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ABSTRACT: Topsi, Famox F1, Corox F1 and Altox F1 radish cultivars were grown in controlled 20 and 
12oC cabinets and they were subjected to 0, 33, 66 and 100% depletion of peat moss available water 
capacity (AWC). The objective of this experiment was to determine the performances of fibrous root 
growths and their water relations of four radish cultivars in response to varying temperatures and irrigation 
levels. The obtained results manifested that 20oC substantially exceeded 12oC in root length by (2.23%), 
root volume (18.1%) and root dry matter (1.7%). Root area negatively related to water availabilities. 
100%AWC gave the highest root surface area (19.634 cm2), total fibrous root (778.41cm), which 
significantly differing from 33%AWC and 66% AWC (591.89 and 624.47cm, respectively), root volume 
(0.99675 cm3), fibrous root diameter (0.400525 mm), root dry (0.045646 g). Regression analysis revealed 
that linear regression dominated the responses of root length, root diameter, root volume, and dry weight 
of root to irrigation level. However, root area dominated by cubic regression type. Cultivar performance 
potencies ordered as the following: Altox F1> Famox F1 and Corox F1> Topsi. Combination responses 
mentioned in the results and discussion section. 
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INTRODUCTION 
 

   It is especially important that plant growth response in the course of adaptation to treatments implies the 

coordination of shoot and root growth aimed at the optimization of resource consumption (Hsiao and Xu, 2000). 

Shoot Root Ratio (SRR) values compared with the first and second measurements revealed that two weeks of low 

temperature exposure had a positive influence on growth of radishes roots (Sirtautas , 2011). It is clear that the 

highest differences between SRR ratios are among radishes after 2weeks of low temperature treatment and radishes 

grown at ordinary (18°C) temperature. This difference indicates that radishes after short term of low temperature 

accelerate their growth (Sirtautas , 2011). Differences between photoperiod showed that short day (8 hours) period 

was the best for fast growth, but under long day (16hours) conditions, radishes accumulated slightly less dry mass 

in roots and in leaves. Increased SRR ratio also shows that in F3 and F4 treatments radishes formed more shoots 

than accumulated as simulative products in roots. In addition to the change in the biomass shoot-to-root ratio, plants 

could also have alternative ways to change resource allocation to gain limiting resources, by changing the 

morphology and chlorophyll concentration in leaves (Aikio and Markkola, 2002). O3 stress and low RZT decrease 
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biomass, but that plant photosynthesis decreased by O3 and warm RZT. This study indicates that RZTs modify plant 

response to O3. Plants grown with 13oC RZT had significantly smaller hypocotyls, shoots, and total biomass than all 

other treatments. However, regardless of O3 presence, plants in the 13oC RZT did not show lower root biomass than 

plants at 18oC. This result most likely occurred because plants in the lower root temperature allocated more biomass 

to the roots. O3 decreases R/S ratio (Mooney and Winner, 1991), root growth (Manning and Feder, 1976), number of 

lateral roots, and, possibly, lateral root emergence in general (Bambridge , 1995). To compensate for O3 induced 

reductions of photosynthesis, plants shift carbon to the shoots (Walmsley , 1980; Ollerenshaw , 1999). Because the 

hypocotyl stores carbon, (Pell , 1990) plants in O3 at 13oC RZT may have used carbon stored in the hypocotyl to 

compensate for losses in productivity induced by O3. This compensation could explain why plants grown in O3 and 

13oC RZT had smaller hypocotyls than those grown in O3 and 18oC RZT. 

 Soil drying will modify all aspects of a plant’s growth, development and functioning and considerable effort has 

been expended in particular in trying to understand how gas exchange and shoot growth are restricted as the soil 

around the root dries. The traditional view, still found in most of the literature, is that restricted water availability will 

limit water uptake by roots and this will inevitably result in the development of water deficit in the leaves. While leaf 

water deficit clearly does influence growth and functioning of leaves. The responses of plants can be very finely tuned 

to soil drying such that a restriction of stomatal conductance can become apparent even when the soil water status 

changes by only a few kPa. There is much evidence that hormonal signaling is important in the regulation of shoot 

responses (Davies and Zhang, 1991), and abscisic acid (ABA), which strongly promotes stomatal closure has been 

high lighted in particular as an important root generated chemical signal sent to leaves via the xylem. 

 A reduction in xylem cytokinin concentration with soil drying has been shown to contribute to stomatal closure 

as a negative root-sourced signal. Modified uptake and transport of inorganic ions by roots in drying soil may also 

exert profound effects on shoot physiology. Deficiencies of nitrate and other nutrients can also contribute to changes 

in stomatal aperture as soil dries. Modified nutrient uptake and transport will be a function of limitations in the supply 

of nutrients to the root surface and changes in the functioning of ion channels and carriers in the root. One clue 

concerning a potential mechanism of action of nutrient deficiency (soil drying-induced or otherwise) on stomatal 

behaviour is the finding that nitrate deficiency can enhance stomatal sensitivity to an ABA signal. It results from the 

effects on the pH of the xylem sap of modified uptake and transport of particular inorganic species. Nitrate 

deficiencies switch nitrate reductase activity from shoots to roots (Lips, 1997). The objective of this study was 

investigate the effects of continuous varying temperatures 21and 20oC (no thermoperiodism) and irrigation levels 0, 

33, 66, and 100%AWC depletion on fibrous roots distributions of four radish cultivars, produced by German seed 

company,  namely Topsi, Famox F1, Corox F1 and Altox F1. 

 
MATERIALS AND METHODS 

 

   This experiment was conducted in controlled growth cabinets at Institute Fur Gartenbauliche Produckions 

Systeme, Biologie, Liebniz Universitat, Hannover, Germany. The objective of this trail was to evaluate the responses 

of four radish (Raphanus sativus L. var. sativus) cultivars namely Topsi, Famox F1, Corox F1 and Altox F1 to two 

varying (12 and 20oC) temperatures and four varying water availabilities (0, 33, 66 and 100% depletion from the 

available water capacity AWC).  

 Untreated seeds of the evaluated cultivars produced by Verschliessung Seed producing Company, in 2013-

2014, EG-Norm Standardsaatgnt DE 08-9387st. These cultivars can perform storage root of 2.5-2.75 mm diameter. 

Lots number of Topsi RA0002CTP (T) was 01972-007, Famox F1 RA4798CTP (F) was 00013-001, Corox F1 was 

07110-000 (C) and Altox F1 (A) was 00212-007. 
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Experimental Design 
 Split Split plot with in Factorial Complete Randomized Block Design (S S F-CRBD) chosen for the trail where 
Factor (A) was represented by cabinet temperature of 200C (a1) and cabinet temperature 12 oC (a2). Factor (B) was 
represented by four water availabilities, sustain peat moss moisture at and below field capacity 0 AWC% depletion 
(b1), 33% AWC depletion (b2), 66% AWC depletion (b3) and wilting point, 100% AWC depletion (b4). Factor (C) was 
represented by four radish cultivars namely Topsi (c1), Famox F1 (c2), Corox F1 (c3) and Altox F1 (c4). Therefore, 
32 treatments were included in a trail each replicated four times with 18 plants for a replicate.  
 
Cultural practices 
 Experiment conducted in two individual cabinets radish cultivars, the first cabinet (figure, M1) subjected to 
controlled temperature 120C, while the second (figure, M2) radish cultivars were exposed to controlled temperature 
20oC. Therefore, 176 plastic trays dedicated to 128 trays for investigation, besides 48 guard trays, each tray 
contains18 cells of 5.475g dry peat moss. Trays filled with peat moss and taken to the controlled cabinets (Figures, 
M1, and M2) then trays were set according to the above-proposed statistical design. 
 Trays were brought up to field capacity on December 9th, 2013, and then one seed was sown in each cell. 15 
days from sowing undesired plants replaced by transplants from guard trays to maintain uniformity and then these 
transplants substituted by seedling grown in separate plastic plates. Immediately, after transplanting plants were 
brought to field capacity and irrigation schedule was commenced according to AWC% depletion adopting weighing 
methods with 2 decimal electrical balances. A compound fertilizer type 2 Mega special composed of Macro nutrients 
NPK (Mg), 16-6-26(3,4) applied. It contained  Magnesium and possesses micro nutrients precisely 0.02% B, 0.04% 
water soluble CU, 0.04% EDTA Cu, 0.1% water soluble Fe, 0.1% EDTA and EDHHA Fe, 0.05% water soluble Mn, 
0.05% EDTA Mn, 0.01% water soluble Mo and 0.01% water soluble Zn, 0.01% EDTA Zn, EDTA with pH 3, 11 and 
EDHHA with pH 1 and 10. Plants were fertilized four times on 11, 20, 28 and 32 days after sowing by dissolving 5g.l-
1 in irrigation water. Roots was extracted from growing substrate by rising them with tap water in varying sieve sizes. 
Roots merged in scanning device container filled with deionized water after cutting roots in to pieces then scatted 
them equally. Root area (cm2), root total length (cm), root diameter (mm), and root volume (cm3) measured by Epsion 
Perfection 4990 Photo and Software was Win RHIZO, 2700a from Regent Instruments Inc. Thereafter, roots collected 
from device tray, oven-dried at 55oC for 12 hrs weighed with 4 decimal balance to record their dry weight.   
 

 

 

 
 

RESULTS AND DISCUSSION 
 

A. Radish response to varying temperatures 

 The obtained results (table, R1) revealed that insignificant slight differences detected in root area between 12oC 

and 20oC radish grown cabinets. These results suggested that these two temperatures were in the range of root 

growth in term of the total contact between the roots and the growing medium, if which otherwise  root cell expansions 

would be decreased and resulted in reduced root area owing to the lag of ion absorption and assimilate 

translocations. Low root temperatures slow nutrient uptake in tomato (Tindall , 1990), corn (Engels , 1992), and 

soybean (Legros and Smith, 1994). Low root temperatures also slow rates of micronutrient (Mn and Zn) translocation 

from roots to shoots in corn (Engels and Marschner, 1996). 20oC substantially exceeded 12oC in root length by 

2.23%. These results suggested that exposing radish to continuous 20oC no thermoperiodism is better than 12oC. It 

was found that O3 and low root zone temperature (RZT) decrease biomass, but that plant photosynthesis decreased 

by O3 and warm RZT. This study indicates that RZTs modify plant response to O3. Plants grown with 13oC RZT had 
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significantly smaller hypocotyls, shoots, and total biomass than all other treatments. However, regardless of O3 

presence, plants in the 13oC RZT did not show lower root biomass than plants at 18oC. This result most likely occurred 

because plants in the lower root temperature allocated more biomass to the roots. Insignificant differences detected 

between 12 and 20oC in term of root diameter. Radish grown at 20oC cabinet substantially bypassed that of 12oC in 

root volume (18.1%). These results suggested that roots of 20oC underwent higher growth rate, which resulted in 

bigger cells, as compared to 12oC of low cell growth rate that give more compacted cells of well-established stature.  

 At temperatures lower than the optimum growth is slow due to a decline in metabolic reactions (Sutcliffe, 1977). 

The exact manner/mode by which temperature affects growth is not always clear, as both photosynthesis and 

respiration affected by temperature (Van Iersel and Seymour, 2003). Since photosynthesis is slow at low 

temperatures plant growth is also slow, and can ultimately result in lower yields. At temperatures below optimum, 

both photosynthesis and respiration decrease, thus photosynthesis decreases the most. The rate of protein synthesis 

in the development of new cells is also slow. Few carbohydrates are available for growth and development of the 

crop and hence, yield is reduced markedly (Morison and Lawlor, 1999). Dry matter accumulation was high in taproots 

of radish grown at 20oC than 12oC by (1.7%). Temperature is one of the most vital climatic factors affecting carrot 

yields. However, Gonzalez  (2009) storage root dry matter are not in agreement with this study, they stated that 

carrots planted under 12ºC had larger and wider taproots and a higher dry matter content (20%) than those grown 

at 25ºC. Since, we not included radish storage roots. Rosenfeld  (1998a) and Rosenfeld  (1998b) grew carrots at 

constant temperatures of 9, 12, 15, 18 and 21°C and obtained the 9 highest root dry mass at 12 and 15°C. Benjamin 

, (1997) also found a decrease in root dry mass of 47% at temperatures between 15 and 25°C. Hole (1996) suggested 

that the carrot storage root favours lower temperatures than the leaves. It is clear that the optimum temperature for 

yield is between 12-15°C. 

Table R1. Fibrous roots parameters of radish grown in controlled cabinet under varying temperatures (*), (**) 
 

Treatment R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

20 oC A19.391248 A 733.42 A 0.373281 A 0.81196 A 0.039873 
12 oC A19.2899 B 600.01 A 0.377235 B 0.68748 B 0.033823 

 
(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol Cm3 

= fibrous root volume, Root dwt g =Fibrous root dry weight 
(**). Figures of unshared characters significantly differ at 0.05 level, Duncan 

 

B. Radish responses to varying irrigation levels 
 Root area negatively related to water availabilities (table, R2). Therefore, the highest root surface area confined 
to 100%AWC depletion (19.634 cm2), where the lowest observed with 0%AWC depletion (18.8416 cm2). Regression 
analysis revealed that fibrous root surface response to varying irrigation levels, dominated by cubic equation (figure, 
R1). Its estimation can be achieved by the following equation: fibrous root surface (cm2) = 19.63 + 0.02358 (%AWC) 
– 0.00173 (%AWC)2 + 0.000008 (%AWC)3. It can be inferred that fibrous root grow more efficiently under water 
stress than under adequate available water in order to create more connection area with growing medium for 
increasing absorbed water. Increased root surface area occurred on the account of leaf growths, where assimilate 
partitioning between leaves and roots shifts for the favour of roots to sustain more root generation searching for water 
in larger medium volume. Inadequate soil moisture results in long and thin roots, while excessive soil moisture in 
short, thick and pale coloured roots (Joubert , 1994; Fritz , 1998; Rubatzky , 1999; Anonymous, 2008). Furthermore, 
low soil moisture will force the plants to invest in root extension growth rather than storage root development resulting 
in a reduction in root yield (Lada and Stiles, 2004). According to Fritz  (1998), moisture stress reported to cause 
woody and poorly flavoured roots. 
 The lengthiest total fibrous root observed in 100%AWC (778.41cm), which significantly differing from 33%AWC 
and 66% AWC (591.89 and 624.47cm, respectively). However, insubstantial differences detected with 0%AWC. 
Severe drought condition tended to lengthen roots in order to occupy more medium and then more water extractions 
(table, R2). Root length found to overwhelmed by linear regression and the following equation is the most accurate 
for its forecasting: Total fibrous root lengths (cm) = 613.7 + 1.066 (AWC%). There is varying agreement over the 
effect of irrigation frequency on crop water use. Goldberg  (1971) indicated that the high irrigation frequency could 
reduce evaporation and deep percolation, and establish a favorable soil moisture and oxygen condition in the root 
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zone throughout the crop period. Smasjtrla  (1985) pointed out that to minimize deep percolation and to maintain 
nearly constant high soil water potential, high frequency (multiple applications per day) irrigations should be 
recommended. The highest water availabilities accompanied with the lowest root diameter and vice versa (figure, 
R3). Subsequently, the highest fibrous root diameter (0.400525 mm) observed in 100%AWC and the lowest and the 
lowest found in 0%AWC (0.339633 mm). Regression analysis revealed that root diameter dominated by linear 
equation and can be estimated by the following equation: Root diameter (mm) = 0.3451 + 0.000605 (AWC%).  Root 
volume gradually increased with the increasing water depletion where the highest root volume (0.99675 cm3) 
observed with 100%AWC depletion and the lowest (0.58121 cm3) in 0%AWC depletion. Regression analysis 
revealed that root volume (figure, R4) can be estimated by the following linear equation: Fibrous root volume (cm3) 
= 0.5446 + 0.004124 (% AWC). Resemble result obtained with root dry weight where thw highest root dry weight 
observed in 100%AWC depletion (0.045646 g) and the lowest with 0%AWC (0.030608 g). Dry matter accumulation 
in fibrous root of radish (figure, R5) overwhelmed by the following linear equation: Fibrous root dry weight (g) = 0.0293 
0.000152 (% AWC). All investigated traits confirm the superiority of root growth under drought than that of adequately 
irrigated. These results can be attributed to the alteration in the assimilate partitioning between leaves and roots to 
the favour of roots. A phenomenon can be referred to the drought resistance as an attepts to occupy more growing 
medium volume. Changes of dry masses of radish roots for the five irrigation treatments exhibited double sigmoid. 
Before radish LAI values were close to the maximum values, the dry masses of radish roots for all treatments 
accumulated slowly, and then began to increase rapidly. About half a month later, the dry masses accumulated slowly 
again. The slowly growing stage lasted about 10 days, and then the dry masses increased dramatically again before 
harvest (Kang and Wan, 2005).  
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Table R2. Fibrous roots parameters of radish grown in controlled cabinet under varying irrigation (*), (**) 
 

Irrigation R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

0% awc B18.8416 B A 672.09 C 0.339633 C 0.58121 B 0.030608 
33% awc AB 19.3526 B 591.89 B 0.370825 CB 0.64833 B 0.032908 
66% awc AB19.534 B 624.47 A 0.390050 B 0.77258 B 0.038229 
100% awc A19.634 A 778.41 A 0.400525 A 0.99675 A 0.045646 

 
(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 

Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 
(**). Figures of unshared characters significantly differ at 0.05 level, Duncan. 

 

C. Cultivar responses  
 The highest root surface area concomitant to Altox F1 (19.95cm2), which insignificantly differing from Famox F1 
and Corox F1 (table, R3). Therefore, the lowest was Topsi (18.83cm2). These results revealed that the most cultivar 
to temperatures and water stress is Altox F1 then Corox F1 followed by Famox F1 and the worst is Topsi. Higher 
root surface furnishes more adhesion of roots to medium and thus facilitate more water and ion extractions. Nutrient 
uptake is strongly dependent on the nutrient concentration at the root surface, which can often be described by 
Michaelis-Menten kinetics (Le Bot , 1994; Nye and Tinker, 1977). However, the kinetic parameters seem to vary with 
many factors (Clarkson, 1985). De Willigen and Van Noordwijk (1987) showed that in the short term, uptake rates 
may depend on the nutrient concentration, but in the long term, they vary little with external concentration. Boone 
and Veen (1994) concluded that with ample supply the actual uptake rate of the major nutrients limited by the growth 
rate of the crop. The highest root diameter confined to Famox F1 0.390417mm), which insubstantially differing from 
Altox F1. The worst cultivars were Topsi (0.363271mm) and Corox F1 (0.369283mm). Resemble results observed in 
root volume where the highest was Famox F1 (0.90121cm3), which insignificantly differing from Altox F1, whereas 
the lowest was Topsi (0.63071cm3) and Corox F1 (0.716363cm3). Larger root volume explain the growth rate of roots 
and their cell building sizes. The highest root dry weight observed in Famox F1 (0.041879g), which insignificantly 
differing from Altox F1 and Corox F1. The worst was Topsi (0.030925g). The highest root dry weight explain the 
capacity of cultivar in photosynthesis and shifting assimilate from leaves to roots. Lada and Stiles (2004) found that 
young carrot seedlings are very vulnerable to physiological damage if their moisture requirements not met. Long 
intervals between irrigation can cause the development of thinner roots (Nortje and Henrico, 1986). Frequent 
irrigation also discourage good root colour formation (Nunez , 1997).     
 

Table R3. Fibrous roots parameters of four radish cultivars grown in controlled cabinet (*), (**) 
 

Cultivars R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

Topsi B18.83 A 605.23 B 0.363271 B 0.63071 B 0.030925 
Famox F1 BA19.2669 A 730.86 A 0.390417 A 0.90121 A 0.041879 
Corox F1 BA19.3145 A 665.04 B 0.369283 B 0.71363 B A 0.036567 
Altox F1 A19.9508 A 665.73 B A 0.378063 B A 0.75333 B A 0.038021 

 

(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 
Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 

(**). Figures of unshared characters significantly differ at 0.05 level, Duncan 
 

D. Radish responses to varying temperatures and irrigation levels 
 The highest root surface area (20.4549cm2) detected in radish irrigated at field capacity and grown in 20oC 
cabinet (table R4), which insubstantially differing from radish grown in 12oC, irrigated with33%AWC and 100%AWC 
depletions (19.8699 and 19.6572cm2, respectively). These results suggested that temperatures had no 
distinguishable influences on root surface area and low temperature enable radish to combat high temperatures high 
cell growth rate. Stresses impact are the same on cell growth and assimilate synthesis for instance similarities 
between the effects of low night temperatures (5°C–10°C) and slowly imposed water stress on photosynthesis in 
grapevine (Vitis vinifera L.) leaves. Exposure of plants growing outdoors to successive chilling nights caused light- 
and CO2 saturated photosynthetic O2 evolution to decline to zero within 5d. Plants recovered after four warm nights. 
These photosynthetic responses confirmed in potted plants, even when roots heated. The inhibitory effects of chilling 
were greater after a period of illumination, probably because transpiration induced higher water deficit (Flexas , 
1999). 
 The highest root length (868.31cm), confined to adequately irrigated radish grown in 20oC cabinet, which 
insignificantly differing from wilt radish grown in 12oC cabinet (table, R4). However, the lowest root length (475.87cm) 
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observed in adequately irrigated radish grown in 12oC cabinet. These results suggested that reduction in water 
availabilities tended to increase root length, root length increases was restricted by reduced temperature, owing to 
reductions in cell growth rates. Low temperature inhibition to growth rate might be attributed to low mineral absorption. 
Low root temperatures slow nutrient uptake in tomato (Tindal , 1990), corn (Engels , 1992), and soybean (Legros 
and Smith, 1994). Low root temperatures also slow rates of micronutrient (Mn and Zn) translocation from roots to 
shoots in corn (Engels and Marschner, 1996). These result can be attributed to assimilate partitioning between shoot 
and root. O3 decreases root growth relative to shoot growth in radish (Tingey , 1971; Cooley and Manning, 1987; 
Mooney and Winner, 1988), but low root temperatures cause a biomass shift to the roots (Gladish and Rost, 1993). 
 The highest root diameter found in wilt radish and 66%AWC depletion radish grown in 20oC cabinet (0.42309 
and 0.4116mm, respectively). The lowest, however, observed in 20oCgrown radish adequately irrigated (table, R4). 
These results explain the death of fibrous roots at the top of taproots of shallow depth rendering the thickest roots, 
which resulted in higher diameter means. Excessive or deficient soil moisture can affect the quality of the roots 
(Anonymous, 2008).    
 The highest fibrous root volume (1.053cm3) revealed with 100%AWC depletion radish grown in 20oC cabinet 
(table R4), which insubstantially differing 66%AWC depletion grown in 20oC and 100%AWC depletion grown in 12oC. 
The lowest root volume detected in 33%AWC depletion radish grown in 12oC cabinet (0.5261cm3), which 
insubstantially varying from 20oC grown radish irrigated with 0 and 66%AWC depletions, and with radish grown in 
12oC cabinet irrigated with 0 and66%AWC depletions. These results exhibited that water stress overwhelmed the 
pattern of root size rather than temperatures. In other word, extensive root growth occurred under water stress 
conditions, as compared to adequately irrigated radish, because of assimilate shift to the favour of fibrous root 
developments. This phenomenon seems well adopted as self-defense system under all kind of stresses. When 
combined, plants grown with low root temperature and O3 expected to show slightly higher R/S ratios than plants 
grown with warm root temperatures and O3 Plants grown at 18oC RZT showed a trend towards lower R/S ratios, but 
plants at 13oC RZT showed R/S ratios similar to plants grown without O3. These results indicate the expected that 
O3 caused biomass shift to the shoots away from the roots, and that this shift mediated by a root biomass demand 
at low root temperatures. This biomass tradeoff for plants grown with O3 and low root temperatures has important 
consequences on sink source relations, leading to decreased overall biomass. At higher root temperatures, there is 
less sink demand to the roots, so source demands from the leaves are low and biomass remains constant. Because 
low root temperatures decrease root metabolic rates, sink demand is great for roots to increase growth and 
compensate for decreased metabolism. Demand at the source (leaves) also becomes high in order to provide carbon 
for the roots. In the presence of low root temperatures and O3 there is both greater sink demand and lower source 
activity, respectively, and this combination leads to lower biomass than all other combinations of O3 and root 
temperatures presumably because of low shoot and thus leaf production ( Kallenbach , 1996). 
 The highest fibrous root dry weight (0.048233g) observed in radish grown in 20oC cabinet irrigated with 
100%AWC depletion, which insignificantly varied with radish irrigated with 33%AWC depletion and grown in 20oC 
cabinet and radish irrigated by 100% AWC depletion grown in 12oC cabinet (table, R4). The lowest root dry matter 
(0.02915g) confined to radish irrigated with 33%AWC depletion grown in 12oC cabinet, which insignificantly varied 
with radish irrigated with 0, 66%AWC grown in 12oC cabinet and adequately irrigated radish grown in 20oC cabinet. 
These results suggested that water stress is the most effective factor since, water evaporation is more vulnerable at 
20oC than 12oC, which reduced the duration required to attain wilting point. Lower root temperatures have been 
shown to decrease root carbohydrate accumulation in Triticum aestivum L. (Equiza , 1997). Plants grown with the 
low root temperature may have compensated for decreased root carbohydrate accumulation by allocating more 
biomass to the roots. Low root temperatures have been shown to increase root biomass in pea (Pisum sativum L., 
cv. Alaska), where root growth rate was negatively correlated with increasing RZTs for roots 101-10 mm length 
(Gladish and Rost, 1993). Because cool RZTs stimulate root biomass allocation, root biomass was not decreased in 
the lower RZT treatments in either O3 or charcoal filtered air treatments. 
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Table R4. Fibrous roots parameters of radish grown in controlled cabinet under varying temperatures and irrigation levels 
(*),(**) 

 
Temp: Irrig R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

20/Fc A20.4549 A868.31 D0.28806 DC0.5748 C0.030383 
20/33% B19.1981 BA698.91 C0.37038 BDC0.7706 BAC0.036667 
20/66% B18.8639 BC627.64 BA0.4116 BAC0.8495 BA0.044208 
20/wilt B19.0479 BA738.81 A0.42309 A1.053 A0.048233 
12/0% B18.8131 C475.87 BC0.39121 DC0.5877 C0.030833 
12/33% BA19.8699 C484.86 C0.37128 D0.5261 C0.02915 
12/66% B18.8194 BC621.3 C0.3685 BDC0.6957 BC0.03225 
12 wilt BA19.6572 A818.01 C0.37796 BA0.9405 BA0.043058 

 
(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 

Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 
(**). Figures of unshared characters significantly differ at 0.05 level, Duncan. 

 

E. Cultivar responses to temperatures 
 The highest root surface area (20.1047cm2) observed in Altox F1 grown in 12oC cabinet (table, R5), which 
insignificantly differing from all other cultivar-temperature combination treatments except the worst Topsi grown at 
12oC (18.4005cm2). These results suggested that the Altox F1, Famox F1 and Corox F1 preferred 12oC, whereas, 
Topsi preferred 20oC. However, Altox F1 was the most potent cultivar. Δ percentages between applied temperatures 
(figure, R6) manifested that only Topsi preferred 20oC, while others favoured 12oC. It seems that continuous 12oC 
temperature is preferred for radish, but thermoperiodism give, as alteration between day and night temperatures may 
give varying results, since day temperature action antagonized by night temperature action. The significance of root 
surface area occurred in absorption of mineral and water are obvious. Zhang  (2009) examined the microscopic and 
ultra-structural characteristics of mesophyll cells in flag leaves of both HT sensitive and tolerant rice genotypes grown 
under heat stress (37/30°C) and reported that the membrane permeability increased in both sensitive and tolerant 
plants under HT stress. However, under the HT stress, the tolerant plants showed tightly arranged mesophyll cells 
in flag leaves, fully developed vascular bundles and some closed stomata, whereas the sensitive plants suffered 
from injury because of the poor structures of these organs (Zhang , 2009). Recently, Johkan  (2011) observed that 
the number of tillers in wheat plants decreased in response to HT, especially high night-time temperatures, however 
shoot elongation was promoted. Low root temperatures slow nutrient uptake in tomato (Tindall , 1990), corn (Engels 
, 1992), and soybean (Legros and Smith, 1994). Low root temperatures also slow rates of micronutrient (Mn and Zn) 
translocation from roots to shoots in corn (Engels and Marschner, 1996). 
 The highest fibrous root length (807.99cm) confined to Famox F1 grown in 20oC cabinet (table, R5), which 
insignificant differing from all other combination between cultivar and temperature except the lowest treatment of 
Topsi and Corox grown at 12oC (526.37 and 0.35066cm, respectively). Differences percentages between 20 and 
12oC (figure, R7) revealed that root length better performed at 20oC than 12oC in all cultivars, however, Altox F1 
showed the lowest difference percent. The highest root diameter (0.34302mm) observed in Famox F1 grown at12oC, 
which insubstantially differing from all cultivar and temperature interaction treatment except with the lowest root 
diameter as Topsi grown at 12oC (0.3566mm) and Altox F1 grown at 12oC (table, R5). Δ temperatures percentage 
(figure, R8) manifested that the root diameter well performed at 20oC particularly Famox F1 and Altox F1. These 
results explain the higher cell growth rate at 20oC. The highest root volume (0.9987cm3) found in Altox F1 grown in 
20oC cabinet (table, R5), which insignificantly varied with Corox F1 and Altox F1. However, the lowest root volume 
(0.6112cm3) detected in Topsi grown at 12oC. Δ percentage (figure, R9) revealed that 12oC was more suitable for 
Topsi and Corox. In contrast, Altox performed better at 20oC. Root dry matter of Famox F1 was the highest 
(0.044967g), which insubstantially varying with Altox grown at 20oC, Famox F1 and Corox grown at 12oC. In contrast, 
the lowest fibrous root dry weight (0.0294g) confined to Topsi grown at 12oC, which insignificantly differed from Topsi 
grown at 20oC and Altox F1 grown 12oC. Δ percentages between applied temperatures exhibited that Altox F1 was 
the only cultivar preferred 20oC (figure, R10). Low temperature (4ºC) influenced the development of radishes by 
increasing biomass accumulation in storage organs further (roots) and accelerating plant growth (relative growth 
rate, net assimilation rate). Increased shoot: root ratio and specific leaf area showed that under ordinary temperature 
conditions (18/14ºC) radish grew more leaves but accumulated less assimilate products in roots (Sirtautas , 2011).  
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Table R5. Fibrous roots parameters of four radish cultivars grown in controlled cabinet under varying temperatures (*), (**) 

 

Temp: Cvs R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

20 T BA19.2595 BAC684.08 C0.35066 B0.6503 B0.03245 
20 F BA19.1558 A807.99 BA0.38782 A0.9987 A0.044967 
20 C BA19.3526 BA740.66 BC0.36048 BA0.7569 BA0.03775 
20 A A19.7969 BAC700.94 A0.39417 BA0.842 A0.044325 
12 T B18.4005 C526.37 BAC0.37588 B0.6112 B0.0294 
12 F BA19.378 BAC653.74 A0.39302 BA0.8038 BA0.038792 
12 C BA19.2764 BC589.43 BAC0.37808 B0.6703 BA0.035383 
12 A A20.1047 BAC630.51 BC0.36196 B0.6647 B0.031717 

 
(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 

Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 
(**). Figures of unshared characters significantly differ at 0.05 level, Duncan. 

 

F. Cultivar responses to irrigation levels 
 The highest root area (21.1743cm2) confined to adequately irrigated Altox F1, which insubstantially varied from 
Famox F1 and Corox F1 irrigated by 33%AWC depletion (table, R6). In contrast, the lowest root surface area 
(17.486cm2) observed in Topsi irrigated by 66%AWC depletion, which insignificantly differing from Corox irrigated by 
66%AWC depletion and Topsi irrigated with 33% AWC depletion. Δ percentage between adequately irrigated and 
wilted (figure, 11) revealed that Topsi and Famox F1 preferred wilting for production fibrous root areas. However, 
Corox F1 and Altox F1favoured field capacity. These results suggested that adequately irrigation produced more root 
area than drought owing to the death of most shallowly distributed roots and plants resume to generate new roots 
penetrate deeper searching for water. The highest root surface is usually confined with higher nutrient and water 
extraction. Nutrient uptake is strongly dependent on the nutrient concentration at the root surface, which can often 
be described by Michaelis-Menten kinetics (Le Bot , 1994; Nye and Tinker, 1977). However, the kinetic parameters 
seem to vary with many factors (Clarkson, 1985). De Willigen and Van Noordwijk (1987) showed that in the short 
term, uptake rates may depend on the nutrient concentration, but in the long term they vary little with external 
concentration. Boone and Veen (1994) concluded that with ample supply the actual uptake rate of the major nutrients 
is limited by the growth rate of the crop.  
 The highest root length (1008.6 cm) found in Altox F1 irrigated by 100%AWC depletion, which insignificantly 
varied from Topsi irrigated by 10%AWC depletion, Corox F1 irrigated with33%AWC depletion and Famox F1 irrigated 
by 66%AWC depletion (table, R6). However, the lowest root length (3.85cm), which in substantially varied from 
Famox F1 irrigated with 33%AWC depletion, Corox F1 irrigated by 100%AWC depletion, Altox F1 irrigated by 
66%AWC depletion and Topsi irrigated with 0, 33, 66% AWC% depletion. Δ percentage between adequately irrigate 
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and wilted (figure, R12) exhibited that Corox F1 preferred root growth under well irrigation. However, other cultivars 
gave the longest root under wilting conditions. Inadequate soil moisture results in long and thin roots, while excessive 
soil moisture in short, thick and pale coloured roots (Joubert , 1994; Fritz , 1998; Rubatzky , 1999; Anonymous, 
2008).  
 The highest root diameter (0.41188mm) observed in Famox F1 irrigated with 100%AWC depletion (table, R6), 
which insignificantly differing Famox F1 irrigated by 66%AWC, Famox F1 irrigated 33%AWC, Corox irrigated by 
33%AWC, and Topsi, Corox F1 and Altox F1 irrigated by 100%AWC. In contrast, the lowest root diameter (0.452mm) 
confined to adequately irrigated Altox F1, which insignificantly varied from Corox irrigated by 66%AWC, adequately 
irrigated Topsi, Famox F1 and Corox F1. Δ percentage differences between adequately and 100%AWC irrigated 
cultivars (figure, R13) revealed that wilting tended to increase root diameter, as compared to adequately irrigated 
roots. These results explain the death of lateral roots under drought leaving hard wide tap root diameter which was 
the main input of root diameter. Osmotic stress or drought stress inhibition of lateral root growth was also documented 
(van der Weele , 2000). 
 The highest root volume (1.2785cm3) observed in Altox F1 irrigated by 100%AWC (table, 6), which insubstantially 
differed from Topsi irrigated by 100%, Famox F1, Famox F1  irrigated with 66%, and Corox F1 irrigated with 
33%AWC. However, the lowest (0.4542cm3) confined to adequately irrigated Topsi, which insignificantly varied from 
adequately irrigated Famox F1, Corox F1, Altox F1, ^6%AWC irrigated Topsi and Altox, and 33%AWC irrigated Altox 
F1. Δ differences percentages between adequately irrigated and wilted radish (figure, R14) revealed that the 
performance of root volume was better under drought than adequate irrigation. The highest root dry weight 
(0.058467g) detected in Altox F1 irrigated with 66%AWC (table, 6), which insignificantly varied from Altox F1 irrigated 
by 66%AWC, Corox F1irrigated by 33%AWC, wilted Topsi, Altox F1 and Famox F1. While, the lowest fibrous root 
dry weight (0.02163g), which insignificantly varying from Topsi irrigated by 66%AWC, Altox F1 irrigated by 33%AWC 
and Famox F1 irrigated by 33%AWC depletion. Δ differences percentage between field capacity and wilting 
manifested that root dry weights better performed under drought conditions than well irrigation, in all cultivars except 
Corox F1 (figure R15). Mutagenized Arabidopsis seeds (ecotype Col-0) with ethyl methanesulfonate and screened 
the M2 seedlings for mutants defective in the process. In the screen, 5-d-old M2 seedlings grown on regular MS agar 
medium individually transferred to new plates that supplemented with either 0.1 or 1.0 μM ABA. Seedlings were then 
scored for their root development, growth response, and leaf coloration starting 5 d after the transfer. Inhibition of 
lateral root growth was obvious when seedlings were grown on ABA plates for 7 to 10 d. Relative to the majority of 
the seedlings, those with either significantly more lateral roots on 1.0 μM ABA plates or fewer lateral roots on 0.1 μM 
ABA plates were noted and transferred to soil for seed setting ( Xiong , 2006). 
 

Table R6. Fibrous roots parameters of four radish cultivars grown in controlled cabinet under varying irrigation levels (*), (**) 
 

Irrig:Cvs R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

0%T BC19.5324 DEC567.7 E0.32963 D0.4542 F0.021633 
0%F CD18.2419 BDC699.3 DE0.34478 DC0.61 EDFC0.03135 
0%C BC19.5874 BDC748.5 DEC0.35352 BDC0.6993 EBDFC0.037683 
0%A A21.1743 BDC672.7 E0.3306 D0.5613 EDFC0.031767 
33% T B-D18.6692 DEC573.4 DE0.3476 D0.5248 EF0.0254 
33% F AB20.2856 DEC592 BDAC0.38717 BDC0.721 EBDFC0.035317 
33% C A-C19.7779 BAC817.2 BDAC0.38048 BAC0.9488 BA0.050033 
33 % A BC19.4034 E385 BDEC0.36805 D0.3987 F0.020883 
66% T D17.4865 DE514.5 DEC0.36672 D0.5588 EDF0.028417 
66% F BC19.4669 BA897.9 A0.41783 A1.2587 A0.058467 
66% C B-D18.8131 DE488.9 DEC0.35798 D0.498 F0.022833 
66% A BC19.6001 DEC596.6 A0.41767 BDC0.7748 BDAC0.0432 
100%T BC19.6319 BDAC765.3 BA0.40913 BAC0.985 BAC0.04825 
100%F BC19.0733 BDC734.2 A0.41188 BA1.0152 EBDAC0.042383 
100%C BC19.0797 DEC605.5 BDAC0.38515 BDC0.7083 EBDFC0.035717 
100%A BC19.6255 A1008.6 BAC0.39593 A1.2785 A0.056233 

 
(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 

Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 
(**). Figures of unshared characters significantly differ at 0.05 level, Duncan. 
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G. Cultivar responses to varying temperatures and irrigation levels 
 The highest root surface area (22.139cm2) confined to adequately irrigated Altox F1 grown in 20oC cabinet, 
which insignificantly differing from adequately irrigated Famox F1, Corox F1 and Topsi grown in 20oC cabinet (table, 
R7). However, the lowest root surface area (16.0457cm2) observed in Topsi irrigated by 66%AWC grown in 12oC 
cabinet, which insubstantially varied from adequately irrigated Famox F1 grown in 12oC cabinet. These results 
suggested that root surface area performed better in radish when grown in combination of 20oC than 12oC and 
adequate irrigation, particularly Altox. Subsequently, Cultivar responses categorized as following: Altox F1> Corox 
F1> Famox F1> Topsi. Cultivar responses to stresses achieved by urging their acquired systematic resistance 
through their genome expression, which is highly dependent upon conservation of gene diversity in any given cultivar 
through the technique by which the seeds produced. Different types of group 2 LEA proteins can localize to common 
tissues for instance root tips, root vascular system, stems, leaves, and flowers during development under optimal 
growth conditions, while other proteins of this group seem to accumulate in specific cell types e.g. root meristematic 
cells, plasmodesmata, pollen sacs, or guard cells (Karlson , 2003a). Most of these proteins accumulate in all tissues 
upon water deficit imposed by drought, low temperature, or salinity; although there are those that preferentially 
respond to particular stress conditions: some dehydrins strongly accumulated in response to low-temperature 
treatments but not to drought or salinity (Rorat , 2006).   
 The highest root length (1073.8cm) detected in Altox F1 irrigated with 100%AWC grown in 20oC cabinet. In 
contrast, the lowest total root length (276.2cm) found in Topsi irrigated by 66%AWC depletion grown in 12oC cabinet, 
which insignificantly varied from Altox F1 irrigated with 33%AWC depletion grown in 12oC cabinet (table, R7). These 
results suggested that triple combination dominated by cell growth rate of roots. On agar medium without ABA, the 
dig3 mutant roots grow like wild type roots, albeit the length of their primary roots is about 28% shorter than that of 
the wild type. On plates with 0.5 or 1.0 μM ABA, although primary root elongation not affected much, elongation of 
lateral roots of wild type seedlings inhibited by 44% and 65%, respectively. In contrast, the lateral roots growth of the 
dig3 seedlings essentially not affected by ABA treatment. These data indicate that the dig3 mutant is insensitive to 
ABA inhibition of lateral root growth. Thus, the wild type DIG3 gene is required for plants to respond to ABA in 
inhibiting lateral root growth (Xiong , 2006). 
 The highest root diameter (0.4725mm) found Altox F1 irrigated with 100%AWC depletion grown in 20oC cabinet. 
The lowest root diameter observed in adequately irrigated Famox F1 grown in 20oC cabinet. These results revealed 
the death of top lateral roots owing to sever drought, which force the plants to substitute them by new thin lateral 
roots to search for water in deeper zone (table, R7). The highest root volume (1.5203cm3) confined to Altox irrigated 
by 100%AWC depletion grown in 20oC cabinet. Owing to high cell growth rate, which imposed by high temperature. 
However, the lowest root volume (0.2677cm3) detected in Topsi irrigated by 66%AWC depletion grown in 12oC 
cabinet. It seems that temperatures dominated the cultivar responses rather than watering. Warm root temperatures 
and O3 may act together to decrease Rubisco generation more than either stress independently. This may explain 
why, in the presence of O3, plants at 18oC showed decreased photosynthetic rates, whereas plants at 13oC showed 
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no such decreases. Plants increase levels and activities of antioxidant enzymes and metabolites, so that oxy-free 
radicals removed and damage is minimized (Srivastava, 1999). 
 The highest fibrous root dry weight (0.07147g) observed in Altox F1 irrigated by 100% AWC depletion grown in 
20oC (table R7) cabinet. However, the lowest dry weight of fibrous root (0.01273g) detected in Altox F1 irrigated by 
33% AWC depletion grown in 12oC, which insignificantly differing from Topsi irrigated with 66%AWC grown in 12oC 
cabinet. Root ABA levels were lower than leaf ABA levels, with the exception of ABA treated plants with a bulk ABA 
level just over 8200 ng/g fresh weight (Cohen , 1991). They manifested that the ABA levels in the roots of NaCl, cold, 
and heat stressed plants were below the level measured in the roots of non-stressed plants. Whereas, The roots of 
PEG treated plants had an ABA level just slightly above the level measured in roots of non-stressed plants, whereas 
the roots of drought stressed plants had a level of ABA that was 3.4-fold higher than the level measured in roots of 
non-stressed plants. 
 

Table R7. Fibrous roots parameters of four radish cultivars grown in controlled cabinet under varying temperatures and 
irrigation levels (*), (**) 

 
T:Irrig:Cvs R Area cm2 Total RL Cm R dia mm R vol Cm3 Root dwt g 

20 0% T AB20.531 A-g768.2 H0.2797 E-G0.4717 G-J0.02283 
20 0% F BC18.7369 A-D898.6 H0.27863 E-G0.55 E-J0.02787 
20 0% C AB20.4126 AB982.2 HG0.29537 D-G0.692 B-I0.04033 
20 0% A AB22.139 A-D824.2 HG0.29853 E-G0.5853 E-J0.0305 
20 33% T BC18.5507 B-H658.9 F-H0.3173 E-G0.4983 F-J0.02553 
20 33% F AB20.1968 A-G697.5 B-E0.3932 B-F0.866 B-I0.04017 
20 33% C BC19.1685 AB960.7 B-E0.39967 A-D1.2097 A-D0.0524 
20 33% A BC18.8765 F-H478.6 C-F0.37133 E-G0.5083 E-J0.02857 
20 66% T BC18.9273 A-G752.8 C-E0.38127 B-F0.85 B-I0.0441 
20 66% F BC18.7369 A-D868 A-C0.42867 AB1.3083 AB0.06157 
20 66% C BC18.9019 GH462.6 D-F0.36397 E-F0.4857 G-J0.0244 
20 66% A BC18.8892 F-H427.2 A0.4725 B-F0.754 B-H0.04677 
20 100% T BC19.0289 C-H556.4 A-D0.42437 B-F0.781 B-J0.03733 
20 100% F BC18.9527 A-G767.8 AB0.45077 A-C1.2703 A-F0.05027 
20 100% C BC18.9273 C-H557.2 C-E0.38293 D-G0.6403 C-J0.03387 
20 100% A BC19.2828 A1073.8 A-C0.4343 A1.5203 A0.07147 
12 0% T BC18.5338 GH367.2 C-E0.37957 FG0.4367 IJ0.02043 
12 0% F CD17.7468 D-H500.1 B-E0.41093 D-G0.67 C-J0.03483 
12 0% C BC18.7623 D-H514.9 B-E0.41167 C-G0.7067 C-J0.03503 
12 0% A AB20.2095 D-H521.3 D-F0.36267 E-G0.5373 D-J0.03303 
12 33% T BC18.7877 F-H487.9 D-F0.3779 E-G0.5513 F-J0.02527 
12 33% F AB20.3745 F-H486.5 C-E0.38113 E-G0.576 D-J0.03047 
12 33% C AB20.3872 B-H673.7 E-F0.3613 E-G0.688 A-F0.04767 
12 33% A ABC19.9302 H291.3 E-F0.36477 FG0.289 J0.0132 
12 66% T D16.0457 H276.2 E-G0.35217 G0.2677 J0.01273 
12 66% F AB20.1968 A-C927.8 B-E0.407 A-D1.209 A-D0.05537 
12 66% C BC18.7242 F-H515.2 E-G0.352 EG0.5103 H-J0.02127 
12 66% A AB20.311 A-G766 E-F0.36283 B-G0.7957 B-I0.03963 
12 100% T AB20.2348 AB974.2 B-E0.3939 A-D1.189 A-c0.05917 
12 100% F BC19.1939 A-F700.6 C-F0.373 B-G0.76 C-J0.0345 
12 100% C BC19.232 B-G653.8 C-E0.38737 B-G0.7763 B-J0.03757 
12 100% A ABC19.9683 A-C943.5 EF0.35757 A-D1.0367 B-I0.041 

 

(*). R Area cm2 = fibrous root area, Total RL Cm = fibrous root total length, R dia mm = diameter mean of fibrous root, R vol 
Cm3 = fibrous root volume, Root dwt g =Fibrous root dry weight 

(**). Figures of unshared characters significantly differ at 0.05 level, Duncan. 
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