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Introduction
Global Climate Change (GC) promises to increase the impact 

of crop stresses throughout the world. Sensitivity to aluminum is 
a major constraint to plant growth in many acid soils [1], and can 
limit productivity through whole regions (see a USA example, 
[2]). The ability of a plant to extract nutrients and withstand 
environmental stresses is in large part determined by the extent 
and spatial distribution of its roots [3-8]. Al toxicity affects the 
extent and spatial distribution of a root system by limiting root 
growth rate and development [1,9,10]. It has been demonstrated 
that Al affects the root apex, thereby inhibiting further root 
growth [11-14]. It is critical that tolerance to aluminum/acid 
soils be developed, especially for those regions where the soils 
are unresponsive to existing ameliorative methodologies [2].

Root research in general and mineral toxicity experimentation 
have been hampered by the fact that the normal growth of roots 
is in the ground and is therefore opaque. Two assumptions have 
driven the physiological and molecular research on roots: 1) All 
roots maintain similar functional characteristics; 2) The length 

 
of time and technology to do research on large plants, or large 
numbers of plants, is prohibitive or non-existent. For instance, 
many workers have found that in wheat there is differential 
genotypic adaptation to Al using field, pot, and solution culture 
based assessments [9,15-20]. Many of these studies have focused 
on rapid and cost effective methods of screening and have 
therefore been directed at examining the impact of Al on young 
seedlings or have only considered the tolerance of the tap and/
or basal (seminal) roots. We know of no research on the roots of 
older plants, especially lateral roots.

As to the first point above, have taken the root nomenclature 
system, adopted by the International Society for Root Research, 
and codified it into a framework from which to classify 
roots. This framework was expanded [8] to demonstrate 8 
developmentally/genetic root classes that exist on flowering 
plants. [8] contended that these classes of root are functionally 
distinct from each other. The functionally distinct nature of 
several classes of root was demonstrated by Bushamuka & Zobel 
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[21,22] in both soybean (Glycine max L.), and maize (Zea mays 
L.) cultivars. They demonstrated that different root classes do 
respond entirely differently to an aluminum/acid toxic soil, and 
that these patterns of difference are cultivar dependent.

In recent research several methods of rapid phenol typing 
have been described [23-26]. These methods, or modifications 
thereof, should alleviate the problems inherent in point 2 above. 
These should facilitate the development of methods that allow 
the separate assessment of different classes of root from the 
same plant. This is especially critical, in light of the development 
of powerful molecular genetic techniques to dissect aluminum 
tolerance [16,27] which routinely identify multiple potential 
genetic controls.

This study was initiated to examine whether the different 
classes of root found on month old wheat (Triticum aestivum L.) 
plants varied in their level of Al-tolerance. It was of particular 
interest to see if the Al-tolerance rating based on the tap and/
or basal root response was predictive of the entire root system. 
In the 20 years since this study was conceived, there has been 
no assessment of aluminum tolerance of wheat roots other than 
the basal (seminal) roots (of discussion in the review by Ryan et 
al. [27].

Materials and Methods

Experimental details
Three wheat lines that differed in their known Al-tolerance 

were used. The wheat (Triticum aestivum L.) lines used were 
Scout-66, sensitive [28], Cardinal, tolerant ([9] and Atlas-66, 
tolerant [15,28]. Seeds from these lines were surface sterilized 

with 0.5% NaOH for 30 min, washed several times in de-
ionized (DI) water, placed on moist filter paper and allowed to 
germinate in the dark for 2 days. Two seedlings from each line 
were then placed in a polyethylene cup and surrounded with 
black polyethylene beads. The cups were inserted into the lid 
of a chamber that was continually fogged with nutrient solution 
using an ultrasonic aeroponics unit. The nutrient solution was 
adjusted to pH 4.4 and consisted of 1/10th Johnson’s solution 
[12]. Plants were grown using a day/night regime of 16hrs at 20 
ᵒC and 8hrs at 15 ᵒC, for 30 days

Treatment with Al involved immersing the roots of each line 
in a 1/10th full nutrient solution containing 50mM Al at pH 4.4 for 
30 min at 25 ᵒC. Roots were then washed in DI water for 30 min 
with several changes of water before being placed in the staining 
solution. Following Poole et al. [15] the roots were immersed in 
hematoxylin stain for 30 min and then washed with DI water for 
a further 30 min with several changes of water. The hematoxylin 
stain was prepared by placing 2g of hematoxylin and 0.2g NaIO3 
in 1l water and stirring for several hours.

After staining and washing, the roots were examined and 
each root class scored for the presence of stain in the root tip 
- which indicates Al uptake. Root nomenclature used is that of 
Zobel [8] (Table 1). For thirty day-old wheat plants of these three 
cultivars we can expect to observe: Basal roots (BRT, commonly 
called seminal roots - on some plants the tap root (TRT) is not 
easily distinguished), Shoot-borne nodal roots (SNRT N.B. due to 
common methods of germination, Coleoptile roots (CNRT) are 
not distinguishable from BRT), Lateral basal roots (LBRT) and 
secondary basal lateral roots (LBRT2), and Lateral shoot-borne 
roots (LSNRT) (Table 1).

Table 1: Re-statement of the Roots classes identified by Zobel [8], as appropriate for wheat.

ISRR Framework Classes Subclass Abbreviation

Tap root (first root to emerge - not always 
distinguishable in wheat studies) TRT

Basal root (develops from the hypocotyl) First stage (at the base of the taproot- called 
seminal roots in most wheat studies) BRT

Second stage (on the hypocotyl above the 
tap root-not distinguishable in most wheat 

studies)
HRT

Shoot-borne root (develops from shoot 
tissues)

Coleoptile node (not distinguishable in most 
wheat studies) CNRT

Upper nodes (most prevalent in monocots, 
also referred to as tiller roots) SNRT

Internodes (most prevalent in eudicots) SIRT

Lateral root (branches from another root)

On tap or basal root

Prefix main root abbreviation with an L: that 
is, LBRT (a lateral branching from another 

lateral = LBRT2 or LBRT3 dependent on 
branching level)

On shoot-borne root (nodal, eg. tiller) Begins with L: LSNRT (laterals on laterals, 
similar to above)
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Data Analysis 
An overall analysis was conducted considering unstained root 

tips as a proportion of the total number of root tips, expressed as 
a percentage. For all ANOVA the SAS procedure GLM was used 
without weighting.

Results and Discussion
The ANOVA conducted over all lines and root classes (except 

laterals from SNRT (tiller-nodal) roots to improve data balancing) 
identified that root class was highly significant (P<0.01) and 
line was significant (P<0.05). (Transforming the data using 
an arc sine transformation did not alter the identification of 
significance). The Al-tolerance of the lines, averaged over the 
root classes assessed, indicated that Scout-66 was the most 
sensitive followed by Cardinal and then Atlas-66 (Figure 1). On 
average over the three lines the LBRT1 and LBRT2 roots were 
the most Al-sensitive (Figure 1).

It was expected that all roots of Scout-66 would demonstrate 
sensitivity, while those of Cardinal and Atlas-66 would show 
tolerance. Examining the individual root classes for each line, the 
level of Al-tolerance of the BRT, demonstrated that both Scout and 
Cardinal BRT were sensitive and Atlas-66 was tolerant (Figure 
1). For Cardinal, a nominally tolerant line, the BRT demonstrated 
significantly lower tolerance compared to its SNRT roots. This 
suggests that the gene activation system for tolerance in the 
SNRT of Cardinal is not active in the BRT. On the other hand, 
the BRT and SNRT of Atlas-66 appeared to be totally tolerant. 
This result may suggest that Atlas-66 has a two gene system for 
tolerance, one for BRT and one for SNRT, while Cardinal has only 
one active tolerance system and that for SNRT roots.

The laterals arising from the basal roots and the laterals 
arising from these laterals were very Al-sensitive for all of the 
wheat lines. These primary and secondary laterals tended 
to show very dark staining indicating substantial Al-uptake. 
Laterals arising from the SNRT did not occur for Scout-66 during 
this experiment but for both Cardinal and Atlas-66 this root class 
was also quite Al-sensitive. The LSNRT of Cardinal, however, 
appeared to be much more tolerant than their LBRT sister class 
(non-significant). It should be noted that the lower tolerance of 
“fine roots”, assumed to be lateral roots, has also recently been 
documented.

As with experiments of this type, not all roots from each class 
gave identical staining. This differential response was also seen 
for corn and soybean using very different technologies [22]. The 
scoring of tap or basal root Al-tolerance is obviously pivotal to 
initial plant survival and in the establishment of a root system. 
However, the lack of Al-tolerant primary or secondary laterals 
from basal or shoot-borne roots would be a severe limitation to 
the functioning of the root system. Since lateral roots make up 
to 90 percent of the root system length and are the most active 
in water and nutrient uptake, this limitation would significantly 

reduce the plant’s ability to access required water and nutrients. 
When developing cultivars with superior Al-tolerance the Al-
sensitivity of each observable root class needs to be taken into 
account so that a healthy and well-developed root system may be 
generated under high Al soil conditions.

If not all root classes are sampled, the assessment of QTLs, 
gene activation, and proteomics of aluminum tolerance by roots 
cannot be assumed to represent the total aluminum tolerance 
of a cultivar. It cannot be assumed that the differences shown 
here are due to the lack of activation of one or more genes, since 
the same result would be expected to appear if a totally different 
tolerance gene allele needed to be present, for tolerance to occur 
in the low tolerance root classes. It is critical that all root classes 
of plants approaching an thesis be evaluated with the existing 
molecular techniques. This should be possible with modifications 
of some of the new rapid phenotyping methods that are being 
developed for roots. Only then can the full nature of aluminum 
tolerance in wheat be documented and, potentially, understood.
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