlogging results in a number of changes in soils and the slow diffusion of gases is a 

major factor (Armstrong, 1979). These changes include decreases in O2 and increases in 

ethylene and CO2 concentrations (Jackson and Drew, 1984; Ponnamperuma, 1984). One 

of the most pronounced effects of low O2 concentration (i.e. hypoxic conditions) is 

reduced nutrient uptake by roots of plants that are intolerant to waterlogging 

(Wiengweera and Greenway, 2004). Uptake and transport of ions (e.g. NO3
- and K+) by 

roots is decreased when in waterlogged soils with low O2 and also in hypoxic nutrient 

solutions (Pang and Shabala, 2010).  

A clear reduction in nutrient transport to shoots under waterlogged conditions was 

shown in experiments on wheat. There was an arrested growth of seminal roots and 

reduction in the uptake of NO3
-, K+ and phosphate. The concentration (mmol g-1 dry 

weight) of N in the shoots of wheat (Triticum aestivum L. cv. Capelle Desprez) with 

roots in anaerobic nutrient solution was reduced to 24% of the aerated control (Trought 

and Drew, 1980a; Colmer and Greenway, 2011). Decreases in net uptake rates of Cl-, 

NO3
-, phosphate and K+ were observed in low O2 concentration nutrient solutions in 

wheat (Triticum aestivum L. cv. Gamenya) plants that were 26-30 days old (Buwalda et 

al., 1988). The declines in nutrient uptake have also been studied for seminal and 

adventitious roots of wheat using split-root approaches, as summarised in the next 

paragraph. 

Studies using a split-root pot system to individually measure K+ and phosphate net 

uptakes by intact seminal and adventitious roots of wheat have shown reductions in the 

uptake rates by both root types due to low O2 compared to when in aerated solution 

(Wiengweera and Greenway, 2004). However, the contributions of seminal and 



Chapter 3                                        Ion uptake by seminal and adventitious roots	  

 58	  

adventitious roots to ion uptake differed, as shown in wheat where the phosphate net 

uptake in stagnant agar solution by seminal roots was markedly reduced to 0-16% of the 

aerated roots, while for adventitious roots it ranged between 31-73%. K+ net uptake also 

showed similar results to those of phosphate for both root types; uptake by the 

adventitious roots was higher than by the seminal roots when in deoxygenated medium 

(Wiengweera and Greenway, 2004). The better performance of adventitious versus 

seminal roots of wheat can be attributed to the greater aerenchyma formation in 

adventitious roots which facilitates better internal O2 supply, so that these roots continue 

to respire and have a higher energy status, as evidenced also by their growth at least for 

some time, whereas the seminal root growth ceases (Wiengweera and Greenway, 2004). 

The difference in tolerance to waterlogging of seminal and adventitious roots has been 

observed in a number of studies of wheat (e.g. Trought and Drew, 1980c; Barrett-

Lennard et al., 1988). The higher porosity in the adventitious roots, as compared to the 

seminal roots, enhances the ability of the adventitious roots to conduct higher amounts 

of O2 from the shoot into and along these roots (Wiengweera and Greenway, 2004). By 

contrast, the low porosity and therefore restricted O2 transport in seminal roots resulted 

in death of main apices in the seminal roots (Jackson and Drew, 1984). A low energy 

status in the bulk of the seminal root tissues would impede ion uptake, whereas high 

porosity in the adventitious roots enabled a better O2 supply and thus the presumed 

higher energy status would enable the ion transport to be better maintained in the 

adventitious roots (Barrett-Lennard et al., 1988). 

Understanding the mechanisms of ion transport by seminal and adventitious roots in 

barley genotypes, and with comparisons between low porosity and high porosity 

genotypes (Franklin and Yerong; Chapter 2), will help understand the contributions of 

ion transport by seminal and adventitious roots under O2 deficiency to waterlogging 
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tolerance of barley. The results in Chapter 2 showed Yerong had an adventitious root 

porosity of 23% while Franklin had 9% porosity in stagnant agar nutrient solution 

conditions. Other factors, including K+ concentrations in the shoot, seminal and 

adventitious roots, and the difference in root porosity of these barley genotypes were 

also considered while making the selection to focus on Yerong and Franklin in the 

present chapter. The hypothesis for the experiments in this chapter was that the 

adventitious roots of barley will have a greater ion (K+, Cl-) net uptake rate than seminal 

roots under low O2 conditions and especially in higher porosity roots (Yerong) than in 

lower porosity roots (Franklin). Another aim was to measure and confirm the seminal 

and adventitious root porosity differences of these two barley genotypes (adding 

support to this key finding of genotypic differences in root porosity in Chapter 2). 

 

Materials and Methods 

Genotypes 

Two barley genotypes (Franklin and Yerong), selected from the previous experiment 

(Chapter 2) on the basis of their adventitious root porosity and other parameters (with 

Yerong having a high adventitious root porosity of 23% in stagnant conditions and 

Franklin with a low root porosity of 9% in stagnant conditions), were used in this 

experiment. 

 

Growth conditions and experimental design 

The plants were grown in a glasshouse/phytotron (located in Crawley, Perth, Australia) 

under natural sunlight (under plexiglass) in June - July 2014 with a day temperature of 
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20°C and night temperature of 15°C. The experimental design was: 2 genotypes x 2 

aeration treatments x 3 KCl supply sub-treatments x 4 replicates = 48 pots in a 

completely randomised design. The two genotypes were explained above.  

 

Plant growth, treatments and nutrient solution composition 

Barley seeds were treated with 0.04% bleach for 3 minutes and then washed 

immediately before imbibition. This was followed by seed imbibition in 0.5 mM CaSO4 

for 3 h, and placement on floating plastic mesh on aerated 10% nutrient solution in 

darkness (lid and pot covered with aluminium foil to prevent the entry of light). On day 

4, the mesh float with seedlings was transferred to aerated 25% nutrient solution and the 

plants were grown in light. On day 7, the barley seedlings were transplant into 100% 

nutrient solution by using foam holders around the shoot base to position 4 seedlings in 

holes in the lid per 4 L pot containing aerated nutrient solution. On day 13, N2 flushing 

was done in the pots assigned to the stagnant treatment, to impose a hypoxic pre-

treatment to the roots so as to avoid ‘anoxic shock’ of the roots when the stagnant 

deoxygenated 0.1% (w/v) agar nutrient solution treatment was imposed the next day. 

Control plants were continued in aerated nutrient solution. 

Plants were allowed to grow for another 7 days in the two treatments (aerated or 

stagnant deoxygenated 0.1% agar nutrient solutions), till they were 21 days old and had 

enough roots. At day 21 (7 days after the treatments were imposed), plants were shifted 

to split-root pots (0.5 L volume in each side) with the seminal roots positioned into one 

side and the adventitious roots positioned into the other side for 7 days.  

The two aeration treatments were (aerated and stagnant solutions in each case always 

imposed on both sides of the split-root pots) with 3 sub-treatments to alter the supply of 
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K+ and Cl- to either seminal or adventitious roots within of each of these two major 

treatments. All solutions contained the complete nutrient solution, but with K+ and Cl- 

either present or absent within that background solution.   

The three KCl nutrition sub-treatments were 

1) Seminal and adventitious root sides of the split-root pot both had 6 mM K+ and Cl- in 

the nutrient solution. 

2) Only the seminal root side of the split-root pot had 6 mM K+ and Cl- in the nutrient 

solution. 

3) Only the adventitious root side of the split-root pot had 6 mM K+ and Cl- in the 

nutrient solution. 

This approach was included in my experimental design to prevent mixing of K+ and Cl-  

from one compartment of the split-root pot to the other compartment as the solution was 

being bubbled (with air) to maintain aeration in the control. This also enabled 

measurement of the ion uptake rates by the two root types both via depletion from the 

solution (sub-treatments 1, 2 and 3).  

For the first 14 days of plant growth, the nutrient solution used was the same as 

described in Chapter 2 (and as used by Malik et al. 2009). After 7 days of treatment, 

when the plants were put in split-root pots the nutrient solution contained (mol m−3): K+, 

0 or 6; Cl-, 0 or 6, Ca2+, 4·0; Mg2+, 0·4; NH4
+, 0·825; Na+, 0·2; NO3

−, 4·375; SO4
2−, 1.53; 

H2PO4
−, 0·2; H4SiO4

−, 0·1; and the following micronutrients (mmol m−3) Cl−, 50; B, 25; 

Mn, 2; Zn, 2; Ni, 1; Cu, 0·5; Mo, 0·5; Fe-EDTA, 50. In comparison with the standard 

nutrient solution, to enable KCl treatments: (1) Ca(OH)2 was used to adjust the pH to 

6.5 instead of KOH; (2) NH4H2PO4 and Ca(NO3)2.4H2O were used instead of KH2PO4 
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and KNO3 to make nutrient solution which lacked K+ (and lacked Cl-; during this time 

Cl- was also omitted from the micronutrient stock); (3) KCl was added to the treatment 

solution which contained K+ and Cl-. 

 

Harvests 

Plants were harvested at 14, 21 and 28 days after seed imbibition, corresponding to 

initial (day 0), day 7 and day 14 of treatments.  

 

Design of the split-root pots 

The split-root pots were designed with root volumes considering the growth data from 

previous experiments to allow the roots enough space but also to facilitate samplings 

after 2 days with measurable, but not excessive, ion depletion. The idea was to enable 

the growth of seminal and adventitious of the same plant in separate compartments to 

measure the respective ion net uptakes. Each side of the split-root pot contained 

approximately 500 mL of nutrient solution (exact volume recorded). 

 

Nutrient solution analysis of K+ and Cl- 

Analyses of nutrient solution samples for K+ and Cl- was conducted on samples 

collected from seminal and adventitious roots sides of the split-root pots in aerated or 

stagnant treatments and for both barley genotypes. Nutrient solution samples were 

collected from each side of all split-root pots at days 7, 11 and 14 of the treatments. 

Plants were briefly lifted out of the pot, solutions were mixed for about 30 seconds 
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before each sampling (aerated were already mixed, but the stagnant agar needed mixing 

to remove any ion diffusion gradients to obtain a representative sample). K+ samples 

were diluted while Cl- samples were used without the need for dilution. K+ 

concentrations were determined by using a flame photometer (PFP7, Jenway, Essex, 

UK) while a chloridometer (SLAMED, model 50CL 1-50, Frankfurt, Germany) was 

used to determine Cl- concentrations. The ion net uptake rate was calculated by using 

modified equation of Pitman (1976) used also by Wiengweera and Greenway (2004). 

Net uptake rate of K+ and Cl- was calculated, using the ion depletion, by the following 

equation: 

Ion net uptake rate = (M1 – M2) X (ln W2 – ln W1) 

                                    (t2 – t1)          (W2 – W1) 

where M1 is the initial ion content and M2 is the final content of the solution while t2 is 

the final time and t1 is the initial time. W2 and W1 represent the final and initial dry 

weights.                       

  

Seminal and adventitious root porosity 

Porosity of seminal and adventitious roots was measured for Franklin and Yerong at 

day 7 of the aeration and stagnant treatments using the buoyancy method as described 

by Raskin (1983) and using the modified equations by Thomson et al. (1990). 

 

Statistical analysis 

Data were analysed using the software Statistix 8.1. The effects of genotype, treatments 

and the genotype x treatment interaction were determined by two-way analysis of 
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variance (ANOVA). Mean comparisons were done at the P = 0.05 by using the least 

significant difference (LSD) test. Data are presented as mean ± standard error. 

 

Results 

Growth of the two barley genotypes (Franklin and Yerong) was reduced in the 2 week 

stagnant agar nutrient solution treatment. From day 0-7 of the treatment, the barley 

plants were in the regular 4 L pots and then from day 7 and until day 14 of the 

treatments the plants were in the split-root pots. There were reductions in shoot, seminal 

and adventitious root dry weights as well as the shoot, seminal root and adventitious 

root relative growth rates (RGR), as detailed in the following sections.  

Shoot dry weights 

Stagnant agar treatment reduced the shoot dry weights for both of the barley genotypes 

(Franklin and Yerong). After 7 days of stagnant agar treatment, shoot dry weight was 

74% of the aerated control for Franklin and 91% of the aerated control for Yerong 

(Table 1a). After 7 days of stagnant agar treatment, shoot dry weight differed 

significantly for the treatments (P = 0.0110) but not for the genotypes (P = 0.1186) and 

the genotype x treatment interaction was not significant (P = 0.1358). After 14 days of 

stagnant agar treatment, the shoot dry weight was 49% of the aerated control for 

Franklin and 52% of the aerated control for Yerong (Table 1a). After 14 days of 

stagnant agar treatment, shoot dry weight differed significantly for the treatments (P < 

0.0001) but not for the genotypes (P = 0.4932) and the genotype x treatment interaction 

was not significant (P = 0.9403). For the KCl sub-treatments	  there was no genotype x 

treatment interaction (P = 0.6971; Table 1a) plants that had both types of roots (seminal 

and adventitious) with K+ and Cl- in the nutrient solution did not differ in shoot dry 
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weights	  as compared to the plants that had only the seminal or adventitious root side 

with K+ and Cl- in the nutrient solution in the split-root pots for the final 7 days. 

 

Seminal and adventitious root dry weights 

Stagnant agar treatment reduced the seminal and adventitious root dry weights for both 

of the genotypes. After 7 days of stagnant agar treatment, seminal root dry weight of 

Franklin was 52% of the aerated control while it was 58% of the aerated control for 

Yerong (Table 1b). After 7 days of treatment, seminal root dry weight differed 

significantly for the treatments (P = 0.0001) but not for the genotypes (P = 0.8936) and 

the genotype x treatment interaction was not significant (P = 0.4629). At the end of the 

14 day treatment, the seminal root dry weight was reduced to 34% of the aerated control 

in Franklin and 40% of the aerated control for Yerong (Table 1b). After 14 days of 

stagnant agar treatment, seminal root dry weight differed significantly for the treatments 

(P < 0.0001) but not for the genotypes (P = 0.9006) and the genotype x treatment 

interaction was also not significant (P = 0.2059). The KCl sub-treatments	  had a 

significant effect on	  the seminal root dry weights	  (P < 0.0001). The	  genotypes did not 

differ in their overall root dry weight (P = 0.7255) but there was a significant genotype 

x sub-treatment interaction (P = 0.0047; Table 1b); Franklin in aerated conditions had 

higher seminal root dry weights for plants that had both types of roots (seminal and 

adventitious) with K+ and Cl- in the nutrient solution as compared to plants that only 

had the seminal root side with K+ and Cl- in the nutrient solution in the split-root pots 

for the final 7 days, whereas Yerong did not show this response. 

After 7 days of treatment, adventitious root dry weight was 73% of the aerated control 

for Franklin and 94% of the aerated control for Yerong (Table 1c). Adventitious root 
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dry weight differed significantly for the genotypes (P = 0.0155) but not for the 

treatment (P = 0.0792) and the genotype x treatment interaction was also not significant 

(P = 0.2550). After 14 days of treatment, adventitious root dry weights for both the 

barley genotypes had less reduction by the stagnant treatment as compared to the 

seminal root dry weights. Adventitious root dry weight was 84% of the aerated control 

for Franklin and 56% of the aerated control for Yerong (Table 1c). At the end of the 14 

day treatment, adventitious root dry weight differed significantly for the treatments (P = 

0.0004) but not for the genotypes (P = 0.4488) and the genotype x treatment interaction 

was not significant (P = 0.9613). For the KCl sub-treatments there was no genotype x 

treatment interaction (P = 0.0688; Table 1c);	  plants that had both types of roots (seminal 

and adventitious) with K+ and Cl- in the nutrient solution did not differ in adventitious 

root dry weights	  as compared to the plants that had only the seminal or adventitious root 

side with K+ and Cl- in the nutrient solution in the split-root pots for the final 7 days. 
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Relative growth rate (RGR)  

Shoot relative growth rate (RGR) was reduced for both of the barley genotypes, being 

79% of the aerated control in Franklin and 95% of the aerated control in Yerong 

between day 0-7 of the stagnant agar treatment (Table 2a). At the end of 7 days of 

treatment, shoot RGR was significantly different for the genotypes (P = 0.0067) and 

treatment effect (P = 0.0068) but not for the genotype x treatment interaction (P = 

0.1212). However, during the next 7 days of stagnant agar treatment in split-root pots, 

the shoot RGR of Franklin and Yerong were 67 and 53% of the aerated control, 

respectively (Table 2a). During the second week of treatment, shoot RGR differed 

significantly for genotypes (P = 0.0306) and the treatment (P < 0.0001) effect and for 

the genotype x treatment interaction (P = 0.0221). For the KCl sub-treatments there was 

no genotype x treatment interaction (P = 0.2415; Table 2a);	  plants that had both types of 

roots (seminal and adventitious) with K+ and Cl- in the nutrient solution did not differ in 

shoot RGR as compared to the plants that had only the seminal or adventitious root side 

with K+ and Cl- in the nutrient solution in the split-root pots for the final 7 days. 

Stagnant agar treatment reduced seminal root RGR for both the barley genotypes. 

Between day 0-7 of the stagnant agar treatment. It was 31% of the aerated control for 

Franklin and 47% of the aerated control for Yerong (Table 2b). Seminal root RGR 

differed significantly for genotype (P = 0.0448) and treatment (P = 0.0001) effect but 

not significant for the genotype x treatment interaction (P = 0.6171). Between day 7-14 

of stagnant agar treatment, seminal root RGR was 46% of aerated control for Franklin 

and 25% of the aerated control for Yerong (Table 2b). Between day 7-14 of stagnant 

agar treatment, the seminal root RGR differed significantly for the treatment (P < 

0.0001), but not for the genotypes (P = 0.8215), and not for the genotype x treatment 

interaction (P = 0.5995). The KCl sub-treatments had a significant effect on the seminal 
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root RGR (P = 0.0001; Table 2b). Although the genotypes did not differ in their overall 

seminal root RGR (P = 0.6964), there was a significant genotype x sub-treatment 

interaction (P = 0.0297; Table 2b); Franklin in aerated and stagnant conditions had 

higher seminal root RGR for the plants that had both types of roots (seminal and 

adventitious) with K+ and Cl- in the nutrient solution as compared to plants that only 

had the seminal root side with K+ and Cl- in the nutrient solution in the split-root pots 

for the final 7 days, whereas Yerong did not. 

During first week of treatment (from day 0-7), adventitious root RGR was 85% of the 

aerated control for Franklin and 100% of the aerated controls for Yerong. From day 0-7 

of the treatment, adventitious root RGR was significantly different between the two 

genotype (P = 0.0015) but there was no significant effect of treatment (P = 0.2919) and 

the genotype x treatment interaction (P = 0.4529). The adventitious root RGR was 

121% of the aerated control for Franklin and 58% of the aerated controls for Yerong 

during the second week of treatments (from day 7-14) (Table 2c). During the second 

week of treatment adventitious root RGR differed significantly for genotype (P = 

0.0004), treatment (P = 0.0015) and the genotype x treatment interaction was significant 

(P = 0.0406). The KCl sub-treatments	  had a significant effect on	  the adventitious root 

RGR	  (P = 0.0077). The	  genotypes differed in their overall adventitious root RGR (P = 

0.0001) and there was a significant genotype x treatment interaction (P = 0.0133; Table 

2c);	  Franklin in aerated conditions had lower adventitious root RGR for the plants that 

had both types of roots (seminal and adventitious) with K+ and Cl- in the nutrient 

solution as compared to plants that only had the seminal or adventitious root side with 

K+ and Cl- in the nutrient solution in the split-root pots for the final 7 days, whereas 

Yerong did not. 
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Stems (i.e. main stem plus tillers) and adventitious root numbers per stem  

After 7 days of treatment, stem numbers (i.e. main stem plus tillers) per plant were 

reduced. Stem numbers per plant were 82% of the aerated control for Franklin and 81% 

of the aerated control for Yerong (Table 3a). Stem numbers per plant differed 

significantly for genotypes (P = 0.0138) and treatment (P = 0.0030) but not for the 

genotype x treatment interaction (P = 0.6249). With additional time at 14 days after the 

commencement of treatment, stem numbers per plant were reduced to 49% of the 

aerated control for Franklin and 53% of the aerated control for Yerong as a result of 

stagnant agar treatment (Table 3a). At this stage, stem numbers per plant differed 

significantly for genotypes (P = 0.0028) and treatment (P < 0.0001) but not for the 

genotype x treatment interaction (P = 0.1328). For the KCl sub-treatments	  there was no 

genotype x treatment interaction (P = 0.2309; Table 3a);	  plants that had both types of 

roots (seminal and adventitious) with K+ and Cl- in the nutrient solution did not differ in 

stem number per plant as compared to the plants that had only the seminal or 

adventitious root side with K+ and Cl- in the nutrient solution in the split-root pots for 

the final 7 days. 

Adventitious root number per stem increased in response to stagnant agar treatment in 

both the genotypes. After 7 days of treatment, adventitious root number per stem for 

Franklin was 149% of the aerated control and it was 141% of the aerated control for 

Yerong (Table 3b). Adventitious root number per stem differed significantly for 

genotypes (P = 0.0008) and treatment (P = 0.0034) and not for the genotype x treatment 

interaction (P = 0.2642). After 14 days of stagnant treatment, adventitious root number 

per stem continued to increase in response to stagnant agar treatment in both the 

genotypes. Adventitious root number per stem was 353% of the aerated control for 
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Franklin and 181% of the aerated control for Yerong (Table 3b). Adventitious root 

number per stem differed significantly for genotypes (P = 0.0008) and treatment (P = 

0.0001) but not for the genotype x treatment interaction (P = 0.0239). The KCl sub-

treatments	  had a significant effect on	  the adventitious root number per stem	  (P < 

0.0001). The	  genotypes differed in their overall adventitious root number per stem (P < 

0.0001) and there was a significant genotype x treatment interaction (P = 0.0221; Table 

3b); Franklin in stagnant conditions had higher adventitious root number per stem for 

the plants that had both types of roots (seminal and adventitious) with K+ and Cl- in the 

nutrient solution as compared to plants that only had the seminal root side with K+ and 

Cl- in the nutrient solution in the split-root pots for the final 7 days, whereas Yerong did 

not. 
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Seminal and adventitious root numbers per plant 

After 14 days of the stagnant agar treatment, seminal root number per plant decreased to 

78% of the aerated control for Franklin, while for Yerong it was 74% of the aerated 

control (Table 4b). Seminal root number per plant differed significantly for genotypes 

(P = 0.0044) and treatment (P = 0.0062) but not for the genotype x treatment interaction 

(P = 0.2360). For the KCl sub-treatments there was no genotype x treatment interaction 

(P = 0.2353; Table 4b);	  plants that had both types of roots (seminal and adventitious) 

with K+ and Cl- in the nutrient solution	  did	  not differ in seminal root number per plant 

as compared to the plants that had only the seminal or adventitious root side with K+ 

and Cl- in the nutrient solution in the split-root pots for the final 7 days. 

After 14 days of the treatment, adventitious root number per plant was 172% of the 

aerated control for Franklin and 95% of the aerated control for Yerong. At day 14 of the 

treatment, Franklin had more adventitious roots per plant (15.5 ± 1.3) than Yerong (10.3 

± 1.4) in the stagnant agar treatment (Table 4a). Adventitious root number per plant 

differed significantly for genotypes (P = 0.0026), for treatment (P = 0.0492), and for the 

genotype x treatment interaction (P = 0.0177). The KCl sub-treatments did not have a 

significant effect on the adventitious root number per plant (P = 0.0690). The genotypes 

differed in their adventitious root number per plant (P = 0.0001) and there was a 

significant genotype x treatment interaction (P = 0.0305; Table 4a);	  Franklin in aerated 

conditions had lower adventitious root number per plant for the plants that had both 

types of roots (seminal and adventitious) with K+ and Cl- in the nutrient solution as 

compared to plants that only had the seminal root side with K+ and Cl- in the nutrient 

solution in the split-root pots for the final 7 days, whereas Yerong did not.	   
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Longest seminal and adventitious root lengths 

Seminal and adventitious root lengths decreased for both of the barley genotypes as a 

result of stagnant agar treatment. In the aerated control after 14 days of treatment, the 

seminal roots of both genotypes did not reach the same maximum length as the longest 

seminal root length for Franklin was 38.5 ± 1.8 while it was 31.8 ± 1.5 for Yerong. As a 

result of the 14 days of stagnant agar treatment, the longest seminal root length was 

34% of the aerated control in Franklin and 45% of the aerated control in Yerong at day 

14 after commencement of treatment (Table 5b). The seminal root length differed 

significantly for genotypes (P = 0.0097) and treatment (P < 0.0001) but not for genotype 

x treatment interaction (P = 0.1079). For the KCl sub-treatments the genotype x 

treatment interaction (P = 0.3803; Table 5b) was not significant; plants that had both 

types of roots (seminal and adventitious) with K+ and Cl- in the nutrient solution did not 

differ in longest seminal root length as compared to the plants that had only the seminal 

or adventitious root side with K+ and Cl- in the nutrient solution in the split-root pots for 

the final 7 days. 

In the aerated control after 14 days of treatment, the longest adventitious root length for 

Franklin was 33.3 ± 4.4 while it was 33.5 ± 2.4 for Yerong. Adventitious root length of 

both the genotypes was affected as a result of the stagnant agar treatment. After 14 days 

of treatment, the longest adventitious root length was 41% of the aerated control for 

Franklin and 47% of the aerated control for Yerong (Table 5a). The final maximum 

length of Franklin in stagnant was 13.6 ± 0.9 while it was 15.8 ± 0.8 for Franklin after 

14 days of stagnant agar treatment. The longest adventitious root length differed 

significantly for  treatment (P < 0.0001) and  for genotype x treatment interaction (P = 

0.0144) but not for the genotypes (P = 0.1097). The KCl sub-treatments had a 

significant effect on the longest adventitious root length (P < 0.0001). The genotypes 
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differed in their longest adventitious root length (P = 0.0490) and there was a significant 

genotype x treatment interaction (P = 0.0015; Table 5a); Franklin in aerated conditions 

had a smaller length for the longest adventitious root for the plants that had both types 

of roots (seminal and adventitious) with K+ and Cl- in the nutrient solution as compared 

to plants that only had the adventitious root side with K+ and Cl- in the nutrient solution 

in the split-root pots for the final 7 days, whereas Yerong did not show this response. 

 

Seminal and Adventitious root porosity 

Adventitious root porosity of Franklin was 3.7% as compared to 10.6% in Yerong after 

7 days of stagnant agar nutrient solution treatment, while seminal root porosity for 

Franklin was 0.9% as compared to 3.6% for Yerong (Table 6). Seminal root porosity 

differed significantly for genotypes (P = 0.0036) but not for treatment (P = 0.1092) and 

the genotype x treatment interaction was not significant (P = 0.1218). Adventitious root 

porosity was significant for genotypes (P = 0.0023) but not for treatment (P = 0.0783) 

and the genotype x treatment interaction was not significant (P = 0.3618). 
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K+ and Cl- net uptake as measured by changes in the nutrient solution 

Ion uptake by seminal and adventitious roots of both the barley genotypes was 

calculated from the depletion of these ions in the split-pot halves for Franklin and 

Yerong. Net uptake was measured for two periods: day 7-11 of the treatment and also 

11-14 days of the treatment, and calculated as described in the Materials and Methods. 

 

K+ net uptake by seminal roots 

Seminal root net uptake rate for K+ from day 7-11 of stagnant treatment with K+ 

available on both root sides was 65% of the aerated control for Franklin while it was 

109% of the aerated control for Yerong. The seminal root K+ net uptake rate from day 

7-11 in the split pot treatment was not significant for genotype (P = 0.8681), treatment 

(P = 0.3914), and the genotype x treatment interaction was also not significant (P = 

0.2060). For the second period of days 11-14, the seminal root K+ net uptake rate was 

60% of the aerated control for Franklin and 81% of the aerated control for Yerong 

(Table 7a). At this stage, the treatment effect was significant (P = 0.0081), whereas the 

genotype effect (P = 0.6481) and genotype x treatment (P = 0.1968) interaction were not 

significant. 

In pots with K+ only supplied to the seminal roots and net uptake rate measured by 

depletion from the nutrient solution, K+ net uptake was 52% of the aerated control for 

Franklin and 40% of the aerated control for Yerong from day 7-11 of the split-root 

treatment (Table 7b). Split-root treatment for days 7-11 when only the seminal root side 

had K+ in the solution (adventitious root side without external K+) was significant only 
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for treatment (P = 0.0057) and not for genotype (P = 0.5477) and the genotype x 

treatment interaction was also not significant (P = 0.4916). During the period of days 

11-14, with K+ only in the seminal root side, seminal root net uptake rate for K+ was 

74% of the aerated control for Franklin and 55% of the aerated control for Yerong 

(Table 7b); again the treatment effect was significant (P = 0.0036) but genotype (P = 

0.8028) and genotype x treatment interaction was not significant (P = 0.2853). 

 

K+ net uptake by adventitious roots 

Adventitious root net uptake rate for K+ from day 7-11 of stagnant treatment with K+ 

available on both root side was 85% of the aerated control for Franklin while it was 

82% of the aerated control for Yerong (Table 7a). The adventitious root K+ net uptake 

from day 7-11 in the split pot treatment was not significant for genotype (P = 0.4400), 

treatment (P = 0.3850), or genotype x treatment interaction (P = 0.8641). For the second 

period of days 11-14, the adventitious root K+ net uptake rate was 107% of the aerated 

control for Franklin and 144% of the aerated control for Yerong (Table 7a). At this 

stage, the genotype effect (P = 0.4958), the treatment effect (P = 0.1685) and genotype 

x treatment (P = 0.3598) interaction were not significant. 

In pots with K+ only supplied to the adventitious roots and net uptake rate measured by 

depletion from the nutrient solution, K+ net uptake was 72% of the aerated control for 

Franklin and 50% of the aerated control for Yerong from day 7-11 of the split-root 

treatment (Table 7b). Split-root treatment for days 7-11 when only the adventitious root 

side had K+ in the solution (adventitious root side without external K+) was significant 

only for treatment (P = 0.0058) and not for genotype (P = 0.3626) and the genotype x 

treatment interaction was also not significant (P = 0.4517). During the period of days 
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11-14, with K+ only in the adventitious root side, adventitious root net uptake rate for K+ 

was 51% of the aerated control for Franklin and 57% of the aerated control for Yerong 

(Table 7b); again the treatment effect was significant (P = 0.0169) but genotype (P = 

0.2663) and genotype x treatment interaction was not significant (P = 0.4775). 
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Cl- net uptake by seminal roots 

Seminal root net uptake rate for Cl- from day 7-11 of stagnant treatment with Cl- 

available on both root sides was 69% of the aerated control for Franklin while it was 

92% of the aerated control for Yerong (Table 8a). The seminal root Cl- net uptake rate 

from day 7-11 in the split pot treatment was not significant for genotypes (P = 0.0977), 

treatment (P = 0.4900), and the genotype x treatment interaction was also not significant 

(P = 0.6537). For the second period of days 11-14, the seminal root Cl- net uptake rate 

was 44% of the aerated control for Franklin and 96% of the aerated control for Yerong 

(Table 8a). At this stage, the treatment effect (P = 0.0247) and genotype x treatment 

interaction were significant (P = 0.0473), whereas the genotype effect (P = 0.0658) was 

not significant. 

In pots with Cl- only supplied to the seminal roots and net uptake rate measured by 

depletion from the nutrient solution, Cl- net uptake was 116% of the aerated control for 

Franklin and 38% of the aerated control for Yerong from day 7-11 of the split-root 

treatment (Table 8b). Split-root treatment for days 7-11 when only the seminal root side 

had Cl- in the solution (adventitious root side without external Cl-) was not significant 

for genotype (P = 0.1799), treatment (P = 0.4040) and the genotype x treatment 

interaction was also not significant (P = 0.1699). During the period of days 11-14, with 

Cl- only in the seminal root side, seminal root net uptake rate for Cl- was 74% of the 

aerated control for Franklin and 56% of the aerated control for Yerong (Table 8b); again 

the genotype effect  (P = 0.5205) treatment effect (P = 0.2063) and genotype x 

treatment interaction was not significant (P = 0.7799). 
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Cl- net uptake by adventitious roots 

Adventitious root net uptake rate for Cl- from day 7-11 of stagnant treatment with Cl- 

available on both root side was 82% of the aerated control for Franklin while it was 

60% of the aerated control for Yerong (Table 8a). The adventitious root Cl- net uptake 

from day 7-11 in the split pot treatment was not significant for genotype (P = 0.8682), 

treatment (P = 0.3100), or genotype x treatment interaction (P = 0.8638). For the second 

period of days 11-14, the adventitious root Cl- net uptake rate was 53% of the aerated 

control for Franklin and 62% of the aerated control for Yerong (Table 8a). At this stage, 

only the treatment (P = 0.0086) was significant while genotype (P = 0.8514)  and 

genotype x treatment (P = 0.6503) interaction were not significant. 

In pots with Cl- only supplied to the adventitious roots and net uptake rate measured by 

depletion from the nutrient solution, Cl- net uptake was 30% of the aerated control for 

Franklin and 70% of the aerated control for Yerong from day 7-11 of the split-root 

treatment (Table 8b). Split-root treatment for days 7-11 when only the adventitious root 

side had K+ in the solution (adventitious root side without external Cl-) was significant 

only for treatment (P = 0.0001) and not for genotype (P = 0.1034) and the genotype x 

treatment interaction was also not significant (P = 0.1414). During the period of days 

11-14, with Cl-  only in the adventitious root side, adventitious root net uptake rate for 

Cl- was 22% of the aerated control for Franklin and 15% of the aerated control for 

Yerong (Table 8b); only the treatment effect was significant (P = 0.0001) but genotype 

(P = 0.1680) and genotype x treatment interaction was not significant (P = 0.1215). 
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K+ and Cl- concentrations in shoot, seminal and adventitious roots  

Tissue K+ and Cl- concentrations on day 7 and 14 of the aerated and stagnant treatment 

were also measured from plant tissue samples. Shoot, seminal and adventitious root K+ 

concentrations are shown in Table 9a, 9b and 9c while Cl- concentrations are given in 

Table 10a, 10b and 10c. 

After 7 days of the stagnant agar treatment, shoot and seminal and adventitious root K+ 

concentrations had decreased for Franklin and Yerong. Shoot K+ concentration was 59% 

of the aerated control for Franklin and 57% of the aerated control for Yerong (Table 

9a). Shoot K+ concentration differed significantly for treatment (P = 0.0001) but not the 

genotypes (P = 0.2280) and there was no genotype x treatment interaction (P = 0.4412). 

Seminal root K+ concentration was 64% of the aerated control for Franklin and 63% of 

the aerated control for Yerong (Table 9b). Seminal root K+ concentration differed 

significantly for treatment (P = 0.0010) but not for genotypes (P = 0.3600) and there 

was no genotype x treatment interaction (P = 0.9002). Adventitious root K+ 

concentration was 83% of the aerated control for Franklin and 70 % of the aerated 

control for Yerong (Table 9c). Adventitious root K+ concentration differed significantly 

for treatment (P = 0.0044) but not the genotypes (P = 0.7702) and there was no 

significant genotype x treatment interaction (P = 0.3432). 

After 14 days of the stagnant agar treatment, shoot and seminal and adventitious root K+ 

concentrations had decreased for Franklin and Yerong. Shoot K+ concentration was 87% 

of the aerated control for Franklin and 76% of the aerated control for Yerong (Table 

9a). Shoot K+ concentration differed significantly for treatments (P = 0.0001) but not for 

genotypes (P = 0.3996) and there was no significant genotype x treatment interaction (P 

= 0.1199). Seminal root K+ concentration was 70% of the aerated control for Franklin 
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and 69% of the aerated control for Yerong (Table 9b). Seminal root K+ concentration 

differed significantly for treatments (P = 0.0009) but not for genotypes (P = 0.3505) and 

there was no significant genotype x treatment interaction (P = 0.8991). Adventitious 

root K+ concentration was 71% of the aerated control for Franklin and 86% of the 

aerated control for Yerong (Table 9c). Adventitious root K+ concentration differed 

significantly for treatments (P = 0.0010) but not for genotypes (P = 0.3432) and there 

was a significant genotype x treatment interaction (P = 0.0175). 

After 7 days of the stagnant agar treatment, shoot, seminal and adventitious root Cl- 

concentrations decreased for Franklin and Yerong but were always near to, or in one 

case more than the roots Cl- concentrations in aerated solution. Shoot Cl- concentration 

was 98% of the aerated control for Franklin and 97% of the aerated control for Yerong 

(Table 10a). Shoot Cl- concentration decreased significantly for genotypes (P = 0.0061) 

but not for treatment (P = 0.4787) and genotype x treatment (P = 0.8769) effect. 

Seminal root Cl- concentration was 95% of the aerated control for Franklin and 90% of 

the aerated control for Yerong (Table 10b). Seminal root Cl- concentration decreased 

significantly for genotypes (P = 0.0001), but not for the treatments (P = 0.1352) and 

genotype x treatment (P = 0.3840) effect. Adventitious root Cl- concentration was 96% 

of the aerated control for Franklin and 121% of the aerated control for Yerong (Table 

10c). Adventitious root Cl- concentration was not significantly for genotypes (P = 

0.2592), treatments (P = 0.2721) and genotype x treatment (P = 0.1091) effect. 

After 14 days of the stagnant agar treatment, shoot concentration decreased for Franklin 

and Yerong while the seminal and adventitious root Cl- concentrations were near to, or 

more than the aerated control for these genotypes. Shoot Cl- concentration was 87% of 

the aerated control for Franklin and 66% of the aerated control for Yerong (Table 10a). 

Shoot Cl- concentration differed significantly for treatments (P = 0.0001) and genotype 
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x treatment interaction (P = 0.0140) but not for genotypes (P = 0.1874). Seminal root 

Cl- concentration was 131% of the aerated control for Franklin and 97% of the aerated 

control for Yerong (Table 10b). Seminal root Cl- concentration differed significantly for 

genotypes (P = 0.0183) but not for treatments (P = 0.1793) and genotype x treatment 

interaction (P = 0.0947). Adventitious root Cl- concentration was 99% of the aerated 

control for Franklin and 105% of the aerated control for Yerong (Table 10c). 

Adventitious root Cl- concentration did not differ significantly for genotypes (P = 

0.1010) , treatments (P = 0.2122) and genotype x treatment interaction (P = 0.1035). 
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Table	  11.	  Summary	  of	  statistical	  analyses	  for	  genotype,	  treatment	  and	  genotype	  x	  
treatment	  comparisons	  for	  net	  uptake	  rates	  (mmol	  g-‐1	  root	  DW	  d-‐1)	  for	  K+	  and	  Cl-‐	  
by	  seminal	  and	  adventitious	  roots	  of	  two	  barley	  genotypes	  (Franklin	  and	  Yerong)	  
between	   day	   7-‐11	   and	   day	   11-‐14.	   The	   significant	   P-‐values	   at	   the	   5%	   level	   are	  
shown	  in	  bold.	  

	  

 Net uptake rates 
(mmol g-1root DWd-1) 

Time of 
treatment 
(t) 

P value in 
ANOVA 
genotype 

P value in 
ANOVA 
treatment 

P value in ANOVA 
Genotype x treatment 
 

Seminal root K+  Day 7-11 0.8681 0.3914 0.2060 
 Day 11-14 0.6481 0.0081 0.1968 
Adventitious root K+  Day 7-11 0.4400 0.3850 0.8641 
 Day 11-14 0.4958 0.1685 0.3598 
Seminal root Cl-  Day 7-11 0.0977 0.4900 0.6537 
 Day 11-14 0.0658 0.0247 0.0473 
Adventitious root Cl-  Day 7-11 0.8682 0.3100 0.8638 
 Day 11-14 0.8514 0.0086 0.6503 
 

Discussion 

Under low O2 conditions, the adventitious roots of both of the barley genotypes better 

maintained the K+ net uptake rate (107% of control for Franklin and 144% for Yerong; 

Table 7a) than did the seminal roots (60% of control for Franklin and 81% for Yerong; 

Table 7a). Cl- net uptake rate of the seminal and adventitious roots did not differ much 

except during days 11-14 when seminal root net uptake of Cl- for Yerong under 

stagnant treatment was unexpectedly high (96% of the aerated control; Table 8a). The 

adventitious root porosity of Yerong was 10% in stagnant conditions as compared to 

3% for Franklin (after 7 days of treatment, plants were 21 days old), while the seminal 

root porosity was 3% in Yerong as compared to 1% in Franklin (Table 6). The low 

porosity of seminal roots of both genotypes could explain why these roots had low K+ 

net uptake in stagnant solutions and the comparatively higher adventitious root porosity 
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of Yerong than for Franklin could enable the higher K+ net uptake rates by Yerong; 

these suggestions are based on earlier conclusions from studies of wheat (for references, 

see Introduction). The focus of this Discussion is on responses of growth, K+ and Cl- net 

uptake rates and tissue concentrations, in barley in stagnant as compared with aerated 

conditions. 

 

Effects of stagnant treatment on growth  

Growth (shoot, seminal and adventitious roots) of both Franklin and Yerong were 

reduced in stagnant agar nutrient solution. Shoot dry weights were reduced to about 

half of the aerated control values after the 14 day stagnant agar treatment (Table 1a). 

Seminal root growth was affected much more than the adventitious roots. For example, 

at day 14 of the treatment, seminal root dry weights were 34% of the aerated control for 

Franklin and 40% for Yerong (Table 1b) as compared to the adventitious root dry 

weights which were 84% of the aerated control for Franklin and 56% for Yerong (Table 

1c). The present study of barley is consistent with the growth trends in Chapter 2 in this 

thesis and the previous studies of wheat (Trought and Drew, 1980c; Barrett-Lenard et 

al., 1988; Kuiper et al., 1994; Wiengweera and Greenway, 2004) where the seminal 

root growth was affected more than the adventitious root growth. Growth data were not 

given by Wiengweera and Greenway (2004), instead they stated in the text of their 

paper that the growth responses in their experiments were similar to the previous 

studies of wheat. However, providing such data would help future researchers to 

consider different parameters in relation to the ion uptake rates presented. In the present 

study, from day 7-14 of the treatment, the relative growth rates for seminal roots were 

more affected (46% and 25% of controls for Franklin and Yerong, respectively) (Table 
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2b) as compared to the adventitious root relative growth rates (121% of the aerated 

control for Franklin and 58% of the aerated control for Yerong, respectively) (Table 

2c). Overall, stagnant agar treatment resulted in a decrease in root and shoot dry 

weights and relative growth rates of both genotypes. Other growth parameters of the 

plants in the present experiment had a similar trend as in Chapter 2; these parameters 

have already been discussed in detail in Chapter 2 of the thesis and so the focus here is 

mainly on K+ and Cl- net uptake rates and concentrations.  

 

Seminal and adventitious roots K+ and Cl- net uptake rates and tissue concentrations  

K+ net uptake by seminal and adventitious roots was decreased as a result of stagnant 

agar treatment. The seminal root K+ net uptake rate was reduced in Franklin to 60% of 

the aerated control (days 11-14), while it was 81% of the aerated control for Yerong 

(Table 7a). The adventitious root K+ net uptake was better maintained than the seminal 

root K+ net uptake. From day 11-14 of the treatment, adventitious root K+ net uptake 

was 107% of the aerated control for Franklin and 143% of the aerated control for 

Yerong (Table 7a). Wiengweera and Greenway (2004) measured the seminal and 

adventitious root ion uptake rates for wheat and in their case the seminal root K+ uptake 

rate reduced from 20% of the aerated control during days 0-4 of the stagnant agar 

treatment to 11% of the aerated control during days 4-8 of the stagnant agar treatment. 

In their experiment, the adventitious root K+ uptake rate was 69% of the aerated control 

during days 0-8 of the stagnant agar treatment and increased to 114% of the aerated 

control during days 8-12 of the stagnant agar treatment. Similar trends were observed in 

the present experiment on barley, of a reduction in seminal root K+ net uptake and an 

increase in adventitious root K+ net uptake for both genotypes in stagnant conditions, as 
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those published earlier for wheat (Wiengweera and Greenway, 2004). The most likely 

explanation for this performance by the adventitious roots is that these are of higher 

porosity whereas seminal roots are of lower porosity and thus more adversely affected 

than the adventitious roots (Colmer and Greenway, 2011). The root porosity 

measurements in the present study showed that the adventitious root porosity in Yerong 

and Franklin was more than the seminal root porosity. Higher adventitious root porosity 

enables better O2 movement to the root tip (Armstrong, 1979; Colmer, 2003a) and this 

allows a higher energy status and thus a better ion uptake and a better survival under 

waterlogged conditions. Additionally, another possible reason for the difference in ion 

uptake pattern between the two root types might be because the adventitious roots are 

relatively younger than the seminal roots (Kuiper et al., 1994) which might allow them 

a better nutrient uptake under waterlogged conditions. 

Kuiper et al. (1994) measured NO3
- uptake while Wiengweera and Greenway (2004) 

measured phosphate net uptake and K+ net uptake in their experiments; however, K+ 

and Cl- uptake was measured in the present experiment. Chloride (Cl-) is better than 

NO3
- and phosphate for determining the ion uptake during O2 deficient conditions as 

these two macronutrients may be limited by possible decreases in their metabolic 

incorporation (Buwalda et al., 1988). The net uptake of Cl- by seminal roots during days 

11-14 in the stagnant treatment was 44% of the aerated control for Franklin and 96% of 

the aerated control for Yerong (Table 8a). Cl- net uptake by adventitious roots during 

days 11-14 in the stagnant treatment was 53% of the aerated control for Franklin and 

62% of the aerated control for Yerong (Table 8a). One of the reasons for studying the 

Cl- net uptake in this experiment is that not much literature is available on the uptake of 

Cl- in O2-deficient or waterlogged conditions and it has mostly been assessed in 
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combination with salinity stress (Malik et al., 2009; Kotula et al., 2015; Striker et al., 

2015; Teakle et al., 2012; Alamri et al., 2013; Barret-Lennard, 2003). 

Shoot Cl- concentrations for Franklin and Yerong were decreased as a result of the 

stagnant treatment. Seminal and adventitious root Cl- concentrations were near to, or 

more than, the aerated control when in stagnant treatment for both genotypes. Buwalda 

et al. (1988) also studied the effects of low O2 (in the nutrient solution; Cl- 

concentration was 1 mol m-3) on Cl- concentrations in wheat and observed that the Cl- 

concentrations decreased in shoots with time, as did also other nutrients (N, P, K+), 

while Cl- concentrations increased in roots of the low O2 plants in one of their 

experiments. They also observed that Cl- concentrations in seminal and adventitious 

roots had little difference. Colmer and Greenway (2011) have suggested that the 

decreased Cl- concentration in the shoots (and increased concentration in roots) under 

low O2 reflects that transport to shoot (e.g. xylem loading) is affected more than the root 

net ion uptake.  

 

Effects of absence of KCl in a compartment of the split-root pot on seminal and 

adventitious root ion uptake  

From day 7-14 of the stagnant treatment, split-root pots were used to measure the 

uptake of K+ and Cl- by either the seminal or adventitious roots. In a set of sub-

treatments, either K+ and Cl- were added to both sides of the pots or in some pots to 

avoid possible mixing of the solution through bubbling causing possible splashes 

between the compartments, one of the root sides (either seminal or adventitious) were 

deprived of K+ and Cl-. It was observed that there was a compensatory increase in ion 

uptake both for K+ and Cl- in the roots (seminal or adventitious) where K+ and Cl- were 
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absent on one or the other type of root. Drew (1975) observed that barley roots (where 

only parts of it were provided with high concentrations of NO3
-, phosphate or K+) 

compensated to a certain extent when the rest of the root system was provided with low 

concentrations; these experiments were conducted in aerated conditions. Later, Drew 

and Saker (1978) observed in barley that deficient phosphate supply to the root system 

(only to 4 cm or 2 cm length of a seminal root supplied with 50 µM phosphate and the 

rest without phosphate in the nutrient solution) were mostly compensated by localised 

root growth modifications and increase phosphate uptake by that region of the roots. 

This tendency indicates that plants have some plasticity in adverse conditions and at 

times when only a portion or one type of roots has access to a particular nutrient it 

might uptake a bit more to compensate for the low uptake rates of other root parts and 

this would enhance growth and plant survival. 

Conclusion 

Overall, the K+ net uptake rate by the adventitious roots was higher than those of the 

seminal roots for both genotypes. Between the two genotypes, the nutrient uptake for 

Yerong was better than Franklin. It can be suggested that a higher adventitious root 

porosity (of 10% for Yerong as compared to 3% for Franklin) under stagnant agar 

conditions is of importance to enhance the potential of roots and thus barley plants to 

cope with adverse waterlogging conditions. In addition, the compensatory ion uptake by 

the root type to which nutrients are available, in absence of certain nutrients to the other 

root type, can be an area of future research. 

In the next chapter, these two varieties (Yerong and Franklin) were further tested for the 

O2 limitations to adventitious root growth using increased O2 partial pressure supply to 

shoots to check the effects on adventitious root growth rates. In addition, radial O2 loss 
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(ROL) was also measured to establish whether the porosity was functional as 

aerenchyma and if the roots of the two genotypes differed in O2 near the root tips and/or 

in the pattern of ROL along the root lengths. 
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Chapter 4 

Effects of increase in O2 partial pressure (concentrations) 

around shoot on adventitious root extension of two barley 

genotypes in hypoxic conditions and measurement of radial O2 

loss (ROL) from adventitious roots when in O2 free root 

medium 
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Abstract 

The experiments described in this chapter evaluated the functionality of root porosity as 

aerenchyma for internal oxygen supply to roots of two contrasting barley genotypes. 

When in an O2-free root medium and reliant on internal O2 movement to the root apex, 

the adventitious root extension rate of Yerong (higher porosity) was greater than that of 

Franklin (lower porosity). Radial O2 loss (ROL) measurement from adventitious roots 

of Yerong and Franklin when in an O2-free medium and reliant on internal O2 

movement showed that ROL was higher from Yerong with roots of higher porosity and 

therefore with greater internal O2 diffusion than in Franklin. However, the increase in 

ROL towards root base indicates that probably no ROL barrier is formed in these two 

genotypes. To evaluate whether an increase in O2 partial pressure around the shoots 

affects the adventitious root extension in barley genotypes Franklin (which has a low 

root porosity) and Yerong (which has a higher root porosity) root extension rates of 

plants with different shoot O2 concentrations (21 kPa, 42 kPa, 84 kPa) were measured 

for plants after 7-9 days of pretreatment in aerated and stagnant conditions. Increase in 

O2 partial pressure at the shoots from 21 kPa to 42 kPa and from 42 kPa to 84 kPa 

resulted in increased adventitious root extension rates (mm h-1) in both genotypes. 
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Introduction 

During waterlogging, the seminal root growth is reduced while the adventitious root 

(also called nodal or crown roots) growth continues for a while due to aerenchyma 

formation (Colmer and Greenway, 2011). The adventitious roots, which emerge from 

the shoot base (Trought and Drew, 1980a), however, have restricted length when in 

waterlogged soil.  

Adventitious roots also perform better than the seminal roots during stagnant conditions 

in terms of nutrient uptake, as demonstrated for wheat (Kuiper et al, 1994; Wiengweera 

and Greenway, 2004), but there are still limitations to the O2 available to these roots 

when in stagnant conditions and reliant on internal O2 movement from the shoots. For 

example, the aerenchymatous adventitious roots of wheat grown in stagnant media did 

not receive sufficient O2 for optimal extension due to restrictions to O2 diffusion in the 

gas space continuum between the atmosphere and the root apex, so that the extension 

rates in stagnant nutrient solution were about 35-43% of those for roots in aerated 

nutrient solution (Wiengweera and Greenway, 2004). However, increasing the O2 

partial pressure around the wheat shoots from 20 kPa to 40 kPa increased adventitious 

root extension, and the rate of root extension further improved on increasing the O2 

around shoot to 80 kPa, thus indicating that the restricted O2 supply was the reason for 

the restriction in their extension (Wiengweera and Greenway, 2004). This experiment 

by Wiengweera and Greenway (2004) has given an insight into the response by roots of 

wheat plants under low O2 conditions and the changes in their response upon increase in 

partial pressure of O2. 

In my previous experiments (Chapters 2 and 3), comparatively waterlogging tolerant 

(Yerong) and a comparatively waterlogging sensitive (Franklin) barley varieties were 



Chapter 4                                                                  O2 partial pressure and ROL	  

 115	  

selected for these experiments on the basis of their physiological characteristics of 

differences in root porosity and in ion uptakes in stagnant conditions. In a preliminary 

experiment conducted by myself (unpublished) with 2 replicates it was observed that for 

plants in an O2-free medium and reliant on internal O2 movement into and along the 

roots, Yerong had a better adventitious root extension (mm h-1) than Franklin for short 

(1-4 cm long) and long (4-8 cm long) adventitious roots when O2 partial pressure was 

increased around the shoot to 42 and 84 kPa. Developing further on these earlier results, 

I tested whether an increase in O2 partial pressure can affect the root extension in these 

two contrasting barley genotypes when in stagnant conditions. 

Waterlogging induces aerenchyma formation in roots both of the wetland and dryland 

plant species (Colmer and Voesenek, 2009). To prevent the excessive leakage of O2 

from the basal zones of roots, wetland species are known to form a barrier to radial O2 

loss (ROL) in the outer cell layers of the root, but dryland species do not (or only have a 

weak) barrier to ROL. So, along with the root extension measurements, measuring the 

ROL in adventitious roots of Yerong (higher porosity) and Franklin (lower porosity) 

barley genotypes using the root-sleeving cylindrical platinum electrode technique 

(Armstrong et al., 1994) would enable me to test for possible ROL barrier formation in 

these two genotypes and also test for the functionality of aerenchyma by evaluation of 

O2 movement towards the root tips of plants with roots in O2 deficient conditions and 

shoots in air. 

The aims of the experiments were:   

a) To evaluate whether an increase in O2 partial pressure around the shoots affects 

the adventitious root extension in barley genotypes Franklin (which has a low 

root porosity) and Yerong (which has a higher root porosity). I expected that 
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when in an O2-free root medium and reliant on internal O2 movement to the root 

apex, the adventitious root extension rate of Yerong (higher porosity) would be 

greater than that of Franklin (lower porosity), and that both genotypes will 

respond positively to an increased O2 supply.	  

b) To measure the radial O2 loss (ROL) from adventitious roots of Yerong and 

Franklin when in an O2-free medium and reliant on internal O2 movement. I 

expected that ROL would be higher from Yerong with roots of higher porosity 

and therefore increased internal O2 diffusion than in Franklin. It was also of 

interest to compare the patterns of ROL along the roots, as this could indicate 

whether the two genotypes differ in root ROL barrier formation. 

 

Materials and methods  

Genotypes 

Two barley varieties (Yerong, Franklin) were used. Yerong having higher adventitious 

root porosity than that of Franklin.  

 

Plant culture and experimental design 

Barley plants were grown in a phytotron in Crawley, Perth, Australia under plexiglass 

(natural sunlight) with day/night temperatures of 20/15°C but uncontrolled humidity, 

during October-November 2014 (for O2 partial pressure response measurements) and 

February-March 2015 (for radial O2 loss measurements). Growth data were measured 

for plants grown during October-November 2014 while root porosity was measured 
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during both periods. The experimental design was the same for both periods: 2 

genotypes x 2 treatments x 4 replicates = 16 pots in total with (4 plants per pot). The 64 

plants were not completely randomised, as some pots had Franklin and other pots had 

Yerong. Four batches of these plants were grown to enable staggering with time of the 

O2 partial pressure response and the root extension measurements (owing to numbers of 

travelling-microscopes) while 3 batches were grown for the radial O2 loss (ROL) 

measurements (owing to the numbers of ROL equipment). 

	  

Treatments 

Two barley (Hordeum vulgare) genotypes (Franklin and Yerong) were initially grown 

for 16 days in the aerated solution of the same composition as used and described in 

Chapter 2. On day 16, plants were given treatments i.e. half of the pots of each genotype 

were continued with aerated solution and the other half contained stagnant solution.	  A 

hypoxic pre-treatment with nitrogen was given the day before the agar treatment was 

imposed in the pots (on day 15) with plants that were to be given the stagnant agar 

treatment. In the previous experiments (Chapters 2 and 3) the aerated and treatments 

were given at day 14 of the plant growth but in this experiment, the treatment was given 

on day 16 to give plants time to grow as the idea was to obtain plants with intact 

adventitious roots of a certain length range (6-8 cm) for the various measurements.  

 

Root extension and ROL measurements 

When the plants were 22 days old, individual plants were transferred into transparent 

Perspex vessels containing 0.1% (w/v) agar solution (5 mM KCl, 0.5 mM CaSO4) 

previously N2 bubbled to remove all O2, and held in a rubber lid, as described in 
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Wiengweera and Greenway (2004). A cylindrical plastic vessel with an inlet and outlet 

was placed over the shoot and sealed onto the rubber lid of the root vessel used to 

maintain the required O2 concentration around the shoots. N2 and O2 were mixed to 

provide the desired O2 partial pressure around the shoots. The O2 partial pressure 

around the shoots was progressively increased starting with 21 kPa for 2 h (the 

adventitious root extension was measured for every 2 h period), then 42 kPa for the next 

2 h, followed by 84 kPa for the next 2 h, and then returned for 4 h to O2 partial pressure 

again of 21 kPa, again with the adventitious root extension recorded for each 2 h. In an 

initial batch of plants, the adventitious root extension was measured for plants with 

shoots at a constant O2 partial pressure of 21 kPa, again for every 2 h, to evaluate 

whether the adventitious root extension rate was steady over time as a ‘control’. 

Extension rates of adventitious roots of 6-8 cm length of the main axes was measured 

for each 2 h period using travelling vernier microscopes. The measurements were 

conducted at 20 °C. 

Rates of radial O2 loss (ROL) from intact roots of the two barley genotypes (Yerong 

and Franklin) were measured using root-sleeving cylindrical platinum oxygen 

electrodes as described in Armstrong and Wright (1975) and Armstrong et al. (1994). 

ROL was measured at 5, 10, 20, 30 and 40 mm behind the root tip, for roots in an O2-

free medium with shoots in air at 20oC. 

ROL and root extension measurements were taken for intact adventitious roots of plants 

previously for 7 days in either aerated or stagnant treatments. ROL was measured when 

these plants were transferred into stagnant O2-free solution. Root extension was 

measured for these plants when in stagnant O2-free solution using travelling vernier 

microscopes (i.e. grown in aerated and measured in stagnant; grown in stagnant and 
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measured in stagnant). Root extension was also measured for plants when in aerated or 

when in stagnant solution in the treatment pots in the phytotron using a ruler. 

 

Adventitious root porosity and dry weights 

Adventitious root porosity was measured for both of the genotypes and treatments. 

Porosity was measured for adventitious roots of a similar length (6-8 cm) to the ones 

used in the O2 partial pressure growth response experiments and in ROL measurements. 

Porosity was measured using the buoyancy method as described by Raskin (1983) and 

using the modified equations by Thomson et al. (1990).  

Plant tissues were sampled and oven-dried at a temperature of 60 oC for 72 h and then 

measured using an electronic balance. Dry weights of shoot, seminal roots and 

adventitious roots were measured at the time of initial (commencement of treatments) 

and final plant samplings (after 7 days of treatments). 

 

Results 

Growth of the two genotypes (Franklin and Yerong) was reduced by the 7 days in 

stagnant agar nutrient solution treatment. As described in detail in the sections below, 

the relative growth rates (RGR) and thus final dry weights of shoot, seminal roots and 

adventitious roots, were all reduced as a result of stagnant agar treatment. The responses 

of root extension to increases in O2 partial pressure at the shoots showed these 

adventitious roots were limited by O2, with increases to 84 kPa resulting in maximum 

adventitious root extension for both Yerong and Franklin; the details are described 

below. 
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Tissue dry weights 

Shoot dry weights were reduced for both of the genotypes (Franklin and Yerong) as a 

result of the stagnant agar treatment. After 7 days of stagnant agar treatment, Yerong 

was 85% of the aerated control while Franklin was 77% of the aerated control (Table 1). 

Shoot dry weight differed significantly for genotypes (P = 0.0279) and the treatments (P 

< 0.0001) but not for the genotype x treatment interaction (P = 0.1202).  

Seminal and adventitious root dry weights for both of the genotypes were reduced as a 

result of the stagnant agar treatment. After 7 days of stagnant agar treatment, seminal 

root dry weight of Yerong was 57% of the aerated control while for Franklin it was 48% 

of the aerated control (Table 1). Seminal root dry weight differed significantly for the 

treatments (P < 0.0001) and for the genotype x treatment interaction (P = 0.0407) but 

not for the genotypes (P = 0.0513). After 7 days of treatments, adventitious root dry 

weight was 86% of the aerated control for Yerong and 72% of the aerated control for 

Franklin (Table 1). Adventitious root dry weight differed significantly for the genotypes 

(P = 0.0036), for the treatment (P < 0.0001) and for the genotype x treatment interaction 

(P = 0.0214).  

 

Relative growth rate (RGR)  

Shoot relative growth rate (RGR) was reduced by the stagnant agar treatment for both 

of the barley genotypes; shoot RGR was 81% of the aerated control for Franklin while it 

was 85% of the aerated control for Yerong (Table 2). At the end of 7 days of treatment, 

shoot RGR was significant for treatment (P < 0.0001) but not for genotype (P = 0.5028) 

and not for the genotype x treatment interaction (P = 0.2176). 
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Seminal root RGR was also reduced by the stagnant treatment in both genotypes; it was 

21% of the aerated control for Franklin and 38% of the aerated control for Yerong 

(Table 2). During the 7 days of treatment, seminal root RGR was significant for 

treatment (P < 0.0001) but not for the genotype (P = 0.3866) and genotype x treatment 

interaction (P = 0.0807) was not significant.   

During 7 days of stagnant treatment, adventitious root RGR was 87% of the aerated 

control for Franklin and 94% of the aerated control for Yerong (Table 2). After 7 days 

of treatment, adventitious root RGR was significantly different for treatment (P = 

0.0004) but not for genotype (P = 0.6806) and not for the genotype x treatment 

interaction (P = 0.1661).   
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Stems (i.e. main stem plus tillers)  

After 7 days of treatment, stem numbers (i.e. main stem plus tillers) per plant were 

reduced to 61% of the aerated control in Franklin and 73% of the aerated control in 

Yerong (Table 3). Stem numbers (i.e. main stem plus tillers) per plant differed 

significantly for treatment (P < 0.0001) but not for genotypes (P = 0.6172) and genotype 

x treatment interaction (P = 0.1369) was not significant. 

 

Seminal and adventitious root numbers per plant 

At day 7 of the stagnant treatment, seminal root number per plant were 77% of the 

aerated control for Franklin and 78% of the aerated control for Yerong (Table 3). 

Seminal root number per plant differed significantly for genotypes (P < 0.0001) and 

treatment (P < 0.0001) and not for genotype x treatment interaction (P = 0.3591). 

At day 7 of the stagnant treatment, adventitious root number per plant was equal to that 

in the controls (103 and 105% of the aerated controls; Table 3); Franklin had 16.3 ± 0.9 

adventitious roots per plant while Yerong had 15.8 ± 0.6 adventitious roots per plant. 

There was no effect of genotype (P = 0.6445) or treatment (P = 0.3341) on adventitious 

root number per plant and there was no genotype x treatment interaction (P = 0.7818) 

for this parameter. 

 

Longest seminal and adventitious root length 

Seminal and adventitious root lengths decreased for both of the barley genotypes as a 

result of stagnant agar treatment. For Franklin the longest seminal root length at 7 days 

of stagnant treatment was 54% of that in the aerated control. For Yerong, at day 7 of 
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treatment, seminal root length was 68% of the aerated control (Table 3). Seminal root 

length differed significantly for genotypes (P 0.1392) and treatment (P < 0.0001) but 

not for the genotype x treatment interaction (P = 0.0154). 

Adventitious root length of both of the genotypes was reduced as a result of the stagnant 

agar treatment. At 7 days of treatment, the longest adventitious root length for Franklin 

was 58% of the aerated control while in Yerong it was 64% of the aerated control 

(Table 3). Adventitious root length differed significantly for treatment (P < 0.0001) and 

for the genotypes (P = 0.0495) but not for genotype x treatment interaction (P = 

0.6779). 

 

Adventitious root porosity 

Adventitious root porosity of Yerong was 8.8% in stagnant conditions as compared to 

4.4% for Franklin, after 7 days of stagnant agar treatment (Table 4). Adventitious root 

porosity was significantly different for genotypes (P < 0.0001) and treatment (P < 

0.0001) but not for genotype x treatment interaction (P = 0.5676). 
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Adventitious root extension when reliant on internal O2 movement, in response to 

increased O2 partial pressures around shoot 

The effects of increases in O2 partial pressures around the shoot on adventitious root 

extension when in an O2-free root medium was assessed in both of the genotypes. In an 

initial batch, O2 partial pressures of 21 kPa around shoot was maintained for 12 h and 

adventitious root extension was observed every 2 h in roots that were raised in stagnant 

treatment and measured in stagnant O2-free medium. These experiments showed that 

adventitious root extension rate (mm h-1) after 12 h at O2 partial pressures of 21 kPa at 

the shoots was stable for Franklin and Yerong. Adventitious root extension rate (mm h-

1) of plants with shoots at 21 kPa O2 for the first 2 h was 0.35 ± 0.07 for Franklin and 

0.56 ± 0.23 for Yerong while for the last 2 h, it was 0.21 ± 0.06 for Franklin and 0.60 ± 

0.18 for Yerong. Data are shown in the appendix section of the thesis (Appendix 1). 

In three subsequent batches of plants, O2 partial pressures of 21 kPa were given at the 

shoots for 2 h, followed by 42 kPa for 2 h, and 84 kPa for 2 h, and then reduced back to 

21 kPa for 6 h. Adventitious root extension rates were measured for each 2 h period. For 

the adventitious roots raised in stagnant treatment and measured in stagnant O2-free 

medium, an increase in O2 partial pressure at the shoots from 21 kPa to 42 kPa resulted 

in increased adventitious root extension rates (mm h-1) in both genotypes (27% increase 

in Franklin and 31% increase in Yerong). Increase in O2 partial pressure at the shoots 

from 42 kPa to 84 kPa again resulted in increased adventitious root extension rates (mm 

h-1) in both genotypes (57% in Franklin and 54% in Yerong, relative to the rates at 42 

kPa O2). Decrease in O2 partial pressure at the shoots from 84 kPa to the starting value 

of 21 kPa for the final 6 h resulted in a gradual decrease in adventitious root extension 

rate (mm h-1) in both genotypes. Adventitious root extension rate (mm h-1) for Franklin 

decreased from 1.18 ± 0.14 to 0.51 ± 0.08 while adventitious root extension rate  
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(mm h-1) for Yerong decreased from 1.51 ± 0.27 to 0.60 ± 0.08 during this period with 

the shoot returned to the O2 concentration in air (Table 5a). In summary, for the 

adventitious roots raised in stagnant treatment and measured in stagnant O2-free 

medium, an increase in O2 partial pressure at the shoot resulted in a significant increase 

in adventitious root extension rate (mm h-1) (shoot O2 treatment effect, P < 0.0001) and 

the rate differed for the two genotypes (P = 0.0377), but there was no significant 

genotype x shoot O2 treatment interaction (P = 0.9217).  For the adventitious roots 

raised in aerated treatment and measured in stagnant O2-free medium, an increase in O2 

partial pressure at the shoots also resulted in a significant increase in adventitious root 

extension (mm h-1) (Table 5b) shoot O2 treatment effect (P = 0.0055) and the genotype 

effect was also significant (P < 0.0001) but there was no genotype x shoot O2 treatment 

interaction (P = 0.9278). 

Adventitious root extension in aerated and stagnant solution was also measured for the 

plants in the pots for 5 days including the day of the commencement of treatment in the 

phytotron. The length of the measured roots ranged between 1.5-8.5 cm on the day the 

measurements started (i.e., the commencement of treatment). Adventitious root 

extension for these roots in aerated solution in the growth pots for Franklin was 0.72 ± 

0.13 mm h-1 and 0.81 ± 0.28 mm h-1 for Yerong. Adventitious root extension in stagnant 

solution in the growth pots was 0.42 ± 0.01 mm h-1 for Franklin while it was 0.69 ± 0.20 

mm h-1 for Yerong (Table 5c). However, adventitious root extension in aerated and 

stagnant treated pots was not significantly different for genotypes (P = 0.3383), 

treatment (P = 0.2739) and genotype x treatment interaction (P = 0.6294) was not 

significant. 
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Radial O2 loss (ROL) from roots in an O2-free medium as a function of distance 

behind the root tip  

Radial O2 loss (ROL) was measured at 5, 10, 20, 30 and 40 mm from the root tip of 

intact roots in an O2-free medium. The ROL was more at the base and decreased 

towards the tip of the adventitious roots in both Yerong and Franklin, for plants 

previously grown in both aerated or stagnant agar treatment. The higher ROL rates in 

basal positions indicate that there is no tight barrier to ROL in these barley plants 

(Figure 1). The values of ROL were greater in the case of plants previously in the 

stagnant agar treatment as compared to those from the aerated treatment, in both the 

genotypes. This reflects that root porosity had increased in the stagnant treatment and 

enabled great O2 diffusion into and along the roots than those that had been grown in 

aerated solutions. ROL at 40 mm from the root tip was 6 times (previously aerated 

plants) and 4 times (previously stagnant plants) higher for Yerong than for Franklin, and 

near the root tip (5 mm) ROL was 5 times (previously aerated plants) and 4 times 

(previously stagnant plants) higher for Yerong than for Franklin. Overall, Yerong had 

higher ROL values than Franklin in stagnant agar conditions; showing better capacity 

for internal aeration in Yerong than in Franklin. 
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Table	   5c.	   Root	   extension	   rate	   (mm	   h-‐1)	   of	   adventitious	   roots	   of	   two	   barley	   (Hordeum	  
vulgare)	  genotypes	  (Franklin	  and	  Yerong)	  in	  aerated	  or	  deoxygenated	  stagnant	  0.1%	  agar	  
nutrient	  solution	  treatment	  for	  7	  days	  in	  4	  L	  pots	  in	  a	  20/15oC	  phytotron	  (plants	  were	  16-‐
days-‐old	   at	   the	   time	   of	   treatments).	   Values	   are	   the	  means	   of	   four	   replicates	   ±	   standard	  
errors.	   The	   length	   of	   the	   measured	   roots	   ranged	   between	   1.5-‐8.5	   cm	   on	   the	   day	   the	  
measurements	   were	   first	   taken	   i.e.	   the	   day	   of	   commencement	   of	   treatment.	   The	  
measurements	  were	  taken	  for	  5	  days	  including	  the	  day	  of	  commencement	  of	  treatment.	  
	  

 
Genotype and 
treatment 

 
Extension rate of adventitious root 
 (mm h-1) grown in pots 
 

 
 
Franklin aerated 

 
                    0.72 ± 0.13 

 
Franklin stagnant                     0.42 ± 0.01 

 
Yerong aerated 

 
                    0.81 ± 0.28 

 
Yerong stagnant 
 

 
                    0.69 ± 0.20 

 
LSD0.05 

 
                           n.s. 

 
P value in  
ANOVA 
(Genotype x  
Treatment) 
 

 
 
                          0.6294 
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Figure 1. Adventitious root radial O2 loss (nmol m-2 s-1) of two barley genotypes 
(Hordeum vulgare) genotypes at 7 days after treatment (plants were 16-days-old at the 
time of treatments) in aerated or 0.1% agar stagnant nutrient solution treated plants. 
ROL was measured at 5, 10, 20, 30 and 40 mm from the adventitious root tip. Plants 
had shoots in air and roots in an O2-free medium, at 20°C. Values are the means of 
four replicates ± standard error. 
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Table	   6.	   Root	   diameters	   (in	  mm)	   of	   adventitious	   roots	   at	   various	   distances	   behind	   the	  
root	   tip	   (in	   mm)	   of	   two	   barley	   (Hordeum	   vulgare)	   genotypes	   (Franklin	   and	   Yerong)	  
measured	  after	  7-‐9	  days	  of	  aerated	  or	  deoxygenated	  stagnant	  0.1%	  agar	  nutrient	  solution	  
treatment	   in	   4	   L	   pots	   in	   a	   20/15oC	   phytotron	   (plants	  were	   16-‐days-‐old	   at	   the	   time	   the	  
treatments	   commenced).	  Values	  are	   the	  means	  of	   four	   replicates	  ±	   standard	  errors.	  The	  
roots	  measured	  were	  those	  used	  in	  the	  ROL	  measurements	  in	  Figure	  1.	  
	  
Distances 
behind the root 
tip (mm) 

Yerong stagnant 
root diameter 
(mm) 

Franklin stagnant  
root diameter  
(mm) 

Yerong aerated  
root diameter  
(mm) 

Franklin aerated 
root diameter  
(mm) 

 
5 

 
1.05 ± 0.13 

 
0.70 ± 0.01 

 
1.04 ± 0.02 

 
0.65 ± 0.07 

10 1.15 ± 0.16 0.74 ± 0.01 1.12 ± 0.03 0.67 ± 0.07 
20 1.19 ± 0.16 0.78 ± 0.02 1.15 ± 0.04 0.69 ± 0.06 
30 1.28 ± 0.16 0.85 ± 0.05 1.22 ± 0.05 0.70 ± 0.06 
40 1.30 ± 0.13 0.85 ± 0.05 1.25 ± 0.05 0.75 ± 0.04 
 

 

Discussion 

When in an O2-free root medium and reliant on internal O2 movement to the root apex, 

the increase in O2 partial pressure around the shoots of both the barley genotypes 

(Franklin and Yerong) resulted in increased extension rates of adventitious roots, and as 

expected, the adventitious root extension rate of Yerong (higher root porosity) was not 

significantly different from that of Franklin. Radial O2 loss (ROL) measurements along 

adventitious roots of Yerong and Franklin in stagnant conditions showed that Yerong 

has a higher O2 loss both from roots raised in aerated and stagnant conditions prior to 

being transferred into the O2-free medium for these measurements, indicating higher 

amounts of O2 within the roots of Yerong which is consistent with their higher gas-

filled porosity enhancing greater internal O2 movement into and along the roots of 

Yerong, as compared to those of Franklin.  
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Effects of increase in O2  partial pressure around shoots 

The increase in O2 partial pressure from 21 kPa to 42 kPa and then from 42 kPa to 84 

kPa around the shoots resulted in an increase in adventitious root extension when in 

stagnant O2-free medium for both of the barley genotypes (Yerong and Franklin). An 

increase in adventitious root extension at 42 kPa and even still higher root extension at 

84 kPa O2 at the shoots, indicates the restriction in O2 supply to the adventitious roots of 

these barley plants. Wiengweera and Greenway (2004) also observed that growth of 

roots of wheat reliant on internal O2 movement to the apex are also limited by the 

available O2. In their experiment on wheat, medium-length roots (5-6 cm) extension rate 

(mm h-1) of the adventitious root increased from 0.58 ± 0.09 at 21 kPa O2 to 0.72 ± 0.15 

after 2 h of increase to 42 kPa O2 at the shoots, and increasing to 84 kPa O2 for another 

2 h resulted in extension rate increasing to 1.09 ± 0.19. These earlier data for wheat 

(with an adventitious root porosity of 15%) are very similar to my current findings for 

barley roots of a similar length but of a lower root porosity (4.4% for Franklin and 8.8% 

for Yerong, Table 4). The adventitious root extension rate (mm h-1) of Franklin which 

was 0.59 ± 0.11 at 21 kPa increased to 0.75 ± 0.13 at 42 kPa and further increased to 

1.18 ± 0.14 at 84 kPa O2. The adventitious root extension rates for Yerong (which was 

0.75 ± 0.09 at 21 kPa) increased to 0.98 ± 0.15 at 42 kPa, and 1.51 ± 0.27 at 84 kPa O2) 

than for Franklin. These data clearly indicate that the adventitious roots are O2 deprived 

for barley when in an O2-free medium and reliant on internal diffusion into and along 

the root aerenchyma, since when given higher O2 at the ‘source’ (shoot) this resulted in 

increased adventitious root extension (Table 5a). After increasing the O2 partial pressure 

at the shoots to 84 kPa it was brought back to 21 kPa (as was done in Wiengweera and 

Greenway, 2004) and the adventitious root extension rates again decreased, which 
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supports the point that adventitious root extension is limited by the amount of O2 at the 

root tip. 

 

Adventitious root porosity and adventitious root extension 

Higher porosity helps to conduct more O2 along the axis of roots in stagnant agar 

treatment and waterlogged conditions (Trought and Drew, 1980c; Barrett-Lennard et 

al., 1988; Wiengweera and Greenway, 2004). A higher adventitious root porosity (of 

8.8% in stagnant agar treatment) in Yerong contributed to the better adventitious root 

extension as compared to Franklin where porosity was 4.4% in stagnant agar treatment 

(Table 4). This shows that a higher adventitious root porosity and the associated 

increased O2 supply would have aided Yerong to continue with adventitious root 

extension under stagnant agar treatment conditions. 

 

ROL measurements at different distances from the root tip 

ROL was measured along adventitious roots of both the genotypes (Franklin and 

Yerong) for plants grown in aerated and stagnant conditions and transferred into an O2-

free root medium for the measurements. ROL was more at the base as compared to the 

root tip in both genotypes (Figure 1), indicating that both genotypes did not have any 

significant barrier to prevent ROL (cf. descriptions by Colmer, 2003a and b). A barrier 

to ROL helps with the O2 supply during waterlogged conditions (Armstrong, 1979) and 

wetland plants (like rice) have been reported to form a barrier to ROL (Colmer et al., 

1998). In this present study of barley, the high rates of ROL at the basal positions 

measured and pattern of decrease in ROL towards root tip, together indicate that 
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probably no barrier is formed. No cross sections were taken to investigate this further. 

The observed ROL pattern for barley is in contrast with species with a ROL barrier to 

ROL that show low ROL from the root base and highest ROL near the root tip, such as 

occurs for flooding tolerant Zea nicaraguensis but not for the less tolerant Zea mays 

(Abiko et al., 2012). In addition to consideration of the patterns of ROL along the roots, 

the rates of ROL were higher for adventitious roots of barley grown in the stagnant 

conditions as compared to aerated conditions, which would have reflected the greater 

porosity and hence higher internal O2 within roots acclimated to the stagnant conditions. 

Finally, and importantly, ROL was substantially higher from the roots of Yerong than 

from those of Franklin, again reflecting the higher porosity of roots of Yerong as 

compared with Franklin.  

 

Conclusion 

Greater adventitious root extension in response to increase in O2 partial pressure around 

the shoots in Yerong with a higher adventitious root porosity indicates that important 

role of higher root porosity and O2 availability to the root which enables root growth 

and eventually root survival under low O2 conditions of the bulk root medium. Yerong 

and Franklin differ mainly in adventitious root porosity; the higher root porosity of 

Yerong could contribute to a greater waterlogging tolerance for Yerong as compared 

with Franklin. ROL measurements showed that both genotypes (Franklin and Yerong) 

lacked any significant barrier to prevent ROL from the adventitious roots. 
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Concluding Discussion 

 

Key findings 

The key findings of this thesis, which add to current knowledge in this field, are: 

1) Contrasting responses for adventitious root number per plant (increase in one 

genotype, same as aerated control for one, and decrease in three genotypes) of 

five barley genotypes were documented in the first experiment (Chapter 2) at 21 

days of stagnant treatment. Adventitious root number per plant increased for 

Naso Nijo to 133% of the aerated control, was unchanged for TX9425, was 91% 

for Franklin, 81% for Yerong, and 67% for YYXT. These responses resulted 

also in diversity in the increase in the number of adventitious root number per 

stem (for all these five genotypes to 118-196% of the aerated control; Chapter 

2). Two genotypes (Franklin and Yerong) were used in Chapter 3 and again 

these genotypes contrasted in adventitious root number per plant (increase in 

adventitious root number to 172% of the aerated control for Franklin and 95% of 

the aerated control for Yerong) and the resulting increase in adventitious root 

number per stem (182% of the aerated control for Yerong and 353% for 

Franklin) in this case after 14 days of stagnant agar treatment. It can be clearly 

concluded that as the stagnant treatment progresses, the adventitious root 

number per plant is affected and as tiller number is also lower in stagnant 

treatment this in turn also reflects an increase in adventitious root number per 

stem. Hence, the adventitious root number for barley is affected by low root-

zone O2 in a similar way to the other cereals (including wheat) where an 

increase in adventitious root number is observed (Barrett-Lennard et al., 1988). 
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2) Adventitious root porosity was measured for barley genotypes in all of the 3 

Chapters at different stages and an increase in porosity generally occurred as a 

result of stagnant treatment. For example, adventitious root porosity under 

stagnant agar conditions was 18-23% in four genotypes (YYXT, Naso Nijo, 

TX9425 and Yerong) but was much lower at only 9% in one of the genotypes 

(Franklin) (Chapter 2). This increase in adventitious root porosity is in 

agreement with previous (Garthwaite et al., 2003) and some recent studies 

(Kotula et al., 2015; Broughton et al., 2015) on barley. Thus, increased 

adventitious root porosity provides a low-resistance internal pathway for O2 

movement between shoots and root tips (Armstrong, 1979), see also point 6 

below for the two barley genotypes studied here, contributing to plant survival 

under waterlogged conditions. 

 
3) Seminal root porosity was measured in the second experiment (Chapter 3) and it 

was lower (3% for Yerong and 1% for Franklin) than the adventitious root 

porosity (10% for Yerong and 3% for Franklin) after 7 days of stagnant 

treatment (plants were 21 days old); this was the first time seminal root porosity 

has been measured for these barley genotypes. The higher porosity of 

adventitious roots than for the seminal roots supports that adventitious roots 

with a capacity for internal O2 movement are one of the major mechanisms for 

waterlogging tolerance in barley (Colmer and Greenway, 2011). The low 

porosity of seminal roots of both genotypes could explain why these roots had 

low K+ net uptake in stagnant solutions as compared to the adventitious roots of 

both genotypes (see point 4 below). Seminal root porosity has not been studied 

in detail for barley, but was previously studied for wheat (Thomson et al., 1990), 

and much of the recent focus has been on adventitious root porosity (Kotula et 
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al., 2015; Broughton et al., 2015). The seminal root porosity values in my thesis 

will help the current and future researchers to understand waterlogging by 

comparing the seminal versus adventitious root porosities in barley in particular, 

and cereals in general. 

 

4) K+ net uptake rate under low O2  was better maintained in adventitious roots 

(107% of the aerated control for Franklin and 144% for Yerong) as compared to 

seminal roots (60% of aerated control for Franklin and 81% for Yerong) in both 

genotypes (Chapter 3). Cl- net uptake did not differ much except for an 

unexpected higher seminal root net uptake (96% of the aerated control) from day 

11-14 of the stagnant agar treatment (Chapter 3). 

 
5)  O2 partial pressure around the shoot was increased around Franklin and Yerong 

shoots to test whether the greater entry of O2 into the roots affected adventitious 

root extension and it was observed that the adventitious root extension rate 

increased at higher O2 partial pressures (42 kPa and 84 kPa; Chapter 4) which 

indicates that O2 deficiency results in restrictions on adventitious root extension 

in these barley roots reliant on internal O2 diffusion to the apex, adding to the 

few studies of this nature on wheat (including Wiengweera and Greenway, 

2004). 

 
6) ROL measurements in Chapter 4 showed that both genotypes (Franklin and 

Yerong) lacked any significant barrier to prevent ROL from the adventitious 

roots. Also the greater ROL values (in the previously stagnant agar treated 

plants) in both of the genotypes show that root porosity had increased in the 

stagnant treatment and enabled greater O2 diffusion into and along the roots than 
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for roots that had been grown in aerated solutions. ROL at 40 mm from the root 

tip was 6 times (previously aerated plants) and 4 times (previously stagnant 

plants) higher for Yerong than for Franklin, and near the root tip (5 mm) ROL 

was 5 times (previously aerated plants) and 4 times (previously stagnant plants) 

higher for Yerong than for Franklin. The present results are in agreement with 

previous studies of ROL patterns for adventitious roots of wheat (Thomson et 

al., 1992) and of one barley genotype (Garthwaite et al., 2003) as the basal parts 

of the root in my experiment (at 40 mm) had higher ROL and it reduced at the 

root tip as there is no tight barrier to ROL in these barley genotypes (Yerong and 

Franklin).   

The answers to major questions asked, or hypothesis formed, in this thesis to address 

gaps in the current knowledge are listed in Table 1a and Table 1b. 
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Table 1a. Main questions asked or hypothesis formed in the thesis and the findings to 
fill gaps in current knowledge on aspects of waterlogging tolerance in barley in Chapter 
2 and 3.  
 
Chapter 2:  
 
Key Hypothesis: Barley genotypes will have contrasting waterlogging tolerance levels, 
reflected by differences in growth in stagnant agar conditions, and recovery growth 
when re-aerated. It was also expected that more tolerant genotypes will have higher 
adventitious root porosity.  
 
Found:  
Contrasting responses of the five barley genotypes (i.e. significant genotype x treatment 
interaction) for adventitious root number per plant, adventitious root number per stem 
and leaf chlorophyll fluorescence. In addition, when data on the genotype values in the 
stagnant treatment alone were analysed, several plant parameters differed significantly 
for the set of genotypes: shoot and root dry weights, adventitious root dry weights, stem 
number per plant, adventitious root number per plant, adventitious root number per 
stem, shoot K+ concentration, and leaf chlorophyll fluorescence. Interestingly, 
adventitious root porosity under stagnant agar conditions was 18-23% in four genotypes 
(YYXT, Naso Nijo, TX9425 and Yerong) but was much lower at only 9% in one of the 
genotypes (Franklin). 
 
 
Chapter 3: 

Key Hypothesis: The adventitious roots of barley will have a greater ion (K+, Cl-) net 
uptake rate than seminal roots under low O2 conditions and especially in higher porosity 
roots (Yerong) than in lower porosity roots (Franklin). 

Found:  
Under low O2 conditions, the adventitious roots of both of the barley genotypes better 
maintained the K+ net uptake rate (107% of control for Franklin and 144% for Yerong) 
than did the seminal roots (60% of control for Franklin and 81% for Yerong). Cl- net 
uptake rate of the seminal and adventitious roots did not differ much except during days 
11-14 when seminal root net uptake of Cl- for Yerong under stagnant treatment was 
exceptionally high (96% of the aerated control). The adventitious root porosity of 
Yerong was 10% in stagnant conditions as compared to 3% for Franklin (after 7 days of 
treatment, plants were 21 days old), while the seminal root porosity was 3% in Yerong 
as compared to 1% in Franklin. The low porosity of seminal roots of both genotypes 
could explain why these roots had low K+ net uptake in stagnant solutions and the 
comparatively higher adventitious root porosity of Yerong than for Franklin could 
enable the higher K+ net uptake rates by Yerong. 
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Table 1b. Main questions asked or hypothesis formed in the thesis and the findings to 
fill gaps in current knowledge on aspects of waterlogging tolerance in barley in Chapter 
4. 
 
Chapter 4: 

Key Hypotheses: 
1) When in an O2-free root medium and reliant on internal O2 movement to the root 

apex, the adventitious root extension rate of Yerong (higher porosity) would be 
greater than that of Franklin (lower porosity). 

2) An increase in O2 partial pressure around the shoots will increase the 
adventitious root extension in barley genotypes Franklin (which has a low root 
porosity) and Yerong (which has a higher root porosity) when in an O2-free root 
medium and reliant on an internal O2 transport. 	  

3) ROL would be higher from Yerong with roots of higher porosity and therefore 
increased internal O2 diffusion than in Franklin, when in an O2-free root medium 
and reliant on an internal O2 transport. 	  

 
Found: 
     1) and 2) When in an O2-free root medium and reliant on internal O2 movement to 
the root apex, the increase in O2 partial pressure around the shoots of both the barley 
genotypes (Franklin and Yerong) resulted in increased extension rates of adventitious 
roots, and the adventitious root extension rate of Yerong (higher root porosity) was not 
significantly different from that of Franklin. 
  
      3) ROL measurements along adventitious roots in stagnant conditions showed that 
Yerong has a higher O2 loss both from roots raised in stagnant conditions prior to being 
transferred into the O2-free medium for these measurements, indicating higher amounts 
of O2 within the roots of Yerong which is consistent with their higher gas-filled porosity 
enhancing greater internal O2 movement into and along the roots of Yerong, as 
compared to those of Franklin.  
 
 

Bringing together the various factors studied in the present thesis which determine shoot 
ion concentrations, a conceptual model is shown in Figure 1. K+ and Cl- supply to the 
shoot of plants in low O2 root-zone conditions is determined to a major extent by the 
following factors: 

a) Adventitious root number per plant 

b) Adventitious root length (influenced by adventitious root porosity) 

c) Seminal and adventitious root biomass 
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d) Net uptake rate of ions by root tissues (influenced by root porosity 

and O2 supply). 

e) Rate of transport of ions from the roots to the shoots 

f) Shoot size 

 
 
 
Figure 1. Diagram showing the various factors of interest in the present study 
determining shoot ion concentrations in plants when in waterlogged conditions. The 
concentration of ions in the shoot will be determined by the rate of delivery of ions and 
the ‘dilution’ by growth (i.e. shoot size). The rate of delivery is determined by the 
capacity of the roots to access nutrients (e.g. root system size) and the rate at which 
these roots can take up ions, and the capacity to transport the ions to the shoot. 
Adventitious root number and length determine the size of this part of the root system, 
and root porosity influences the O2 supply and thus respiration to produce energy both 
for root growth and for ion transport.   
 
 
As waterlogging progresses, the number of adventitious roots increases for cereals 

including barley (Pang et al., 2007; present thesis) and wheat (Barrett-Lennard et al., 
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1988). More adventitious root numbers compensate for the adventitious root length 

restrictions (Colmer and Greenway, 2011). Reduced seminal root biomass is also 

compensated to some extent by adventitious root formation (Wiengweera and 

Greenway, 2004; Colmer and Greenway, 2011). As the seminal roots are affected, in 

most cases the adventitious root number increases, and plants have a slightly greater dry 

mass of adventitious roots as compared to seminal roots (Chapter 2). The adventitious 

roots are of higher porosity and can therefore maintain greater rates of ion uptake 

(Chapter 3). 

The adventitious root porosity increases in barley under low O2 conditions (Broughton 

et al., 2015; Kotula et al., 2015; present thesis). A higher adventitious root porosity is 

very important to maintain a better K+ and Cl- uptake during stagnant agar conditions as 

more O2 is available (Armstrong 1979; Colmer 2003a). The increased internal O2 

movement presumably enables respiration and provides for a better nutrient uptake than 

by seminal roots (wheat, Wiengweera and Greenway, 2004; barley, present thesis). 

Higher Cl- concentrations in shoots, seminal and adventitious roots of the barley 

genotypes after 21 days of treatment (Chapter 2) in stagnant conditions as comparted to 

the aerated control show that due to stagnant treatment the Cl- has no apparent trouble 

moving to the shoot. However, in the later experiment (Chapter 3) the shoot Cl- 

concentrations were lower in stagnant than in aerated control, but the root Cl- 

concentration was higher in the stagnant condition, which confirms that the root net ion 

uptake is not as vulnerable to low O2 as the ion transport into xylem to move to the 

shoots (Colmer and Greenway, 2011). K+ concentrations decreased in the shoots and 

seminal roots after 21 days of treatment (Chapter 2) in stagnant conditions, but not in 

the adventitious roots also suggesting that in the case of K+ the ion uptake by seminal 
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roots is inhibited more than that by the adventitious roots, and that ion transport to the 

shoots is also affected. 

 

Future research 

Through my thesis I have tried to address a few gaps in the knowledge but much needs 

to be done in this area of research to form a better understanding and then practically 

implementing it to reap the benefits in an agricultural and economic sense. Priorities for 

future experiments should be in the following areas: 

1) During my PhD, I realised that seminal root porosity is the area which needs 

much more attention as there is a lack of literature in this area as compared to 

adventitious root porosity. 

2) This thesis focused on Cl- (and K+) uptake by seminal and adventitious roots of 

barley and a future study should aim to look also at nitrate and phosphate ions, 

in addition to Cl- and K+, so that the waterlogging response of barley could be 

better understood by comparing the concentrations and ion uptakes of different 

ions under low O2 conditions. 

3) The compensatory ion uptake by the root types with K+ and Cl- when other parts 

are without K+ and Cl- can be tested also for other ions (nitrate and phosphate). 

As this might help to understand the ion uptake by individual root types 

(seminal and adventitious roots). 

4) Studies of a greater number of genotypes contrasting in waterlogging tolerance, 

both in controlled experiments as in this thesis as well as in soils and well-

documented field situations. 
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5) In future research it would be important to study the genetic basis of traits like 

adventitious root porosity and aerenchyma percentage in these and other barley 

genotypes. 

 

Conclusions 

Two barley genotypes (Yerong and Franklin) were selected from five (Yerong, 

Franklin, YYXT, TX9425 and Naso Nijo) on the basis of a higher and lower porosity 

(Chapter 2) though adventitious root number per plant and stem also contrasted amongst 

the five genotypes, and used in comparative physiology experiments. The seminal and 

adventitious root ion uptakes by Yerong and Franklin (Chapter 3) showed that root 

porosity is important for K+ uptake by these roots during adversity of waterlogging. The 

increase of O2 around shoot also added to our current knowledge in this field and 

showed that even for roots with porosity O2 limits extension growth; these limitations 

were studied here for the first time in these barley genotypes. If plants could maintain a 

better root O2 supply (e.g. by a higher porosity or more adventitious roots) these could 

be key factors for barley under waterlogged conditions (Chapter 4). In addition, since 

there is no tight barrier to ROL in the adventitious root of these genotypes, that trait 

could also be studied further to determine if other genotypes can restrict this loss of O2 

from the roots. Overall, the results and findings from my thesis have contributed new 

knowledge to this field (especially through the study of the comparative physiology of 

selected genotypes in stagnant conditions; highlighting different criterion such as 

adventitious root numbers and porosity; exploring seminal root porosity; determining 

effects on K+ and Cl- uptake rates) of waterlogging tolerance in barley. 
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Appendices 
 
Appendix	  1.	  Root	  extension	  rate	  (mm	  h-‐1)	  of	  adventitious	  roots	  of	  two	  barley	  (Hordeum	  
vulgare)	   genotypes	   (Franklin	   and	   Yerong)	   in	   stagnant	   treatment	   at	   7-‐9	   days	   after	   the	  
commencement	  of	   treatment	  (plants	  were	  16-‐days-‐old	  at	   the	  time	  of	   treatments).	  Plants	  
were	   in	   deoxygenated	   stagnant	   0.1%	   agar	   nutrient	   solution	   treatment	   in	   4	   L	   pots	   in	   a	  
20/15oC	   phytotron,	   prior	   to	   being	   transferred	   into	   clear	   Perspex	   root	   containers	   with	  
deoxygenated	  0.1%	  agar	  nutrient	  solution	  in	  a	  20oC	  temperature-‐controlled	  room	  on	  the	  
day	  of	  measurements.	  O2	  partial	  pressures	  were	  increased	  around	  shoots	  and	  adventitious	  
root	  extension	  rate	  was	  measured	  using	  a	   travelling	  vernier	  microscope.	  Shoots	  were	   in	  
120	  umol	  m-‐2	  s-‐1	  PAR	  and	  roots	  were	  in	  darkness	  by	  covering	  the	  Perspex	  containers	  with	  
Al-‐foil	  (one	  side-‐opened	  for	  viewing	  at	  the	  time	  of	  the	  2	  h	  measurements).	  The	  lengths	  of	  
the	  roots	  measured	  were:	  Franklin	  7.30	  ±	  0.19	  and	  Yerong	  7.28	  ±	  0.28	  cm.	  Values	  are	  the	  
means	  of	  four	  replicates	  ±	  standard	  errors.	  	  
 
	  
O2	  around	  the	  shoot	  
(kPa)	  

	  
Time	  (h)	  

	  
Franklin	  

	  
Yerong	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Extension	  rate	  of	  adventitious	  roots	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (mm	  h-‐1)	  grown	  in	  stagnant	  solution	  and	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  measured	  in	  stagnant	  solution	  
	  
	  
21	   0-‐2	   0.35	  ±	  0.07	  

	  
0.56	  ±	  0.23	  

	  
21	  

	  
2-‐4	  

	  
0.26	  ±	  0.08	  

	  
0.72	  ±	  0.26	  

	  
21	  

	  
4-‐6	  

	  
0.21	  ±	  0.05	  

	  
0.73	  ±	  0.29	  

	  
21	  

	  
6-‐8	  

	  
0.21	  ±	  0.06	  

	  
0.67	  ±	  0.54	  

	  
21	  

	  
8-‐10	  

	  
0.18	  ±	  0.05	  

	  
0.63	  ±	  0.17	  

	  
21	  

	  
10-‐12	  

	  
0.21	  ±	  0.06	  

	  
0.60	  ±	  0.18	  

	  
LSD0.05	  

	  
	  

	  
n.s.	  

	  

 
P value in ANOVA (Genotype x 
treatment)	  

	  
0.9112	  

	  

	  

 




