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Abstract 
 
Tef is the most widely grown and consumed crop in Ethiopia. The crop is currently gaining growing popularity worldwide as nutritious 
and gluten free cereal crop. Al-toxicity is one of the factors that limit expansion of the crop worldwide. The aims of this study were to 
adapt hydroponic system as a phenotyping platform for Al-tolerance studies in tef, to identify appropriate concentration of Al

3+
 for Al-

tolerance screening in tef, and to appraise the use of haematoxylin staining for visual assessment of Al-tolerance in tef. A tolerant and a 
sensitive genotypes were used to identify appropriate Al concentration. The identified Al concentration was used to evaluate reaction of 
28 tef genotypes to Al-toxicity. Root and shoot measurements under Al-treated and control solution were used to compute the relative 
tolerance indexes. Reaction of the tolerant and the sensitive genotypes to haematoxylin staining was assessed by recording intensity of 
colour development. The result indicate that, among the five levels of AlK(SO4)2.12H2O (0-550 µM), the  150 µM concentration was 
found to be an appropriate level to discriminate between sensitive and tolerant genotypes of tef. This concentration adequately 
differentiated 28 tef genotypes with varied sensitivity to Al-toxicity. The visual assessment of selected tolerant and sensitive genotypes 
treated with 0, 150 and 250 µM AlK(SO4)2 .12H2O showed a differential reaction to haematoxylin staining consistent with the root 
growth measurement methods. The tolerant E. curvula showed no staining reaction across all the Al levels. The local Al-tolerant tef 
landrace, Dabo banja, showed a slightly purplish stain only at the highest level of Al. The two sensitive genotypes (E. Pilossa and Holeta 
Key), however, showed deep purple staining at concentrations of 150 and 250 µM AlK(SO4)2.12H2O. To the best of the authors’ 
knowledge, this study is the first to report the use of root measurement and root staining methods in evaluation of tef for tolerance to 
Al-toxicity using hydroponics platform.   
 
Key words: Aluminium toxicity, haematoxylin, hydroponics, root growth, tef. 
Abbreviation: CSA Central Statistics Agency; CV_ Coefficient of Variation; LSD_ Least Significant Difference;  RCBD_ Randomized 
complete block design; RRL_ Relative root length;  RTI_ Relative Root Tolerance Index; RL_ Root Length; Zn_ Zinc.  
 
Introduction 
 
Tef [Eragrostis tef (Zucc.) Trotter] is the most widely cultivated 
and economically important cereal crop in Ethiopia (CSA, 
2020). It is also a prospective global crop as a gluten free 
cereal and health food. However, tef is the least yielding crop 
among all cereals crops grown in Ethiopia. Al-toxicity is one of 

the factors that hamper productivity and expansion of the in 
Ethiopia.   
Acid soils (pH < 5.5 in the surface layer) constitute 30% of the 
world’s total ice-free land. About twenty-two percent of 
Africa’s total land area is affected by soil acidity (von Uexk¨ull 
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and Mutert, 1995, Malcolm and Andrew, 2003). Worldwide, 
about 67% of crop production constraint on acid soils is 
associated to Al-toxicity (Eswaran et al., 1997). In addition to 
liming, Al-tolerant varieties are widely used to produce 
globally important staple cereals on acid soils with Al-toxicity 
problem (Hede et al., 2001; Paterniani and Furlani, 2002; 
Pinto-Carnide and Guedes-Pinto, 1999, Portaluppi et al., 
2010). Tef has not been studied for its tolerance to Al-toxicity. 
Availability of wide genetic diversity in tef and its broad agro-
ecological adaptation, offers the opportunity to develop tef 
materials that can tolerate Al-toxicity.  
Morphological, physiological and biochemical traits are widely 
used techniques to identify Al-toxicity tolerant varieties under 
field and greenhouse screening (Carvalho et al., 2016). Field 
screening for Al tolerance offers advantage identifying 
varieties that are not only tolerant to Al-toxicity but also 
adapted to the complex growing environment of the target 
production areas (Yang et al., 2013). In practice, however, it is 
difficult to expose genotypes to uniform Al concentration and 
identify truly tolerant varieties under field condition (Rao et 
al., 2016). Thus, development of appropriate and high-
throughput phenotyping platform and efficient assessment 
methods appropriate for early stage screening of varieties is a 
prerequisite to identify Al-toxicity tolerant crop varieties that 
will be eventually tested under field condition.  Screening 
under hydroponics condition using toxic Al concentrations is 
the most efficient, suitable and widely used technique 
(Deborah and Tesfaye, 2003; Dharmendra et al., 2011; Hede 
et al., 2001; Rao et al., 1993). This approach simplifies control 
over nutrient availability, pH, light conditions and allows easy 
access and non-destructive root measurements compared to 
phenotyping under pot and field condition (Carver and 
Ownby, 1995).  
There are various formulations of nutrient solutions used in Al 
tolerance screening including the widely used Magnavaca’s 
nutrient solution (Magnavaca et al., 1987; Magalhaes et al., 
2004; Magalhaes et al., 2007; Sasaki et al., 2004). Recently, 
Famoso et al. (2010) modified the Magnavaca’s nutrient 
solution so that it closely mimics the low ionic strength and Al 
activity in acid soils and named it ‘modified the Magnavaca’s 
nutrient solution’. Further, this formulation has preferred 
features of reduced precipitation of Al ions and increased 
availability of important nutrients compared to other 
formulations. Since different crop species have varied 
sensitivity to toxic concentration of Al, determination of an 
appropriate level of Al is necessary to screen genotypes and 
crop species for Al-toxicity tolerance (Hede et al., 2001).  
Root pruning is the major and distinct effect of Al

3+
 in sensitive 

plants. Thus, root growth measurement methods are widely 
used to assay Al-tolerance under hydroponic system. Relative 
root tolerance index (RTI), which is computed as the ratio of 
root growth under toxic levels of Al

3+ 
 to root growth without 

Al
3+

 (control), and measurement of root growth under toxic 
concentration are most often used parameters to characterize 
the tolerance of crops  to Al

3+
 (Hede et al., 2001; Hede et al., 

2002; Rao et al., 1993).   
Haematoxylin staining is a visual detection method used to 
assay cereal crops and grass species for Al-tolerance under 
hydroponic platform.  Al-tolerant crop varieties exclude 
phytotoxic Al

3+ 
from their root system by exudation of organic 

acids to the rhizosphere (Kochian et al., 2005; Miyasaka et al., 

2007). Al sensitive genotypes, on the other hand, lack this 
mechanism and toxic Al

3+ 
easily enter the root tips, attach to 

nuclear and cytoplasm and affect cell division and cell 
elongation in the transition region of the root apex (Miyasaka 
et al., 2007). In Al-tolerance assay, the Al

3+
 ions attached to 

celluar targets can serve as a mordant that binds the 
negatively charged haematein of haematoxylin resulting in the 
development of a purple-blue colour dye (Gill et al., 1974; 
Kiernan, 2010; Polle et al., 1978). The aims of this study were 
to adapt a hydroponic system as a phenotyping platform for 
Al-toxicity tolerance in tef, to identify appropriate 
concentration of Al

3+
 for tef Al-toxicity tolerance screening, 

and to appraise the use of haematoxylin staining for visual 
assessment of Al-tolerance in tef seedlings.  
 
Results  
 
The hydroponics system as a phenotyping platform 
The current hydroponic phenotyping platform offered all the 
advantages of a controlled growth environment where the 
physical and the nutritional factors could be regulated. The 
physical environment including temperature, relative 
humidity, and light intensity, quality, and duration were 
controlled. Being an indoor unit, the risk of contamination by 
foreign particles was avoided. Algal development was also not 
noticed during the course of the experiment. A compact 
growth rack of 2 m height with inter-shelf spacing of 40 cm x 
1.5 m has the potential of running many screening events at a 
time and all year round. 
An infusion set (medical grade) was used for the aeration 
system. The self-sealing latex end was connected to the air 
divider which in turn was attached to the air pump. The spike 
and the drip chamber were easy to clip to the floor of the tub 
using plastic tension clips. The spike, the drip chamber and the 
pipe were kink resistant. In practice, they were efficient in 
delivering adequate aeration from the bottom of the tub 
(Figure 1 A and B). The pressure was regulated by the spigot of 
an air divider attached to the pump and a roller clamp of the 
infusion set to uniformly aerate the tubs. Since the growth 
rack was compact with vertically arranged shelves, all the tubs 
were within the reach of the factory made infusion tubes with 
no need of air pipe extensions. The silica sand (0.25 - 2.5 mm 
diameter) used to stabilize the seedlings also prevented the 
tiny germinated seeds of tef plants from escaping into the 
hydroponic tub through the hole at the base of the Eppendorf 
tubes (Figure 1 C and D).  
The consistency in the pH records of the solution before and 
after addition of different concentrations of Al was used to 
avoid procedural faults and ensure the reproducibility of the 
protocols. The linear decline in root length and relative root 
length of the genotypes and the consistent increases of the 
root pruning effect of the Al ions associated with increases in 
Al concentration also confirmed the reliability of the 
procedure used.  
 
Determination of Al concentration for tef screening  
One-way analysis of variance for relative root length (RRL) (%) 
indicated highly significant differences (P<0.001) between the 
concentrations of Al

3+
 for both the genotypes. The greatest 

reduction in RRL of 28% and 60% was observed between 0 
and 150 µM AlK(SO4)2 .12H2O for the tef genotypes Acc#55185 
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and Holleta Key, respectively (Table 3). The reduction in RRL 
declined with increasing level of Al for both the genotypes. 
The difference in RRL, T-S

RRL
 was at a maximum (32%) 

between the two genotypes when the Al concentration was 
150 µM (Table 3).  
Similarly, the one-way analysis of variance for actual root 
growth (mm) showed highly significant difference. The 
difference in root length was at a maximum when the Al was 
increased from 0 to 150 µM for both the genotypes. The 
maximum difference for root length between the two 
genotypes was also observed at 150 µM of Al.  
The total number of dead plants was higher across all the Al 
levels for the sensitive variety. The idea behind using dead 
plants information was to choice of the appropriate rate that 
discriminates the tolerant from sensitive genotypes. About 12 
or 43% of the plants were dead for the sensitive variety at an 
Al

3+
 level of 150 µM. At the same level of Al

3+
, no dead plants 

were recorded for the tolerant variety. The maximum 
difference between the tolerant and the sensitive for the 
number of dead plants was recorded at this level of Al

3+
 

(Figure 2).  
The total number of plants with secondary roots and the total 
length of secondary roots were higher for the tolerant 
accession for all the Al

3+
levels. The maximum number of 

plants with secondary roots (6) and the maximum length (7.5 
mm) of secondary roots was recorded for the tolerant 
accession at Al level of 450 µM. For the sensitive variety, the 
number of plants with secondary roots was at a maximum 
when the Al

3+
 was 150 µM. (Figure 3). Generally, it appeared 

that growth of secondary roots was initiated as a result of 
exposure of primary roots to Al as an adaptation mechanism. 
 
Screening of selected tef genotypes for Al-tolerance 
Differences were observed between tef genotypes screened 
for Al tolerance, both for relative root length (RRL) and root 
length (RL), when they were grown under hydroponic solution 
with 150 µM AlK(SO4)2.12H2O (Figure 4). The lowest RRL was 
recorded for E. pilosa (Acc-30-5) and the highest was recorded 
for E. curvula (Ermelo). The later had an RRL of over 100%, 
which was expected from a highly Al-tolerant species. Thirty-
six percent of the tested genotypes, which include the three 
parents of the mapping populations (Key Murrie, DZ-01-2785 
and Acc 30-5) and nearly all the released varieties, had RRL 
values of less than 50%. Most of the landraces and the mutant 
lines revealed RRL values of over 50%. Among the released 
genotypes, Mechare and Etsub had relatively higher level of 
Al-tolerance in that order. The overall wide variation in RRL 
observed in this study indicated that the selected 
concentration of Al was sufficient in discriminating the 
genotypes as sensitive and tolerant. The contrast between the 
growth of Al-tolerant and sensitive genotypes is shown in 
Figure 4. The root pruning effect of Al

3+
 was clearly 

demonstrated on Al-treated E. pilosa and Holleta Key (Figure 
5). 
 
Reaction of sensitive and tolerant E. tef genotypes to 
haematoxylin staining 
A visual assessment of the reactions of two Al-tolerant 
genotypes E. curvula (var. Ermelo) and E. tef (Dabo banja)  and 
two sensitive genotypes E. pilosa (Acc 30-5) and E. tef (Holleta 
Key) is presented in Figure 6. E. curvula showed no staining 

reaction across all the Al levels. The local Al-tolerant tef 
landrace, Dabo banja, showed a slightly purplish stain only at 
the highest level of Al. The two sensitive genotypes showed 
no staining at 0 Al and showed light purple and deep purple 
staining at concentrations 150 and 250 µM AlK(SO4)2.12H2O, 
respectively. In the Al-sensitive genotypes, although uniform 
and evenly deep staining patterns were observed, no staining 
was observed on the outermost root part and the root cap. 
 
Discussion 
 
Hydroponic system is commonly used for phenotyping of Al 
tolerance using root growth measurements and staining 
techniques in several crop species (Famoso et al., 2010; 
Narasimhamoorthy et al., 2007; Portaluppi et al., 2010; Tamas 
et al., 2006). The hydroponics techniques of Al-tolerance 
phenotyping allows for more stringent control over pH, 
aeration, light, temperature, and nutrient availability, Al-
concentration, and humidity compared to field screening 
techniques. These techniques also allow for the easy and non-
destructive sampling of the root system, and facilitate the 
swift evaluation of large number of seedlings in a relatively 
small space (Carver and Ownby, 1995; Hede et al., 2001; 
Raman and Gustafson, 2011). The root staining and root 
measurement methods used to assay Al tolerance under 
hydroponic conditions have been correlated with the results 
of field experiments conducted on acid soils (Baier et al., 
1995; Narasimhamoorthy et al., 2007; Raman and Gustafson, 
2011; Spehar, 1994). In the present study, a hydroponic 
platform was successfully established with a high level of 
control over the growing conditions and is the first to be used 
to assess tef genotypes for Al-tolerance. 
Haematoxylin staining techniques are the most widely used 
histochemical assay for disease diagnosis and cytogenetic 
studies (Titford, 2005). The staining mechanism is based on a 
haematein-mordant-cellular components interaction (Kiernan, 
2010; Titford, 2005). Polle et al. (1978) was the first to employ 
haematoxylin staining for visual detection of Al-tolerance on 
wheat. The technique worked well on tef and accurately 
discriminated between Al-sensitive and Al-tolerant genotypes 
evaluated in this study. In Al-sensitive genotypes, the 
negatively charged phosphate groups of DNA and the carboxyl 
group of proteins in cytoplasm are the main targets of toxic 
Al

3+
 (Kochian et al., 2005, Matsumoto, 1991, Miyasaka et al., 

2007, Silva et al., 2000). The Al atoms already attached to 
these nuclear and cytoplasmic targets of the root tips serve as 
a mordant by attaching these targets to negatively charged 
haematin, resulting in the development of a purple-blue 
colour (Gill et al., 1974, Kiernan; 2010, Polle et al., 1978).  
In the present study, the sensitive genotypes gave a positive 
reaction to the staining, as opposed to the tolerant genotypes. 
This is in agreement with the use of the haematoxylin staining 
method to assess Al-toxicity tolerance in several cereals 
species including wheat, barley, sorghum and maize (Anas and 
Yoshida, 2004; Cancado et al., 1999; Nawrot et al., 2001, 
Stodart et al., 2007). In this study, the sensitive genotypes 
stained light purple at 150 µM and were deep blue at the 
concentration of 250 µM. In this study, in the sensitive 
genotypes, the lack of stains in the outermost layers of the 
roots and the root cap, suggesting Al

3+
 has been reported to 

affect cell division and cell elongation in the transition region  
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Table 1. List of genotypes used in the screening.  

Genotypes Species  Status 

Dabo Banja Eragrostis tef Local check  

ML207 Eragrostis tef Mutant line 

ML148 Eragrostis tef Mutant line 

ML209 Eragrostis tef Mutant line 

ML153 Eragrostis tef Mutant line 

DZ-01-2785 Eragrostis tef Parent for mapping population 

Acc# 207975-1 Eragrostis tef Purified accession  

Acc# 207975-2 Eragrostis tef Purified accession  

Acc# 212924 Eragrostis tef Purified accession  

Acc# 238225 Eragrostis tef Purified accession  

Acc# 238223 Eragrostis tef Purified accession  

Acc# 55146 Eragrostis tef Purified accession  

Acc# 227976 Eragrostis tef Purified accession  

Acc# 55156 Eragrostis tef Purified accession  

Acc# 55154 Eragrostis tef Purified accession  

Acc# 55030 Eragrostis tef Purified accession  

Acc# 236093 Eragrostis tef Purified accession  

Acc# 225747 Eragrostis tef Purified accession  

Gibe Eragrostis tef Released variety  

Degatef  Eragrostis tef Released variety  

Simada Eragrostis tef Released variety  

Boset  Eragrostis tef Released variety  

Key Muri Eragrostis tef Released variety  

Tsedey Eragrostis tef Released variety  

Etsub Eragrostis tef Released variety  

Mechare Eragrostis tef Released variety  

Acc-30-5 Eragrostis pilosa Related species  

Ermelo Eragrostis curvula Related species  

Eragrostis curvula (Schrad.) Nees var. Ermelo, Eragrostis pilosa (L.) P. Beauv. (Acc-30-5). 
 
 Table 2. Formulation of modified Magnavaca’s nutrient solution used in the study. 

No Elements Source stock 
concentration 

MW g.L
-1

 Volume (ml) of stock per 1 
liter of treatment solution 

1 Ca Ca(NO3)2 4H2O 236.0 166.3200 5.0 

  NH4NO3 80.0 20.8208  

2 K KCl 74.6 8.5932 5.0 

  K2SO4 174 20.328  

  KNO3 101 11.3652  

3 Mg Mg(NO3)2 6H2O 256.3 43.8592 5.0 

4 P KH2PO4 136.0 1.2320 5.0 

5 Fe Fe(NO3)3 9H2O 403.8 6.2216 5.0 

  HEDTA 278.3 5.1424  

6 Micro nutrients     

 Mn MnCl2.4H2O 197.7 1.8018 1.0 

 B H3BO3 61.8 1.5708  

 Zn ZnSO4.7H20 287.4 0.6776  

 Cu CuSO4.5H20 249.5 0.1540  

 Mo Na2.MoO4.2H2O 241.9 0.2000  

Source: Jon E. Shaff (Cornell University). 
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Figure 1. Components of an indoor hydroponic system used to assess Al-tolerance in tef genotypes. 

(A)-Areation system installation using infusion set  

(D) Plants planted in tubes floating in foam (E) Silica sand support in holed tubes 

(B) Aeration system working 

 

(C) A tef plant 
in an 
Eppendorf 
tube, 
supported by 
silica sand 
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Figure 2. Total numbers of dead plants for the tolerant and sensitive genotypes across different Al concentrations.  

 
Table 3. Result of one-way analysis of variance for relative root length (RRL)(%) and Root length (RL) (mm) of tolerant and sensitive tef 
materials. 

AlK(SO4)2 .12H2O (µM) RRL (%) RL (mm) 

Acc#55185 (T) Holleta Key (S) T-S
RRL

 Acc#55185 
(T) 

Holleta Key 
(S) 

T-S
RL

 

0 100.00a 100.00a 0.00 18.39a 14.75a 3.64 

150 72.09b 40.24b 31.80 13.25b 5.79b 7.46 

250 46.66c 20.54c 26.12 8.57c 2.93c 5.64 

350 34.07d 17.49c 16.58 6.25d 2.57c 3.68 

450 28.31de 14.96c 13.35 5.23de 2.14c 3.08 

550 20.21e 13.65c 6.56 3.71e 1.96c 1.41 

Mean 50.2 34.5 15.70 9.23 5.02 4.21 

P (5%) <.001 <.001  <.001 <.001  

F statistic 58.05 121.75  58.14 68.27  

LSD (0.05) 12.01 9.16  2.207 1.811  

CV (%) 15.9 17.6  15.9 23.9  

RRL-relative root length, RL-root length, T-tolerant, S-sensitive, T-S-difference between the two.  

 
 

 
Figure 3. Number and total length of plants with secondary roots. 
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Figure 4. Root length (RL) (mm) and relative root length (RRL) of tef genotypes tested under 150 µM of AlK(SO4)2.12H2O concentration.
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 Acc 30-5 (E.pilosa)  Ermelo (E. curvula ) 

  

  

Holleta Key (E. tef)  Acc#55185 (E. tef) 
Figure 5. Root growth of selected E. tef, E. pilosa and E. curvula genotypes with and with out 150 µM of AlK(SO4)2.12H2O. 
 

 
 
 
 
 
 
 
 
 
 

 

Al+ 

Al- 

Al- Al- 

Al+ Al+ 

Al- 

Al+ Al+ 
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0 µM Al 150 µM Al 250 µM Al 

   

Ermelo (E. curvula)  

   

Dabo banja (E. tef) 

   
Acc 30-5 (E. pilosa) 

   
Holleta Key (E. tef) 

Figure 6 Haematoxylin staining of the primary roots of Al-sensitive and Al-tolerant genotypes of tef and related species treated with 
various concentrations of  Al. 
 
of the root apex (Miyasaka et al., 2007).  On the other hand, 
the observed deep blue staining patters that extends into 

epidermal and cortical tissues suggests that these tissues may 
be the possible Al binding sites in the root system.  
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The absence of stains in Ermelo (E. curvula) at 250 µM 
AlK(SO4)2.12H2O concentration indicating that this variety is 
very tolernat (Ermias et al., 2013, Miles and Villiers, 1989). 
However, the slight purple stains observed on the Al-tolerant 
local landrace, Dabo banja, at the same concentration clearly 
shows that both the Al-concentration and the degree of host 
tolerance affect the intensity of colour development. The 
differential reactions of Al-sensitive and Al-tolerant genotypes 
used in this study, suggests that exclusion of Al

3+
 from roots by 

organic acids may operate as a tolerance mechanism in tef. 
Nonetheless, since other tolerance mechanism that involve 
internal detoxification of Al after uptake by the root may stain 
positive for haematoxylin staining, positive staining does not 
necessarily indicate sensitivity. For instance, with rice the 
haematoxylin staining method does not discriminate between 
Al-sensitive and Al-tolerant genotypes in rice (Famoso et al., 
2011). In rice, which is the most Al-tolerant species of popular 
cereals, a number of internal detoxification mechanisms 
involving quantitative genes have been reported (Chen et al., 
2012; Huang et al., 2009; Huang et al., 2012; Xia et al., 2010).  
Most sensitive varieties accumulate more Al

3+ 
in their root and 

therefore their intensity of purple coloration is higher. 
Further, higher levels of Al

3+
 have a tendency to overcome the 

inherent tolerance of the genotypes (Cancado et al., 1999, 
Chlipala et al., 2020; Polle et al., 1978). Hence, specific Al

3+
 

levels that give adequate level of contrast between the 
sensitive and tolerant genotypes are needed if the Al 
exclusion mechanism through exudation of organic acids is the 
only mechanism of tolerance and its genetic control is known. 
For maize and sorghum 222 µM Al has been used for 
haematoxylin staining (Anas and Yoshida, 2004; Cancado et 
al., 1999). 
The modified Magnavaca’s nutrient solution of Famoso et al. 
(2010) standardized for the screening of cereals was used in 
the present study. The five concentration of Al

3+
 used in this 

study covered the concentrations of Al
3+

 found to be most 
effective to screen for Al-toxicity tolerance in sorghum (148 
µM, Magalhaes et al., 2007), maize (222 µM, Pineros et al., 
2005), and rice (540 μM, Blamey et al., 1991). According to the 
Geochem-EZ chemical speciation model of Shaff et al. (2010), 
the free Al3+ activity of 148 μM, 222 μM and 540 μM 
AlK(SO4)2.12H2O in modified Magnavaca’s nutrient solution 
was 27, 39 and 160 μM, respectively. In the present study, the 
selected Al concentration level was 150 μM and this was 
equivalent to 148 μM AlK(SO4)2.12H2O or free Al3+ activity 
27 μM determine to screen sorghum (Magalhaes et al., 2007). 
The rate determined for tef in this study was higher than the 
27 μM or free Al

3+
 activity of 8.75 μM found to be optimal for 

the screening of wheat by Sasaki et al. (2004). 
The relative root length and root length declined consistently 
with an increase in the level of Al

3+
 from 0-550 μM in both the 

sensitive and tolerant genotypes. Significant differences were 
observed in RRL and RL in the sensitive genotypes in response 
to concentrations of 0, 150 and 250 μM. The significant 
differences observed in the tolerant variety were associated 
with the changes in concentrations of Al. This suggests that 
the higher concentrations of Al

3+
 such as 250 and 350 μM can 

be used to differentiate between the levels of Al toxicity 
tolerance among tolerant genotypes. The difference between 
the two genotypes at a given Al

3+
 concentration also declined 

as the concentration of Al increased. The root development 

(RRL and RL) in the sensitive genotype was severely 
suppressed at the concentration of 550 μM Al. This trend was 
also observed with wheat and sorghum in a previous study 
(Famoso et al., 2010). Hence, 150 μM was selected as an 
optimum Al level for Al toxicity study because at this 
concentration, high level of variation was observed within and 
between the categorized genotypes. The assessment of 
twenty-eight tef genotypes covering a wide spectrum of Al-
tolerance varied in their sensitivity to Al at a concentration of 
150 μM. This showed that this concentration had the 
discriminatory power to differentiate extremely sensitive 
(E. pilosa) from extremely tolerant (E. curvula) species as well 
as the genotypes of E. tef with intermediate levels of Al-
tolerance. 
 
Materials and methods   
 
Genetic stock  
Preliminary study was conducted using two tef genotypes, 
Acc#55185 and Holeta Key, representing tolerant and 
sensitive genotypes (Ermias et al., 2015, 2017), respectively, 
to identify the optimal Al concentration for Al-toxicity 
tolerance screening. The identified concentration was used to 
evaluate twenty-eight tef genotypes consisting of released 
varieties, related species, accessions, mutant lines and a local 
check adapted to Al-affected area (Table 1).  Seeds of each 
variety were surface sterilized by soaking in 1% sodium 
hypochlorite (commercial bleach) for five minutes and were 
then rinsed five times with sterile water. The seeds were 
allowed to germinate on moist Whatman® filter paper (Sigma-
Aldrich) in sterilized glass Petri dish. Germination took place 
within 24-36 hours under dark conditions at a temperature of 
30

o
C. 

 
Determination of the optimum Al concentration for Al-
tolerance screening   
Five Al concentration levels, 0, 150, 250, 350, 450 and 550 
AlK(SO4)2 .12H2O µM, that covered range of Al

 
concentrations 

used for screening of other cereals, such as sorghum, maize, 
wheat and rice, were used. A recipe of modified Magnavaca’s 
nutrient solution was obtained from Cornell University (Table 
2). The different concentrations of Al solution were freshly 
prepared from AlK(SO4)2 .12H2O µM and were applied to the 
basal modified Magnavaca’s nutrient solution. The pH of the 
treatment solutions was adjusted to 4.0 after Al was added, 
while the pH of the control treatment was adjusted to 5.8 
using KOH. 
The experiment was laid out in a randomized complete block 
design (RCBD) with four replications and seven plants per 
replication. Seven uniformly germinated seedlings were 
placed in holed Eppendorf tubes supported by acid washed 
silica sand (0.25mm-2.5mm). The tubes were inserted to 
neoprene foam to float on the nutrient solution. The nutrient 
solution was aerated with aquarium pump [Hydrofarm 
AAPA45L Active Aqua (www.hydrofarm.com)] fitted to 
infusion tubes clipped to the bottom of 4.5 L plastic tubs by 
plastic tension clips (Figure 1). The pressure was regulated by 
the spigot of the air divider attached to the pump and the 
roller clamp of the infusion set helped to uniformly aerate the 
hydroponic solution in each tub. The seedlings were exposed 
to 3600 lux cool white florescent lamp for 16 and 8 hours of 

http://www.hydrofarm.com/
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light and dark, respectively. The seedlings were subjected to 
Al

3+
 treatment containing different concentration levels of Al 

for 4 days. The pH was continuously monitored and 50% of 
the hydroponic solution was renewed every other day. The 
root measurement data was taken after four days. 
 
Screening of tef genotype for Al tolerance  
Twenty-eight tef genotypes were evaluated for their Al-
tolerance under non-replicated conditions using the same 
procedures and growth conditions described above but using 
the optimum Al concentration selected for tef.  The root 
measurement data were collected from seven individual 
seedlings per each treatment.  The accession included were 
pure lines selected through single panicle selection of the 
dominant phenotype of the original material received from 
the gene bank (Ermias et al., 2021).  
 
Data collection and analysis 
After four days in the nutrient solution, the seedlings along 
with the Eppendorf tube were carefully removed from the 
solution and the primary root and shoot length (mm), the 
total number and length (mm) of secondary roots, and total 
number of dead plants from each concentration level was 
recorded. The mean primary root length was used to compute 
RTL. The RTL was computed as the ratio of root length in the 
Al solutions and root length in the control using the following 
formula:  
                           (     (  

 (
                          

                           
)       

Analysis of variance and means separation test was performed 
using the fisher protected Least Significant Difference (LSD) 
method, at a significant level of α= 0.05 using GenStat 
Statistical software 19 Edition (GenStat, 2018). In addition, 
single degree of freedom contrast, and descriptive statistics, 
was computed. Excel 2013 was used to construct the graphs.   
 
Assessment of haematoxylin staining  
In this experiment, the Eragrostis tef genotypes: Holeta Key 
(sensitive check) and Banja local (an Al-tolerant landrace), and 
Eragrostis pilosa (L.) P. Beauv. (Acc-30-5) and Eragrostis 
curvula (Schrad.) Nees var. Ermelo were used to assess the 
reaction of the plants to haematoxylin staining after exposure 
to Al

3+
. The seeds of the four selected genotypes were 

germinated following the same procedure described above. 
The germinated seeds were kept in a growth chamber at 25

o
C 

for 36 hours in the dark, and seven uniformly germinated 
seedlings were selected and transferred in nutrient solution 
supplemented with 0, 150, 250 μm AlK(SO4)2.12H2O µM 
concentration using holed Eppendorf tubes as described 
above. The pH of the Al

3+
 solutions and the control were 

adjusted as indicated above.  
After 24 hours, the seedlings were removed from the solution 
and washed with distilled water for 20 minutes. The roots 
were then immersed in a solution of 0.2% (w/v) haematoxylin 
and 0.02% (w/v) KIO3 for 20 minutes with slow agitation as 
described by Cancado et al. (1999). The stain was prepared a 
day before the actual experiment and was left overnight 
continuously stirred to dissolve the haematoxylin (Delhaize et 
al., 1993). The roots were then dipped in the staining solution 
for 20 minutes and washed with distilled water for 30 minutes 

with slow agitation to remove the excess stain. The stained 
roots were kept in a covered glass Petri dish until scoring for 
colour development was made. The haematoxylin staining 
pattern of the tip 1.5 cm primary roots were scored under 
inverted microscope (Nikon), and the degree of staining was 
scored and images were taken.   
 
Conclusion  
 
In the present study, a highly controlled hydroponic system 
that allowed efficient discrimination between Al-sensitive and 
Al-tolerant tef genotypes is adapted. The established  optimal 
Al

3+
 concentration of 150 µM AlK(SO4)2.12H2O  for Al-toxicity 

tolerance screening for tef was verified to adequately 
discriminated between Al-sensitive and Al-tolerant genotypes 
on 28 genotypes. Haematoxylin staining was shown to provide 
an effective technique for the visual assessment of Al-
sensitivity and Al-tolerance in tef for the first time. Both root 
growth measurement and haematoxylin staining methods 
consistently identified Al-sensitive and Al-tolerant genotypes 
in a set of genotypes evaluated in this study. The use of 
haematoxylin staining in tef Al-toxicity tolerance screening, 
however,  needs to be preceded by  confirmatory test that 
needs to be carried out on diverse genotypes of tef. Generally, 
primary objective of this study was achieved, which was to 
develop a precise phenotyping platform to screen tef 
genotypes for Al-toxicity tolerance is achieved. Application of 
this platform for high throughput screening of tef should be 
used along with digital measurement and image analysis 
techniques.    
 
Acknowledgement  
 
We are grateful to Alliance for Green Revolution for Africa 
(AGRA) for financing this study, as a component of a PhD 
study. We also highly acknowledge the African Centre for Crop 
Improvement (ACCI), at University of Kwa-Zulu Natal and.  The 
Amhara Regional Agricultural Research Institute (ARARI) for 
their support and facilitation of this work. We are highly 
indebted to Professor Leon Kochain, Cornell University for his 
technical support and encouragement, and Dr Charles Higgins 
for kindly supplying some of the important components of the 
phenotyping platform, which otherwise would be difficult to 
acquire.  
 
Conflict of Interest 
 
The authors declare no conflict of interest. The institution 
where the research was done and the funding body are duly 
acknowledged. 
 
References 
Anas Y, Yoshida T (2004) Heritability and genetic correlation of 

Al-tolerance with several agronomic characters in sorghum 
assessed by hematoxyline staining. Plant Production 
Science. 7: 280-282.  

Baier AC, Somers DJ, Gustiafson JP (1995) Aluminium 
tolerance in wheat: correlating hydroponic evaluations with 
field and soil performances. Plant Breeding. 11:, 291-296.  

 



1058 

 

Blamey FPC, Edmeades DC, Asher CJ, Edwards DG, Wheeler 
DM (1991) Evaluation of solution culture techniques for 
studying aluminum toxicity in plants. In: Wright RJ, Baligar 
VC, Murrmann RP (Eds) Plant-Soil Interactions at Low pH. 
Kluwer Academic Publishers, Dordrecht, the Netherlands, 
pp. 905-912. 

Cancado GMA, Loguercio LL, Martins PR, Parentoni SN, Paiva 
E, Borem A, Lopes MA (1999) Hematoxylin staining as a 
phenotypic index for aluminum tolerance selection in 
tropical maize (Zea mays L.). Theoretical and Applied 
Genetics. 99: 747-754.  

Carvalho GJ, Schaffert RE, Malosetti M, Viana JHM, Menezes 
CB, Silva LA, et al (2016) Back to acid soil fields: The citrate 
transporter SbMATE is a major asset for sustainable grain 
yield for sorghum cultivated on acid soils. Genes, Genomes 
and Genetics. 6: 475-484. 

Carver BF, Ownby JD (1995) Acid soil tolerance in wheat. 
Advances in Agronomy. 54: 117-173. 

Central Statistical Agency, 2020. Agricultural Sample Survey 
2019/2020: Report on area of production of major crops 
under private peasant holding during the main rainy season. 
Central Statistical Agency, Addis Ababa, Ethiopia.  

Chen ZC, Naoki Y, Motoyama R, Nagamura Y, Feng MJ (2012) 
Upregulation of a magnesium transporter gene OsMGT1 is 
required for conferring aluminum tolerance in rice. Plant 
Physiology. 159:1624-1633.  

Chlipala E, Bendzinski CM, Chu K, Johnson JI, Brous M, 
Copeland K, Bolon B (2020) Optical density-based image 
analysis method for the evaluation of hematoxylin and eosin 
staining precision. Journal of Histotechnology. 43: 29-37.   

Deborah AS, Tesfaye M (2003) Plant improvement for 
tolerance to aluminum in acid soils. Plant Cell, Tissue and 
Organ Culture. 75: 189-207. 

Delhaize E, Ryan PR, Randall PJ (1993) Aluminium tolerance in 
wheat (Triticum aestivum L.) II. Aluminium-stimulated 
excretion of malic acid from root apices. Plant Physiology. 
103: 695-702. 

Dharmendra S, Singh NP, Chauhan SK, Phundan S (2011) 
Developing aluminium-tolerant crop plants using 
biotechnological tools. Current Science. 100: 1807-1814. 

Ermias A, Shimelis H, Laing M,  Fentahun M (2013) 
Quantitative responses of tef [Eragrostis tef (Zucc.) Trotter] 
and weeping love grass [Eragrostis curvula (Schrad.) Nees] 
varieties to acid soil. Australian Journal of Crop Science. 7: 
1854-1860. 

Ermias A, Shimelis H, Laing M, Mengistu F (2015) Pre-breeding 
of tef [Eragrostic tef (Zucc.) trotter] for tolerance to 
aluminium toxicity. PhD Thesis, University of KwaZulu-Natal, 
Pietermaritzburg, http://hdl.handle.net/10413/13983. 

Ermias A, Shimelis H, Mark L, Mengistu F, Tadele Z (2017) 
Screening of ethyl methane sulphonate mutagenized tef 
[Eragrostis tef (Zucc.) Trotter] population identifies Al-
tolerant lines. Journal of Plant Interactions. 12:1, 170-176, 
DOI: 10.1080/17429145.2017.1310943 

Ermias A, Shimelis H, Amelework A, Mengistu F, Laing M 
(2021) Genetic diversity of Eragrostis tef accessions 
collected from acid soil-affected areas and cross-
amplification of SSR markers linked to Al-toxicity tolerance 
in cereals. Acta Agriculturae Scandinavica, Section B — Soil 
& Plant Science. 71: 324-335. 
DOI:10.1080/09064710.2021.1897156. 

Eswaran H, Reich P, Beinroth F (1997) Global distribution of 
soils with acidity. In: Moniz AZ, Furlani AC, Schaffert RE, 
Fageria NK, Rosolem CA, Cantarella H (Eds) Plant-Soil 
Interactions at Low pH. Brazilian Soil Science Society, Viçosa 
MG Brasil, pp. 159-164.  

Famoso AN, Clark RT, Shaff JE, Craft E, McCouch SR, Kochian 
LV (2010) Development of a novel aluminum tolerance 
phenotyping platform used for comparisons of cereal 
aluminum tolerance and investigations into rice aluminum 
tolerance mechanisms. Plant Physiology. 153: 1678-1691.  

Famoso AN, Zhao K, Clark RT, Tung CW, Wright MH, 
Bustamante C, Kochian LV, McCouch SR (2011) Genetic 
architecture of aluminum tolerance in rice (Oryza sativa) 
determined through genome-wide association analysis and 
qtl mapping. Plos Genetics. 7 (8): e1002221.  

GenStat (2019) GenStat for Windows: Release 19.1 VSN 
International Ltd, Harpenden, UK.  

Gill G, Frost JK, Miller K (1974) A new formula for a half-
oxidized haematoxylin solution that cannot over-stain and 
does not require differentiation. Acta Cytology. 18: 300-311. 

Hede AR, Skovmand B, López-Cesati J (2001)  Acid soils and 
aluminum toxicity. In: Reynolds MP, Ortiz-Monasterio JI, 
McNab A (Eds) Application of Physiology in Wheat Breeding, 
CIMMYT, Mexico, pp.172-182. 

Hede AR, Skovmand B, Ribaut JM, Gonzalez-de-Leon D, Stlen 
O (2002) Evaluation of aluminium tolerance in a spring rye 
collection by hydroponic screening. Plant Breeding. 121: 
241-248. 

Huang C-F, Yamaji N, Chen Z, Ma JF (2012) A tonoplast-
localized half-size ABC transporter is required for internal 
detoxification of aluminum in rice. The Plant Journal. 69: 
857-867.  

Huang CF, Yamaji N, Mitani N, Yano M, Nagamura Y, Maa JF 
(2009) A bacterial-type ABC transporter is involved in 
aluminum tolerance in rice. The Plant Cell. 21: 655-667.  

Kiernan JA (2010) General oversight stains for histology and 
histopatholog. In: Kumar, GI, Kiernan JA (Eds) Education 
Guide Special Stains and H & E Second Edition, Dako North 
America, Inc., Carpinteria, CA, USA. pp. 29-37.  

Kochian LV, Piñeros M, Hoekenga O (2005) The physiology, 
genetics and molecular biology of plant aluminum resistance 
and toxicity. Plant and Soil. 274: 175-195. 

Magalhaes JV, Garvin DF, Wang YH, Sorrells ME, Klein PE, 
Schaffert RE, Li L, Kochian LV (2004) Comparative mapping 
of a major aluminum tolerance gene in sorghum and other 
species in the Poaceae. Genetics. 167: 1905-1914. 

Magalhaes JV, Liu J, Guimarães CT, Lana UG, Alves VM, Wang 
YH, Schaffert RE, Hoekenga OA, Piñeros MA, Shaff JE, Klein 
PE, Carneiro NP, Coelho CM, Trick HN, Kochian LV (2007) A 
gene in the multidrug and toxic compound extrusion (MATE) 
family confers aluminum tolerance in sorghum. Nature 
Genetics. 39: 1156-61.  

Magnavaca R, Gardner CO, Clark RB (1987) Evaluation of 
inbred maize lines for aluminium tolerance in nutrient 
solution. In: Martinus N (Ed) Genetics Aspect of Plant 
Nutrition. Dordrecht, the Netherlands. pp. 255-265. 

Malcolm ES, Andrew DN (2003) Soil acidification: the world 
story. In: Zdenko R (Ed)  Handbook of Soil Acidity. Marcel 
Dekker, New York. pp. 1-28.  

Matsumoto H (1991) Biochemical mechanism of the toxicity of 
aluminum and the sequestration of aluminum in plant cells. 

http://hdl.handle.net/10413/13983


1059 

 

In: Wright RJ, Baligar VC, Murrmann RP (Eds) Plant-Soil 
Interactions at Low pH, Kluwer Academic Publishers, 
Dordrecht. pp. 825-838. 

Miles N, Villiers JM (1989) Lime and phosphorus effects on the 
dry matter production of Eragrostis curvula on dystrophic 
clay soils. Journal of the Grassland Society of Southern 
Africa. 6: 15-18. 

Miyasaka SC, Hue NV, Dunn MA (2007) Aluminum. In: Barker 
AV, Pilbeam DJ (Eds)  Handbook of Plant Nutrition, Taylor 
and Francis Group, Boca Raton. pp. 439-497. 

Narasimhamoorthy B, Blancaflor EB, Bouton JH, Payton ME, 
Sledge MK (2007) A comparison of hydroponics, soil, and 
root staining methods for evaluation of aluminum tolerance 
in Medicago truncatula (barrel medic) Germplasm. Crop 
Science. 47: 321-328.   

Nawrot M, Szarejko I, Maluszynski M (2001) Barley mutants 
with increased tolerance to aluminium toxicity. Euphytica. 
120: 345-356. 

Paterniani ME, Furlani PR (2002)  Aluminum toxicity tolerance 
of maize inbred lines and hybrids evaluated in nutrient 
solution. Bragantia. 61: 11-16.  

Pineros M, Shaff JE, Manslank H, Carvalho AV, Kochian LV 
(2005) Aluminum resistance in maize cannot be solely 
explained by root organic acid exudation. A comparative 
physiological study. Plant Physiology. 137: 231-241. 

Pinto-Carnide O, Guedes-Pinto H (1999). Aluminum tolerance 
variability in rye and wheat Portuguese germplasm. Genetic 
Resources and Crop Evolution. 46: 81-85.  

Polle E, Konzak CF, Kittrick JA (1978) Visual detection of 
aluminum tolerance levels in wheat by hematoxylin staining 
of seedling roots. Crop Science. 18: 823-827.  

Portaluppi R, Brammer SP, de Magalhaes JV, da Costa CT, 
Caierao E, do Nascimento AJ, da Silva JP (2010) Tolerance of 
small grain cereal genotypes to aluminum on hydroponic 
and field cultivation. Pesquisa Agropecuaria Brasileira. 
45:178-185.  

Raman H, Gustafson P (2011) Molecular Breeding of Cereals 
for Aluminum Resistance. In: de Oliveira AC, Varshney RK 
(Eds) Root Genomics. Springer, Berlin. pp. 251-287.  

Rao IM, Miles JW, Beebe SE, Horst WJ (2016) Root adaptations 
to soils with low fertility and aluminium toxicity. Annals of 
Botany. 118: 593–605.  

Rao IM, Zeigler RS, Vera R, Sarkarung S (1993) Selection and 
breeding for acid-soil tolerance in crops. BioScience. 43: 
454-465. 

Sasaki T, Yamamoto Y, Ezaki E, Katsuhara, M, Ju A, Ryan P, 
Delhaize E, Matsumoto H (2004) A wheat gene encoding an 
aluminium-activated malate transporter. Plant Journal. 37: 
645-653. 

Shaff J, Schultz B, Craft E, Clark R, Kochian L (2010) GEOCHEM-
EZ: a chemical speciation programme with greater power 
and flexibility. Plant and Soil. 330: 207-214.  

Silva IR, Smyth TJ, Moxley DF, Carter TE, Allen NS, Rufty TW 
(2000) Aluminum accumulation at nuclei of cells in the root 
tip: fluorescence detection using lumogallion and confocal 
laser scanning microscopy. Plant Physiology. 123: 543-552.  

Spehar CR (1994) Aluminium tolerance of soya bean 
genotypes in short term experiments. Euphytica 76: 73-80.  

Stodart BJ, Raman H, Coombes N, Mackay M (2007) Evaluating 
landraces of bread wheat (Triticum aestivum L.) for 
tolerance to aluminium under low pH conditions. Genetic 
Resources and Crop Evolution. 54: 759-766.  

Tamas L, Budikova S, Simonovicova M, Huttova J, Siroka B, 
Mistrik I (2006) Rapid and simple method for Al-toxicity 
analysis in emerging barley roots during germination. 
Biologia Plantarum. 50: 87-93.  

Titford M (2005) The long history of hematoxylin. Biotechnic 
and  Histochemistry. 80: 73-78. 

von Uexk¨ull HR, Mutert E (1995) Global extent, development 
and economic impact of acid soils. Plant and Soil 171: 1–15.   

Xia J, Yamaji N, Kasai T, Ma JF (2010) Plasma membrane-
localized transporter for aluminumin rice. Proceedings of 
the National Academy of Science.s 107:18381-18385.  

Yang Z, Rao IM, Horst WJ (2013) Interaction of aluminium and 
drought stress on root growth and crop yield on acid soils. 
Plant and Soil. 372: 3–25. 

 


