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Sorghum (Sorghum bicolor L. (Moench) is an important food security crop in sub-Saharan Africa. Its 
production on acid soils is constrained by aluminium (Al) stress, which primarily interferes with root 
growth. Sorghum cultivation is widespread in Kenya, but there is limited knowledge on response of the 
Kenyan sorghum cultivars to aluminium stress. The aim of the study was to identify and 
morphologically characterise aluminium tolerant sorghum accessions. The root growth of three 
hundred and eighty nine sorghum accessions from local or international sources was assessed under 
148 μM Al in soaked paper towels, and 99 of these were selected and further tested in solution. Ten 
selected accessions were grown out in the field, on un-limed (0 t/ha) or limed (4 t/ha) acid (pH 4.3) soils 
with high (27%) Al saturation, and their growth and grain yield was assessed. Although the Al stress 
significantly (P ≤ 0.05) reduced root growth in most of the accessions, there were ten accessions; 
MCSRP5, MCSR 124, MCSR106, ICSR110, Real60, IS41764, MCSR15, IESV93042-SW, MCSRM45 and 
MCSRM79f, that retained relatively high root growth and were classified as tolerant. The stress 
significantly (P ≤ 0.05) reduced seedling root and shoot dry matter in the Al-sensitive accessions. Plant 
growth and yield on un-limed soil was very poor, and liming increased grain yield by an average 35%. 
Most of Kenya sorghums were sensitive to Al stress, but a few tolerant accessions were identified that 
could be used for further breeding for improved grain yield in high aluminium soils. 
 
Key words: Aluminium tolerance, grain yield, liming, root growth sorghum. 

 

INTRODUCTION 
 
Sorghum (Sorghum bicolor L. Moench) is a staple cereal 
crop in many parts of Africa and Asia, especially in sub-
humid   and   semi-arid   agro-ecologies   (Simpson    and  
 

Conner-Ogorzaly, 2001). Despite its importance, 
sorghum grain yield in sub-Saharan Africa is low (2 t/ha) 
and has been declining over the years (Wortmann  et  al.,  
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2006) mainly because of poor agronomy, or abiotic and 
biotic stresses. Many of the soils used for sorghum 
cultivation in the tropics are acidic (pH<5.5). Soil acidity is 
common in the tropics and subtropics because of the 
nature of the parent rocks and the high degree of 
weathering and base leaching that has occurred 
(Johnson, 1988). The greater proportion of potentially 
arable land worldwide is acidic (Von Uexküll and Mutert, 
1995), and in Kenya acid soils cover up to 13 % of the 
arable land (Kanyanjua et al., 2002).  

Although Aluminium (Al) is one of the most abundant 
mineral elements in soil, it occurs in insoluble or non-toxic 
oxide and hydroxide compounds under neutral or basic 
pH. However, the compounds become more soluble 
under acidic (pH<5.5) conditions and release a variety of 
Al species, especially the trivalent aluminium ion (Al

3+
) 

and soluble hydroxides. The Al
3+

 is toxic to plants, and 
occurs both in solution and at the cation exchange sites, 
where it can be easily exchanged with other soluble 
cations. Acid soils in Kenya have between 8 and 61% Al 
saturation (Obura et al., 2010). Most plants are adversely 
affected if the soil contains more than 20% aluminium 
saturation. 

The primary effect of Al stress is stunting of the roots 
(Rengel, 1996). The resulting restricted root system is 
inefficient in water and mineral absorption, making the 
plant more susceptible to water stress or mineral nutrient 
deficiency. The combined limitation on water and mineral 
nutrient absorption leads to poor plant development and 
low crop yield. However, aluminium tolerant plants 
maintain high root growth and plant vigour under Al 
through the exclusion of Al from the root symplasm or 
tolerance to high Al

3+
 concentration in the symplasm 

(Kochian, 1995). The exclusion of Al from the root is 
achieved by releasing Al-chelating ligands such as 
organic acids. The organic acid exudates, secreted in 
significant amount by the tolerant genotypes, form Al-
carboxylate complexes that are not taken up by plant 
roots. Al-tolerant sorghum genotypes have been shown 
to secrete relatively large quantities of citric, malic and 
transaconitic acids (Goncales et al., 2005; Magalhaes et 
al., 2007). 

Although lime is conventionally applied to amend soil 
acidity and related stresses, the practice increases 
farming cost. Large quantities of lime (2 to 10 t/ha) are 
required to ameliorate the acidity and enhance growth of 
crops (Kisinyo et al., 2013). Moreover, sub-soil acidity is 
not effectively corrected by surface liming (Ernani et al., 
2004) unless lime is applied in large quantities and mixed 
into the deeper soil layers. Therefore, the use of Al-
tolerant crop cultivars in addition to lime application could 
greatly enhance yields in soils that have high percentage 
of exchangeable aluminium.  

Sorghum has a significant genotypic variation in 
relation to tolerance to Al stress (Caniato et al., 2007) 
that can be exploited to develop varieties with superior 
tolerance. However, although significant sorghum cultivation  

 
 
 
 
in Kenya occurs on acid soils of western Kenya (Obura, 
2008; Kisinyo, 2011), there has been limited selection 
and breeding for Al tolerant sorghum for this region. 
Moreover, the amount of yield loss occasioned by Al 
toxicity in Kenya is not known. The objectives of this 
study were to determine the level of tolerance in selected 
Kenyan sorghum lines and to identify Al tolerant 
accessions, under laboratory and field conditions with 
specific reference to seedling root growth and grain yield. 
 
 
MATERIALS AND METHODS 

 
Three hundred and eighty nine sorghum accessions comprising of 
Kenyan landraces, commercial varieties, breeding lines, 
recombinant inbred lines (RILs) and Al tolerant and sensitive 
standard lines, hereinafter termed accessions, were pre-screened 
for tolerance to Al stress using moistened paper-towels.  The 
sorghum seeds were surface sterilized in 1% sodium hypochlorite 
for 8 min, rinsed with sterile distilled water,  germinated and grown 

at 26°C for 5 days between sterilized paper towels that were 
moistened with 10 ml treatment solution (pH 4.0) at two levels of Al 
stress; 0.82 mM Al or without Al (control). The cellulose fibres in the 
paper bind Al

3+
 and thus reducing the effective concentration. 

Earlier studies had shown that 0.82 mM Al
3+

 in filter paper tests is 
equivalent to 148 μM Al in free solution (Tamas et al., 2006). The 
root length was measured and root tolerance index (RTI) was 
calculated as follows: 
 

controlinlengthRoot

aluminiuminlengthRoot
RTI                (1) 

 
The RTI was used to group the accessions into tolerant or sensitive 
categories. After the pre-screening, a representative sample of 99 
accessions (Table 1) that had been rated as tolerant, sensitive or 
intermediate were selected and subjected to Al stress in aerated 
nutrient solution (Magnavaca et al., 1987). Sterilized sorghum 
seeds were pre-germinated in the dark for 72 h at 25°C between 
sheets of sterilized paper towels that were moistened with sterile 
distilled water. Healthy seedlings with the similar root size and form 
were grown in the nutrient solution without Al for 24 h to equilibrate. 
The initial length of the main root (IRL) was measured and 
recorded. Thereafter the seedlings were transferred individually into 
the growth vials that were placed in holding plastic rafts and 

transferred to trays containing eight litres of nutrient solution without 
(control) Al or with 148 or 222 μM Al (Caniato et al., 2007). The 
seedlings were grown in a plant growth chamber with gentle, 
continuous aeration for 120 h at 28°C with 17/7 photoperiod and 
light intensity of 200 µmol m

-2
s

-1
. The set up was replicated five 

times. The length of the main root with branches in the control 
(RLBc) and in the Al treatment (RLBAl) was measured and recorded. 
The shoot and root dry weight (68°C for 48 h) of five representative 
sorghum accessions were determined and recorded.  

The data was used to calculate seedling growth indices: net root 
length (NRL), percentage of response (% response), relative net 
root length (RNRL) and percentage of reduction in root branching 
(% RRB) (Magalhaes et al., 2004), thus; 
 

IRLFRLNRL                                                (2) 

        
Where FRL is the final root length in both Al treated and control 

plants and IRL is the initial root length. The response (%) was 
measured as: 
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Table 1. Origin of selected sorghum germplasm used in the study. 
 

Sorghum Line Source Classification Sorghum accession  Source Classification 

MCSR P5 Oyugis  Landrace*    

MCSR124 MUSRT RIL MCSRF-6 Kilifi landrace 

MCSR106 MUSRT RIL MCSR N140c Isebania Landrace 

ICSR110 ICRISAT Al standard MCSRN79 Kisii  Landrace 

Real60 ICRISAT Al standard MCSRN102 Karungu Landrace 

 IS41764 ICRISAT Al standard MCSRN20 Mosocho Landrace 

MCSR15 MUSRT RIL MCSRI17 Kilibasi Landrace 

IESV93042-SW ICRISAT Breeding line MCSR N77 Ndhiwa Landrace 

MCSRM45 Koyonzo Landrace MCSRN140 Isebania Landrace 

MCSRM79f Nangeni Landrace MCSRM69e Nangeni Landrace 

MCSRN24 Mabera Landrace MCSRM42b Nangeni Landrace 

MCSRM41 Nangeni Landrace MCSR 60 MUSRT RIL 

MCSR M65b Nangeni Landrace MCSRJ3b Makueni Landrace 

Macia ICRISAT Released Var. MCSRM19 Nangeni Landrace 

ICSB609 ICRISAT Standard MCSRT71 ICRISAT Landrace 

MCSRN140b Isebania Landrace MCSR140d Isebania Landrace 

MCSRM42d Nangeni Landrace MCSRF9b Kilifi Landrace 

MCSRI6d Kilibasi Landrace MCSRG1a2 Ukunda Landrace 

MCSRN60 Kanyamua Landrace MCSRM63c Nangeni Landrace 

PGRC/E216740  ICRISAT Breeding line MCSRQ4 Malaba Landrace 

MCSRM62 Nangeni Landrace MCSR N74 Ndhiwa Landrace 

MCSRN81 Kisii  Landrace MCSRM33a Nangeni Landrace 

MCSRM5 Nangeni Landrace  P20SP KARI Breeding line 

MCSRM23 Nangeni Landrace MCSRN85 Ndhiwa Landrace 

MCSRP3 Oyugis Landrace MCSRN68 Mabera Landrace 

 KAK7540 KARI Breeding line  ICSB608 ICRISAT Standard 

MCSRL3b Busia Landrace MCSRN72 Ndhiwa Landrace 

MCSRN21 Mabera Landrace MCSRM33b Nangeni Landrace 

MCSRQ3 Malaba Landrace MCSRN88a Ndhiwa Landrace 

MCSRN83 Ndhiwa Landrace MCSRK5b Eldoret Landrace 

MCSRI6 Kilibasi Landrace ICSB613 ICRISAT Standard 

MCSRM68b Nangeni Landrace MCSRN35 Mabera Landrace 

MCSRH2a Ukunda Landrace MCSRN2 Mabera Landrace 

MCSRS66 Sega Landrace MCSRN13 Mabera Landrace 

MCSRL3 Busia Landrace MCSRK5e Eldoret Landrace 

MCSRM47g Nangeni Landrace MCSRM21 Nangeni Landrace 

MCSRF9d Kilifi Landrace MCSRM73e Nangeni Landrace 

MCSRL6 Sega Landrace Serena x Esuti KARI Breeding line 

MCSRS65 Bumala B Landrace MCSR N157a Karungu Landrace 

MCSRM69 Nangeni Landrace MCSRM3 Nangeni Landrace 

MCSRM33 Nangeni Landrace MCSRN84 Ndhiwa Landrace 

MCSRN103 Karungu Landrace ICSV112  ICRISAT Breeding line 

MCSRF-1 Kilifi Landrace  Pato ICRISAT Released var 

Seredo Kenya seed  Cultivar MCSRG2 Ukunda Landrace 

MCSR N51 Migori Landrace MCSRM44 Nangeni Landrace 

MCSRN57 Mabera Landrace MCSRL5 Sega Landrace 

MCSRN61 Mosocho Landrace MCSRN120 Karungu Landrace 

MCSRI19 Kilibasi Landrace  Hakika ICRISAT Released var 

MCSRT94 ICRISAT Breeding line MCSR N88 Ndhiwa Landrace 

MCSRN88c Ndhiwa  Landrace MCSRM45b Koyonzo Landrace 
 

* The Landraces were purified through three cycles of selfing before they were tested.  RIL – recombinant inbred line. The commercial 
varieties, standards and breeding lines are written in italics. 
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Figure 1. Map of Kenya showing field sites used in this study.  Bumala site was used as a testing site and falls within 

regions with acidic soils, as characterized by Kanyanjua et al. (2002).   
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Where FRLC is final root length in control and FRLAl is the final root 
length in Al. RNRL was calculated as: 
 

100x
NRL

NRL
RNRL

C

Al

               (4) 

  
Where NRLAl is net root length in Al, and NRLC is net root length in 
control 
 

100
RLBC

RLBAlRLBC
RRB% 


                             (5) 

 

Where % RRB is the percent reduction in root branching, RLBC is 
the length of root with branches in control, and RLBAl is length of 
root with branches in aluminium. 

The percentage response to Al and RNRL were used to classify 

the sorghum lines as tolerant (30% response to Al; RNRL > 70%) 
or susceptible (>70% response; RNRL < 30%) as defined by 
Caniato et al. (2007).  

A sample of five of the accessions: MCSRP5 (Al-tolerant popular 
landrace); ICSR110 (Al- tolerant standard check); MCSR15 (Al-

tolerant RIL); Seredo (Al-sensitive commercial variety) and 
MCSRL5 (Al-sensitive popular landrace) were used to evaluate the 
effect of Al on root and shoot dry weight. To show root injury 

caused by Al stress the root tips of some lines were visualized and 
photographed using a microscope (Leica DMLB) fitted with a Leica 
DC 300 digital camera. 

Ten accessions; ICSR110, Real60 and IS41764 (Al-tolerant 
check), and MCSRM45 (Al-tolerant popular high yielding landrace); 
Macia (moderately tolerant released variety); Seredo (Al-sensitive 
commercial variety), MCSRM33, MCSRL5 and MCSRN61 (Al 
sensitive, high yielding popular landraces), and ICSV112 (Al-
sensitive breeding line) were evaluated in the field at Bumala in 
Busia, Western Kenya (Figure 1) for response to Al stress on basis 
of vegetative growth and grain yield. Bumala is located at N 00

o
19' 

E 034
o
12', at an altitude of 1294 m. The soil at the test site is well 

drained firm, acidic (pH 4.3), nitisol, with high (> 27%) Al saturation 
percentage (Obura, 2008; Kisinyo, 2011).   

The accessions were grown out in plots in the field with or 
without lime in a split plot design. Lime (21% Calcium oxide) was 
applied and mixed with the top soil in one block 60 days before 
planting at a rate equivalent to 4 t/ha. The plots were ploughed to a 
fine tilt. The seeds were hand sowed at a spacing of 60 cm 

between rows and 20 cm within rows in plots measuring 2 × 3 m, 
which translated into 83,333 plants per hectare. Both blocks 
received uniform application of 75 kg/ha of diammonium phosphate 
(DAP) at sowing. The number of leaves and leaf area per plant 
were assessed at 50% flowering. The length and width of individual 
leaves per plant were measured using a meter ruler and then leaf 
area was calculated using the following formula (Stickler et al., 
1961): 
 

0.75width)leaflength(leafareaLeaf                              (6)  
 

Grain yield and thousand-seed weight were assessed and recorded 
after harvest.  All the data were  subjected  to  analysis  of  variance  
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Figure 2. Frequency distribution of root tolerance indices of 389 Kenyan local 

sorghum accessions. Sterilized seeds were germinated and grown at 26oC for 5 
days between paper towels moistened with nutrient solution containing 148 μM Al or 
without Al.  

 
 
(ANOVA) using SPSS

®
. Differences were adopted as significant at 

P ≤ 0.05.  Means were separated using Tukey’s ‘honestly significant 
difference’ (HSD) test. The indices data were subjected to square 

root transformation before statistical analysis.   
 
 

RESULTS 
 
It was possible to grade the 389 sorghum accessions for 
aluminium tolerance using the RTIs of filter-paper grown 
seedlings. Fifty percent of the accessions had RTI of 
more than 0.75, whereas the other half had RTI of less 
than 0.75 (Figure 2). Some of the resistant accessions 
had better root growth (RTI>1.0) when grown under the 
148 μM than under control. 

In the nutrient solution, the net root length of most 
sorghum accessions was significantly (P ≤ 0.05) reduced 
by the 148 μM Al stress (Table 2). Percent response to Al 
corresponds to Al-induced reduction in root growth. Only 
10 accessions; MCSRP5,  MCSR124, MCSR106, 
ICSR110, Real60, IS41764, MCSR15, IESV93042-SW, 
MCSRM45 and MCSRM79f, had less than 30% root 
growth reduction in response to Al (RNRL > 70%), and 
were therefore classified as tolerant to Al stress. Twenty-
five accessions expressed root growth reduction ranging 
between 35 and 50% (RNRL- 50 to 65%), and were 
classified as moderately tolerant. Sixty-four accessions 
had between 51 to 82% root growth reduction (RNRL- 18 

to 49%) and were classified as sensitive to Al stress. The 
accessions that expressed more the 70% reduction in 

root growth (RNRL 30%) were classified as highly 
sensitive; they included MCSRG2, MCSRM44, MCSRL5, 
MCSRN120, Hakika, MCSRN88 and MCSRM45b. 

A relative effect of Al stress on root growth in 
representative sensitive and tolerant sorghum accessions 
is presented in Figure 3. The root growth in sensitive 
accessions was severely reduced by the stress, whereas 
that of tolerant accessions was only minimally affected. 
Figure 4 shows the appearance of root tips under bright 
field microscope examination. Although the root tip 
morphology of the Al-resistant accessions was fairly 
normal, those of Al-sensitive accessions developed 
surface lesions after 120 h of exposure to 148 μM Al. 

Some accessions, such as MCSR124, MCSR15, 
MCSR 17, MCSR60, MCSRJ3b, MCSRI19, ICSV112, 
Pato and MCSRM45b had significantly longer roots than 
the rest of the accessions when grown without Al stress. 
However, only two accessions from this group; MCSR124 
and MCSR15, maintained high root growth under the Al 
stress. There was a significant (P ≤ 0.05) variation in root 
branching both among the different sorghum accessions 
grown without the Al stress, and among those subjected 
to the 148 μM of Al stress (Table 2). The root branching 
was significantly reduced by the stress, with most 
accessions  having  a  percent   relative   root   branching  
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Table 2. Effect of aluminium stress on seedling root growth in some selected sorghum plants. 
  

Sorghum accession NRL-Al %Resp RNRL %RRB Sorghum accession NRL-Al %Resp RNRL %RRB 

MCSRP5 3.68
a-d†

 4.0
p
 96

a
 59

a-d
 MCSRT71 2.90

a-m
 52.8

a-k
 47

 b-l
 80

a-c
 

MCSR124 6.08
a
 7.0

op
 93

a
 48

b-d
 MCSR140d 2.04

f-o
 52.9

a-k
 47

 b-l
 68

a-c
 

MCSR106 4.20
ab

 10.0
op

 90
ab

 56
a-d

 MCSRF9b 2.13
e-o

 53.7
a-k

 46
 b-l

 80
a-c

 

ICSR110
S
 4.23

a
 10.2

op
 90

ab
 51

a-d
 MCSRG1a2 2.05

f-o
 53.7

a-k
 46

 b-l
 94

ab
 

Real60
S
 3.64

a-e
 14.55

n-p
 85

abc
 58

a-d
 MCSRM63c 2.88

a-m
 53.8

a-k
 46

 b-l
 76

a-c
 

IS41764
 S

 3.66
a-e

 18.3
m-p

 82
abc

 67
a-c

 MCSRQ4 2.45
b-o

 54.2
a-k

 46
 b-l

 92
ab

 

MCSR15 5.28
a
 25.0

l-p
 75

a-d
 45

b-d
 MCSRN74 2.18

d-o
 54.5

a-k
 46

 b-l
 95

ab
 

IESV93042 -SW 3.43
a-f

 25.5
l-p

 75
a-d

 50
a-d

 MCSRM33a 2.76
a-n

 54.6
ak

 45 
c-l

 96
ab

 

MCSRM45
 S

 3.79
abc

 26.3
k-p

 74
a-e

 64
a-d

 P20SP 2.49
b-o

 54.7
a-k

 45
 c-l

 68
a-c

 

MCSRM79f 2.92
a-l

 28.6
j-p

 71
a-f

 96
a-b

 MCSRN85 2.25
c-o

 54.7
a-k

 45
 c-l

 75
a-c

 

MCSRN24 3.03
a-l

 35.0
h-o

 65
a-g

 62
a-d

 MCSRN68 1.93
f-o

 54.8
a-k

 45
 c-l

 88
a-c

 

MCSR M41 2.72
a-n

 35.2
h-o

 65
a-g

 87
a-c

 ICSB608 2.23
c-o

 55.2
a-k

 45
 c-l

 100
a
 

MCSR M65b 2.49
b-o

 37.1
g-o

 63
a-h

 78
a-c

 MCSRN72 1.57
j-o

 55.5
a-k

 45
 c-l

 70
a-c

 

Macia
 S

 3.26
a-h

 37.7
g-o

 62
a-h

 99
ab

 MCSRM33b 1.92
f-o

 55.9
a-k

 44
d-l

 99
a
 

ICSB609 3.36
a-g

 38.7
e-o

 61
a-h

 70
a-c

 MCSRN88a 1.86
f-o

 56.7
a-k

 43
d-l

 94
ab

 

MCSRN140b 3.15
a-j

 39.9
d-o

 60
a-i

 60
a-d

 MCSRK5b 2.32
b-o

 56.8
a-k

 43
d-l

 90
ab

 

MCSRM42d 3.72
a-d

 40.2
d-o

 60
a-i

 84
a-c

 ICSB613 2.56
b-o

 57.0
a-k

 43
d-l

 95
ab

 

MCSRI6d 2.28
b-o

 40.8
d-o

 59
b-j

 68
a-c

 MCSRN35 2.49
b-o

 57.0
a-k

 43
d-l

 95
ab

 

MCSRN60 2.80
a-n

 41.7
c-o

 58
b-j

 70
a-c

 MCSR N2 1.78
h-o

 57.1
a-k

 43
d-l

 95
ab

 

PGRC/E216740   3.01
a-l

 42.5
c-o

 58
b-j

 86
a-c

 MCSRN13 1.97
f-o

 57.6
a-k

 42
d-l

 93
ab

 

MCSRM62 2.80
a-n

 42.7
c-o

 57
b-k

 70
a-c

 MCSRK5e 2.27
b-o

 57.7
a-k

 42
d-l

 75
a-c

 

MCSRN81 3.34
a-g

 42.8
c-o

 57
b-k

 44
b-d

 MCSRM21 2.18
d-o

 58.0
a-k

 42
d-l

 81
a-c

 

MCSRM5 2.49
b-o

 43.4
b-o

 57
b-k

 76
a-c

 MCSRM73e 1.73
h-o

 58.5
a-j

 41
e-l

 67
a-c

 

MCSRM23 2.49
b-o

 43.6
b-0

 56
b-k

 80
a-c

 MCSRL6 2.05
f-o

 58.6
a-j

 41
e-l

 46
cd

 

MCSRP3 3.19
a-i

 44.7
b-o

 55
b-k

 77
a-c

 MCSRS65 2.17
d-o

 59.4
a-j

 41
e-l

 62
a-d

 

KAK7540 2.41
b-o

 45.6
b-o

 54
b-k

 52
a-d

 MCSRM69 1.79
g-o

 59.5
a-j

 41
e-l

 58
a-c

 

MCSRL3b 2.29
b-o

 46.1
b-o

 54
b-k

 71
a-c

 MCSRM33
 S

 2.31
b-o

 59.6
a-j

 40
e-l

 82
a-c

 

MCSRN21 2.43
b-o

 46.5
a-o

 53
b-k

 93
ab

 MCSRN103 1.93
f-o

 59.8
a-j

 40
e-l

 77
a-c

 

MCSRQ3 2.91
a-m

 47.1
a-o

 53
b-k

 92
ab

 MCSRF-1 1.73
h-o

 61.0
a-i

 39
g-l

 100
a
 

MCSRN83 2.70
a-n

 47.6
a-o

 52
b-k

 89
a-c

 Seredo
 S

 1.54
k-o

 61.2
a-i

 39
g-l

 57
a-d

 

MCSRI6 2.69
a-n

 47.9
a-o

 52
b-k

 70
a-c

 MCSRN51 1.48
l-o

 61.3
a-i

 39
g-l

 59
a-d

 

MCSRM68b 2.89
a-m

 48.3
a-o

 52
b-k

 88
a-c

 MCSRN57 1.72
h-o

 61.9
a-i

 38
g-l

 90
ab

 

MCSRH2a 2.89
a-m

 49.3
a-o

 51
b-l

 57
a-d

 MCSRN61
 S

 1.97
f-o

 62.5
a-i

 38
g-l

 60
a-d

 

MCSRS66 1.84
g-o

 50.4
a-o

 50
b-l

 68
a-c

 MCSRI19 2.63
b-o

 62.5
a-i

 38
g-l

 82
a-c

 

MCSRL3 2.14
d-o

 50.4
a-n

 50
 b-l

 74
a-c

 MCSRT94 1.92
f-o

 62.5
a-i

 37
g-l

 90
ab

 

MCSRM47g 2.41
b-o

 51.0
a-m

 49
 b-l

 95
ab

 MCSR N88c 1.86
f-o

 63.1
a-h

 37
g-l

 66
a-c

 

MCSRF9d 2.88
a-m

 51.5
a-m

 49
 b-l

 97
a
 SerenaxEsuti 1.94

f-o
 63.6

a-g
 36

g-l
 88

a-c
 

MCSRF-6 2.99
a-l

 51.5
a-m

 48
 b-l

 100
a
 MCSRN157a 1.63

i-o
 64.4

a-g
 36

g-l
 68

a-c
 

MCSR N140c 2.07
f-o

 51.6
a-m

 48
 b-l

 76
a-c

 MCSRM3 1.75
h-o

 64.6
a-g

 35
g-l

 81
a-c

 

MCSRN79 2.44
b-o

 51.6
a-m

 48
 b-l

 75
a-c

 MCSRN84 1.68
h-o

 64.8
a-g

 35
g-l

 75
a-c

 

MCSRN102 2.17
d-o

 51.7
a-m

 48
 b-l

 70
a-c

 ICSV112
 S

 2.52
b-o

 65.6
a-f

 34
g-l

 85
a-c

 

MCSRN20 2.62
b-o

 51.8
a-m

 48
 b-l

 94
ab

 Pato 2.51
b-o

 67.1
a-e

 33
h-l

 84
a-c

 

MCSRI17 3.25
a-h

 52.1
a-m

 48
 b-l

 65
a-c

 MCSRG2 1.56
j-o

 70.1
a-d

 30
i-l
 42

cd
 

MCSRN77 2.71
a-n

 52.1
a-m

 48
 b-l

 95
ab

 MCSRM44 1.56
j-o

 70.4
a-d

 30
i-l
 89

a-c
 

MCSR N140 1.83
g-o

 52.2
a-l

 48
 b-l

 83
a-c

 MCSRL5
 S

 1.50
j-o

 73.0
abc

 27
j-l
 90

ab
 

MCSRM69e 2.16
d-o

 52.2
a-k

 48
 b-l

 88
a-c

 MCSRN120 1.33
mno

 74.1
abc

 26
j-l
 71

a-c
 

MCSRM42b 2.13
e-o

 52.2
a-k

 48
 b-l

 77
a-c

 Hakika 1.07
o
 74.2

abc
 26

j-l
 89

a-c
 

MCSR60 3.83
abc

 52.0
a-k

 48
 b-l

 70
a-c

 MCSRN88 1.26
no

 77.2
a
 23

kl
 100

a
 

MCSRJ3b 3.08
a-k

 52.6
a-k

 47
 b-l

 82
a-c

 MCSRM45b 1.20
no

 82.0
a
 18

l
 95

ab
 

MCSRM19 2.78
a-n

 52.7
a-k

 47
 b-l

 92
ab

      
 

† Means sharing letters within the columns are not significantly different at P ≤ 0.05.  Means were separated using Tukey’s HSD test. NRL-Al = net 

root length in aluminium, % resp = percentage response to 148 μM Al, RNRL = relative net root length, RLB148 = length of branched root in 148 μM 
Al, and % RRB = percentage reduction in root branching. Accessions  written in bold with superscript letter ‘S’ were selected for field experiments.  
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Figure 3. Effect of aluminium stress on root growth and morphology of selected sorghum 

accessions; (A) Al-sensitive (MCSRM44) and (B) Al-tolerant (MCSRP5) after screening in solution 
culture. (C) Al-sensitive accession (MCSRN88) depicting stunted roots with brown colouration 
after screening using the paper towel method. The seedlings to the left are the controls.  

 
 
reduction of >50% (Table 2). However, some accessions, 
such as MCSR124, MCSR15, IESV93042-SW, 
MCSRN81, MCSRL6 and MCSRG2 had ≤50% relative  
reduction in root branching, whereas in some, root 
branches were initiated but failed to elongate. The roots 
of MCSRF-6, ICSB608, MCSRF-1 and MCSRN88, did 
not branch at all under the Al stress.  

Aluminium stress at 148 μM significantly (P ≤ 0.05) 
reduced root and shoot dry weight in MCSRL5, Seredo 
and MCSRP5, but not in ICSR110 and MCSR15 (Figure 
5a and b). MCSR15 and MCSRP5 had the highest root 
and shoot dry weight, respectively, at 148 μM, whereas 
MCSRL5 and Seredo had the lowest root  and  shoot  dry 

weight, respectively. At 222 μM Al, all the accessions had 
a significant reduction in root and shoot dry weight (P ≤ 
0.05).  

Results on the effect of soil liming on plant growth in 
the field are presented in Table 3 and Figure 6. There 
were differences in vigour between sorghum plants 
grown in the limed and un-limed field plots at the early 
vegetative stages with the crop in the limed plots showing 
higher vigour than those in the un-limed plots (Figure 6). 
Lime application did not cause a significant change in leaf 
area per plant in any of the sorghum accessions (Table 
3). ICSV112 and MCSRM33 had the highest and the 
lowest total leaf area per plant,  respectively,  in  un-limed  
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Figure 4. Bright field micrographs showing root tips of (A) Al-tolerant (ICSR110) and (B) Al-sensitive 

(MCSRL5) sorghum accessions subjected to 148 μM Al for 120 hours. The arrows point at lesions caused 
by aluminium stress. Scale bars = 200 μm. 

 
 
 

 
 
Figure 5. Effect of aluminium stress on (a) root and (b) shoot dry 

weight (mg) of selected sorghum accessions. Data were subjected to 
one-way ANOVA and means were separated using Tukey’s HSD test. 
The vertical bars represent standard error. 
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Table 3. Effect of liming (4 t/ha) on total leaf area and number of leaves per plant of selected sorghum accessions.  
 

Sorghum line 
Leaf area per plant (cm

2
)  Number of leaves per plant 

C 
-Lime +Lime  -Lime +Lime 

Macia 1935
b-d†

 2073
a-d

  7.8
d-g

 9.5
a
 MT 

Real60 1972
b-d

 1996
b-d

  8.0
c-g

 9.5
a
 T 

MCSRM45 2075
a-d

 2845
ab

  7.1
fg
 7.6

e-g
 T 

MCSRL5 2109
a-d

 2561
abc

  6.8
g
 8.6

a-e
 HS 

Seredo 1858
cd

 2150
a-d

  7.6
e-g

 8.4
b-f

 S 

ICSR110 2032
b-d

 2279
abc

  8.1
b-g

 8.8
a-e

 T 

IS41764 2294
abc

 2989
a
  8.3

b-g
 9.0

 ab
 T 

MCSRM33 1267
d
 1996

b-d
  6.8

g
 7.5

e-g
 S 

ICSV112 2642
abc

 2766
ab

  8.2
b-g

 8.4
b-f

 S 

MCSRN61 1952
b-d

 2679
ab

  7.8
d-g

 8.4
b-f

 S 

Mean 2013 2433  7.7 8.6  
 

† Values with similar letters within the column and row of the same attribute are not significantly different at P ≤ 0.05. The 
means were separated using Tukey’s HSD test. S.E. 273 and 0.46 for total leaf area and number of leaves respectively. C= 
Classification based on solution culture assay for response to Al stress; HS = highly sensitive, MT = moderately tolerant, S 

= sensitive, T – tolerant. 
 
 
 

 
 
Figure 6. Twenty six days old sorghum growing on limed (A) and non-limed (B) plots at Bumala site. 

 
 
 
soil. IS41764 had the highest, whereas MCSRM33 and 
Real60 had the lowest total leaf area per plant in the 
limed soil. The number of leaves per plant was 
significantly higher in limed soil than in non-limed soil in 
Macia, Real60 and MCSRL5 (P ≤ 0.05), whereas lime 
application had no significant effect on number of leaves 
in the rest of the accessions. In non-limed soil, MCSRL5 
and MCSRM33 had the least number of leaves  per  plant 

whereas IS41764 had the highest number of leaves per 
plant.  

In non-limed soils, MCSRM33 had the lowest grain 
yield per plant (21.2 g – equivalent to 1767 kg/ha), while 
Real60 had the highest grain yield per plant (47.9 g – 
equivalent to 3916 kg/ha) (Table 4). In limed soils, 
ICSR110 had the lowest grain yield (33.9 g – equivalent 
to 2825 kg/ha), while ICSV112 had the highest grain yield  
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Table 4.  Effect of liming (4 t/ha) on 1000 seed weight (g) and grain yield per plant in some selected sorghum 
accessions. 
 

Sorghum line 
1000 seed weight (g)  Total grain yield (g) per plant 

I C 
-Lime +Lime  -Lime +Lime 

Macia 22.8
de†

 29.4
bc

  24.1
ij   

(2008) 39.9
c-j

 (3325) 40 MT 

Real60 20.1
fg
 28.8

bc
  47.9

b-I 
(3916) 64.3

a-d 
(5358) 26 T 

MCSRM45 20.1
fg
 23.9

d
  42.1

b-j 
(3508) 65.9

abc 
(5492) 36 T 

MCSRL5 23.3
d
 28.1

bc
  45.9

b-j 
(3825) 61.9

a-e 
(5158) 26 HS 

Seredo 23.4
d
 34.3

a
  38.6

d-j 
(3217) 56.3

a-f
 (4692) 31 S 

ICSR110 17.2
h
 18.8

gh
  25.7

h-j
(2142) 33.9

f-j 
(2825) 24 T 

IS41764 20.3
efg

 24.9
d
  42.3

b-j
(3525) 61.0

a-e
(5083) 31 T 

MCSRM33 12.8
i
 20.4

efg
  21.2

j  
(1767) 36.9

e-j
(3075) 43 S 

ICSV112 19.6
fgh

 34.5
a
  44.0

b-j 
(3667) 81.4

a   
(6783) 46 S 

MCSRN61 21.5
ef
 28.6

bc
  37.8

e-j 
(3150) 66.2

ab 
(5517) 43 S 

Mean 20.1 27.2
  

37.0   (3083) 56.8 (4733) 35  
 

† Values with similar letters within the column and row of the same attribute are not significantly different at P ≤ 0.05.  The 
means were separated using Tukey’s HSD test.  S.E 0.8 and 7.6 for 1000 seed weight and total grain yield respectively. The 
values given in brackets are equivalent to grain yield in kg/ha. I = percent increase in grain yield. C= Classification based on 

solution culture assay for response to Al stress; HS = highly sensitive, MT = moderately tolerant, S = sensitive, T – tolerant. 
 
 
 
(81.4 g – equivalent to 6783 kg/ha).  

Lime application caused a significant increase in total 
grain yield per plant in ICSV112 and MCSRN61 (P ≤ 
0.05). The increase in grain yield ranged from 24 to 46%, 
where ICSR110 and ICSV112 had the lowest and highest 
increase in grain yield, respectively. An average of 35% 
increase in overall grain yield was registered as a result 
of lime application. Similarly, the application of lime 
significantly increased the 1000 seed weight in all the 
sorghum accessions, except ICSR 110 (P ≤ 0.05; Table 
4). 
 
 
DISCUSSION 
 
Differential response to Al stress was observed at 148 
μM Al concentration, where only 10% of the 389 
accessions were tolerant. At 222 μM Al root growth was 
severely restricted in all the sorghum accessions, which 
showed that this concentration was too high to be used to 
differentiate sorghum response to Al stress. Therefore, 
screening for Al resistance in sorghum should be carried 
out at 148 μM Al concentration. Aluminium 
concentrations at 148 μM and 222 μM correspond to 27 
μM and 39 μM free Al ions (Al

3+
) (Magalhaes et al., 

2004). These concentrations have previously been 
reported to reduce root growth in sorghum (Caniato et al., 
2007). In this study, some of the accessions had 
inherently long roots in nutrient solution without Al. A few 
of these accessions were tolerant to Al stress, whereas 
most of them were sensitive. These accessions can be 
crossed with the sorghums that had short roots but 
tolerant to Al stress. A combination of long roots and Al 
tolerance are good attributes for enhanced  acquisition  of 

nutrients and moisture in acid soils with high levels of Al 
consequently improving growth, drought tolerance and 
grain production in such soils.  

The most Al sensitive accessions used in this study 
which included MCSRG2, MCSRM44, MCSRL5, 
MCSRN120, Hakika, MCSRN88 and MCSRM45b had 
stubby roots with brown colouration at the 148 μM Al 
concentration. The root tips had surface lesions due to 
injury caused by Al stress. Similar observations on root 
injury due to Al stress have been previously reported 
(Mossor-Pietraszewska et al., 1997). Root stunting is a 
consequence of Al-induced inhibition of root elongation, 
which is the most evident symptom of Al toxicity 
(Matsumoto, 2000). Aluminium stress has been reported 
to reduce cell wall extensibility in wheat roots and that 
this Al-induced change in the cell wall contributes to the 
inhibition of root growth (Ma et al., 2004). In addition, Al-
induced inhibition of K+ uptake by blocking the 
responsible channels would interfere with turgor driven 
cell elongation (Liu and Luan, 2001).  

Aluminium stress significantly reduced root branching 
in most sorghum accessions; where ninety five percent of 

the accessions had 50% reduction in root branching. 
The most sensitive accessions did not develop any lateral 
roots, while in some, the root branches were initiated but 
failed to elongate, which is in line with previous reports 
(Roy et al., 1988). Differential elongation of root branches 
in response to aluminium stress was also reported in 
maize (Bushamuka and Zobel, 1998) and apparently is a 
common reaction of plant root systems to the stress. 

Aluminium stress significantly reduced root and shoot 
dry matter especially in the Al-sensitive sorghum 
accessions. The Al tolerant accessions had higher 
average root and shoot dry  matter  than  the  susceptible  



 
 
 
 
accessions. Similar results have been reported in barley 
(Foy, 1996). Aluminium has been reported to interfere 
with uptake, transport and utilization of nutrients, 
especially Ca, Mg, P, N and K and reduce accumulation 
of dry matter (Nichol and Oliveira, 1995). Larger root 
systems are known to have a greater capacity for 
absorbing water and minerals, as they are able to explore 
a larger rhizosphere (Osmont et al., 2007). 

The sorghum accessions grown on acid non-limed soil 
had lower above ground growth and yield compared to 
that grown in limed soil. Some sorghum accessions that 
were Al-sensitive in solution culture were also severely 
affected by the stress in the field. Application of lime 
significantly increased total leaf area and number of 
leaves per plant. High leaf area is important in 
interception of photosynthetic active radiation, which 
translates to enhanced rates of photosynthesis and 
consequently high biomass accumulation. It has been 
reported that high levels of Al inhibited leaf growth in 
soybean (Zhang et al., 2007). The significant increase in 
growth and production in the limed soil can be attributed 
to increased root growth and establishment which 
translates to improved access to water and nutrients. 
Liming the acid soil raised soil pH, as reported by Kisinyo 
(2011), and because the solubility of Al is highly pH 
dependent, this could result in concentrations of 
exchangeable Al being lowered to negligible levels that 
did not limit sorghum growth. 

Soil chemical factors that limit root growth in acid soils, 
such as aluminium diminish crop production through a 
rapid inhibition of root growth that translates to a 
reduction in vigour and crop yields (Kochian et al., 2005). 
Plants grown in soils with high levels of aluminium have 
reduced root systems and exhibit a variety of nutrient-
deficiency symptoms, with a consequent decrease in 
yield. Decreased above ground plant growth in soil with 
high percentage of Al saturation has been reported (Miller 
et al., 2009). This was accompanied by reduced uptake 
of P and N in the acidic soil.  An Al-tolerant maize line 
had increased levels of mineral nutrients in roots and 
shoots compared with a sensitive inbred line when grown 
in an Al-treated-nutrient solution (Giannakoula et al., 
2008). Genotypic variation in nutrient uptake in the 
presence of toxic levels of aluminium has also been 
reported in sorghum (Baligar et al., 1993), where the Al-
tolerant genotypes had higher nutrient uptake efficiency 
than the Al-sensitive genotypes.  

An overall 35% reduction in sorghum grain yield was 
realized in non-limed soil, with the Al-sensitive 
accessions having higher reductions than the Al-tolerant 
accessions. In this regard, some researchers (Gallardo et 
al., 1999) reported 50 and 30% reduction of grain yield in 
Al sensitive and resistant cultivars of barley respectively, 
when they were grown in soil that contained high levels of 
exchangeable Al. 

The Al tolerant standard check ICSR110 registered low 
grain yields in non-limed soil but had the lowest response  
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to lime application. Similar results have been reported in 
maize (Zea maize), where ‘Cateto’, one of the most Al-
tolerant Brazilian lines has been shown to be a low 
yielder and has been used as a source of genes for Al 
tolerance in maize breeding programmes (Ouma et al., 
2013). The Al sensitive lines MCSR L5 and ICSV112 had 
relatively higher yields but had low and moderate 
response to lime respectively. The yield of these 
accessions could be improved in acid Al-toxic soils by 
crossing with ICSR 110 which had better root growth 
under Al stress conditions. Real60 and MCSRM45 
registered high yields and were also tolerant to Al stress 
in solution culture and therefore in addition to ICSR110 
are potential sources for Al tolerance genes in sorghum 
breeding programmes.  
 
 
Conclusions 
 

Al toxicity significantly reduced development and 
elongation of main roots and root branches in aluminium 
sensitive sorghum accessions. Only 10% of the sorghum 
accessions used in the study were tolerant Al stress 
reduced root and shoot dry weight as well as the plant 
growth and grain production under field conditions. 
Therefore, there is a need to disseminate the Al-tolerant 
lines to the sorghum farmers for cultivation in areas 
where soil acidity and aluminium stress are known to 
occur. Future sorghum breeding programmes should 
include the identified superior sorghum accessions as 
donors of aluminium tolerance genes to the locally 
adapted sorghums cultivated in acid soils with high levels 
of Al.   
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