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Review   
 

Electrospun fibers for wound healing and treatment of 
hyperglycemia: A review 

 

Soares J. M. D.1, Silva J. C.2, Almeida J. R. G. S.1, Quintans-Júnior L. J.2 and  
de Oliveira H. P.1* 

 
1
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PE, Brazil. 
2
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The use of electrospun fibers in diabetic wound healing assays represents an extremely important topic 
for investigation. Electrospun fibers have been applied in the immobilization of drugs, allowing 
sustained and controlled release of active materials. This review aimed to summarize the state-of-art in 
the application of electrospun fibers on diabetes, hyperglycemic and diabetic ulcers treatment. 
Regarding the diabetes control and treatment, electrospinning technique contributes to application of 
wound healing (in vitro and in vivo experiments). The glycemic control is favored due to controlled 
release which has been sustained and improved. The data suggest that the development of 
encapsulated drugs in electrospun fibers has a promising application in the treatment of diabetes and 
related complications. 
 
Key words: Electrospun fibers, nanofibers, electrospinning technique, anti-diabetic drugs, hypoglycemic drugs, 
wound healing.  

 
 
INTRODUCTION  
 
Diabetes mellitus is a metabolic disease characterized by 
insufficiency in insulin secretion, insulin action, or both 
(ADA, 2014) that results in hyperglycemia. The 
International Diabetes Federation (IDF) estimates that in 
2040, 10% of adult population will be diabetics. 
Considering the South and Central America, this number 
increases to 65% (IDF, 2015). 

Numerous pathogenic processes are consequence of 
diabetes, due to the several pathologies involving heart, 
blood vessels,  eyes,  kidneys  and  nerves  (ADA,  2014; 

IDF, 2015; Chen et al., 2015). In addition, diabetic wound 
healing has been considered one of major complications 
of diabetes mellitus (Siersma et al, 2014) which results in 
peripheral neuropathy and/or large vessel disease 
complicated by trauma (Singh et al., 2005; Boulton, 
2008). 

The glycemic control is critically important for minimi-
zation in the impacts of diabetes and corresponding 
complications. Recent studies have demonstrated that 
new  therapies  can  be  used  in   the   control   of   blood 
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glucose and the diabetic complications, such as wound 
healing (Schneider et al., 2009; Arnolds and Heise, 2007; 
Moura et al, 2014; Nishimura et al., 2012; ITA, 2015). 

Electrospinning technique is an extensively studied 
technology for nanofiber production (FORMHALS, 1934) 
recently applied in biomedical issues (Yu et al., 2014; 
Ding et al., 2014) with focus in the development of 
methods for diabetes treatment and its complications, 
such as diabetic ulcers (Xie et al., 2013). The action of 
electrospun fibers is improved due to the unique 
properties such as high surface area, high loading and 
simultaneous delivery for diverse therapies and 
reasonable cost-effectiveness that provided expansion in 
the use of fibers for drug delivery (Hu et al., 2014). 
Natural and synthetic polymers can be used in the 
electrospinning, including soluble and spinnable polymers 
in water, biocompatible and biodegradable polymers 
(Agarwal et al., 2009). 

Drug-loaded electrospun fibers have been considered 
as promising strategies to achieve bioactive wound 
dressings for chronic non-healing wounds (Schneider et 
al, 2009) and for controlled release in the gastrointestinal 
tract. The nanoscale multi-agent delivery system has 
been applied in the drug loading (Yang et al., 2014); 
thereby the present systematic review summarizes the 
current studies about the application of electrospun fibers 
in the treatment of diabetes, hyperglycemic and diabetic 
ulcers.  

Previous work reveals the potential of application of 
optimized structures for drug-loaded electrospun fibers 
production (Araujo et al, 2016; da Costa et al, 2015). 
Corresponding association with natural products (such as 
Morus nigra (Almeida et al, 2011)) represent an important 
topic of research with the aim of developing new 
nanostructured systems for application as prototype of 
wound dressings for non-healing wounds. 
 
 
DIABETES CONTROL  
 
As consequence of preponderance of individuals with 
elevation in the plasma glucose that remains untreated 
and/or undiagnosed (Buysschaert et al, 2015), there is a 
global trend of increasing diabetes cases. Numerous 
studies have described new therapies related to the 
control of glucose, insulin levels and other diabetic 
disorders (Nacht et al., 2015; Yong et al., 2015; Yang et 
al., 2016; Du et al., 2016; Chen et al., 2016) 

This development requires the use of in vivo or in vitro 
models. The diabetes induction in animal models is 
typically induced by two mechanisms viz.  alloxan and 
streptozotocin (Lenzen, 2008). However, streptozotocin-
induced diabetes is a more stable model for experimental 
diabetes and it can be used for both shorter and longer 
experimental studies (Radenković et al., 2016). Kuricová 
et al. (2016) recently demonstrated that is possible to 
simulate  in vitro  culture   conditions   mimicking   human  
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glycemic variability. The nanotechnology in diabetes 
research has potential to treat the diabetics complications 
and to improve the quality of life of the patients (Disanto 
et al., 2015). Studies have demonstrated that electrospun 
nanofibers can be used as glucose sensors due to the 
different mechanisms (Senthamizhan et al., 2016; 
Ramasamy et al., 2015). In addition, the incorporation of 
nanostructures promotes the enhanced insulin production 
in response to glucose stimulation, which enables the 
development of new diagnostic test for drug development 
(Blackstone et al, 2014).  
 
 
PROCESS PARAMETERS FOR ELECTROSPINNING 
 
Relative to electrospun fibers production, the control in 
the process parameters is a critical parameter in order to 
obtaining nanofibers with desired morphologies and 
diameters. The polymer molecular weight, solution 
concentration and solvent type also affect the diameters 
and morphologies of the fibers (Cui et al, 2007). 
According to Jang et al. (2015) pivotal parameters such 
as polymer concentration, molecular weight, input voltage 
and gap distance affects the production of nanofibers. 
Therefore, there was the broad range in the characteristic 
fiber diameters and fiber morphologies in different studies 
due to the use of different process parameters, polymers 
and solvents. 

The definition of appropriate polymer represents a key 
component for development of sustained release 
electrospun fibers (Chou et al., 2015). Polymers used in 
these studies are all biocompatible and may be employed 
for applications involving the development of control drug 
delivery systems (Li et al., 2000; Zong et al., 2003, Yao et 
al., 2003; Li et al., 2003; Zhou et al., 2003) (Table 1).  
 
 
LOADED AND CONTROLLED RELEASE OF DRUGS  
 
The encapsulation efficiency contributes to improve the 
absorption and prolonged release of components 
(corresponding data is summarized on Table 1). In all 
reported data, there were enhancements on resulting 
release. Sustaining drug release from electrospun 
nanofibers shows regular release kinetics that depend 
upon material surface chemistry, drug loading, and 
processing parameters (Chou et al., 2015).  

In these studies, the electrospun fibers show improved 
activity of the substances followed by controlled release 
of drugs and/or substances. The profile of in vitro assays 
shows sustained and controlled release of drugs, 
substances and natural product (Lee et al., 2015, 2014; 
He et al., 2014; Sharma et al., 2013; Merrell et al., 2009; 
Yang et al., 2011, 2012; Choi et al., 2008), while for 
different systems the drug release is order of hours 
(Sharma et al., 2013), days (He et al., 2014; Merrell et al., 
2009; Choi et al., 2008) or weeks (Lee et al., 2015,  2014;   

http://www.ncbi.nlm.nih.gov/pubmed/?term=DiSanto%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25641955
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Table 1. Electrospun fibers: production and characterization. 
 

Authors, year Polymer Solvent 

Process parameters Characterization Mechanical properties 
Encapsulation 
/ entrapment 

efficiency 

Voltage applied to 
polymer 

solutions(kV) 

Flow 
rate 

Work distance 

(cm) 
SEM TEM AFM 

Tensile 
strength 

Elongation 
at breakage 

Lee et al., 2014 PLGA HFIP 17 
3.6 

mL/h 
12 Yes No No Yes Yes - 

            

Lee et al., 2015 
Collagen 
and PLGA 

HFIP 17 
3.6 
ml/h 

12 Yes No No Yes Yes - 

            

Merrell et al., 2009 PCL 
Methanol and 
chloroform 

25 2mL/h 10 Yes No No No No - 

            

Choi; Leong and 
Yoo, 2008 

PCL and  
PCL 

Methanol and 
chloroform 

15 - 15 No No No No No - 

            

Yang et al., 2011 PELA Chloroform 19 
1.6 
ml/h 

- Yes No No No No 79.2 ±14.8% 

            

Yang et al., 2012 PELA Chloroform 20 
1.6 

mL/h 
- Yes No No No No 

87.7 ± 16.5 and 
79.3 ± 11.6% 

            

He et al., 2014 
PGC and 
PCL 

HFP 30 3 mL/h 25 Yes No No No No - 

            

Sharma et al. 

2013 

PVA and 
NaAlg 

Deionized 
water 

15 
0.5 ml 
min

-1
 

15 Yes No Yes Yes No 99% 

 

PLGA, Poly-D-L-lactide-glycolide; PCL, Poly(ε-Caprolactone; PEG, Poly(ethyleneglycol; PELA,Poly(ethylene glycol)-poly(DL-lactide; PGC,Protected Graft Copolymer; PVA,Poly(vinyl alcohol; 
NaAlg,sodium alginate; HFIP,1,1,1,3,3,3-hexafluoro-2-Propanol; HFP,1,1,1,3,3,3-Hexafluoro-2-propanol); SEM, Scanning Electron Microscopy; TEM – Transmission Electron Microscopy; AFM – Atomic 
Force Microscopy. 

 
 
 
Yang et al., 2011, 2012). 
 
 
WOUND HEALING ACTIVITY 
 
The absence of reepithelialization requires the 
development of acute or chronic non-healing 
wounds, in which the use of electrospun nano-
fibers accelerate wound healing rates in diabetics 
rats (Lee et al., 2015, 2014; Merrell et al., 2009; 
Yang et al., 2011, 2012;  Choi  et  al.,  2008)  from 

sustained release of substances that increase the 
re-epithelialization and regeneration of the skin by 
various mechanisms which depend on the 
substance/drug, the polymer and the process 
parameters applied in the production of the fiber 
(Table 2). 

On the other side, the metformin is used in the 
treatment of type 2 diabetes. It represents the 
first-line pharmacological therapy associated with 
low weight gain and a reduced amount of 
hypoglycemic occurrence (UKPDS, 1998). In spite 

of this application, no trials about the effect of 
metformin on wound healing in diabetic patients 
(Salazar et al., 2015) were performed. Studies 
have demonstrated that metformin acts in 
wound healing around oral implants (Inouye et al., 
2014) and promotes nerve regeneration after 
sciatic nerve injuries in diabetes mellitus, 
providing its therapeutic values for peripheral 
nerve injury repair in diabetes mellitus (Ma et al., 
2015). 

The use of metformin-loaded electrospun  fibers  
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Table 2. Glycemic control and healing diabetic wounds provided by electrospun fibers. 
 

Authors, year, 
country 

Substance / 
natural product 

Animals Concentration  
Release of 
pharmaceutical 

Design 
Parameters 
assessed 

Results and conclusions  

Lee et al. 

2014 

China 

Metformin 
Sprague−
Dawley 
rats 

40 mg  

 

In vivo and In vitro 

by HPLC 

Wound 
repair 
assay 

- Wound healing test 

- Histological 
examination 

- The drug eluting membranes continuously 
released metformin for three weeks. The 
wound closure in group metformin-eluting 
PLGA membrane was visibly faster than those 
in groups  

- There were keratinocytes migrated and 
proliferated fastest without significant 
inflammatory response surrounding skin. 
Additionally, the groups treated with nanofibers 
exhibited more stratum corneum in the wound.  

        

Lee et al. 

2015 

China 

Glucophage  
Sprague–
Dawley 
rats 

40 mg 
In vivo and In vitro 

by HPLC 

Wound 
healing 
assay 

- Wound healing test 

- Histological 
examination 

- In vitro release the glucophage-loaded 
membranes continuously released drug for 
three weeks. On all days of evaluation wound 
closure in collagen/PLGA with glucophage-
loaded group had proceeded visibly faster.  

- The nanofibrous scaffolds demonstrated 
highly integration into the surrounding skin 
without any significant inflammatory response 
and the use of collagen in the nanofibers 
increased the collagen content compared the 
others and demonstrated complete 
epithelialization with the thinning of epidermis 
at the wound region 

        

Merrell et al.  

2009 

USA, China 

Curcumin 
Male 
C57/B6 
mice 

3 and 17%wt/wt 

In vitro by cell 

culture media using 
fluorometer 

 

Wound 
healing 
assay 

- In vitro anti-

Inflammatory 
property 

- In vivo diabetic 

mouse wound 
closure 

- The fibers with a higher content of curcumin 
released an amount of significantly higher after 
12 h, and so three days later   

- Curcumin loaded PCL nanofibers showed 
reduction pro-inflammatory response in mouse 
peritoneal macrophages in vitro and enhanced 
the rate of wound closure in vivo 

        

Choi; Leong 
and  Yoo 

2008 

Republic of 
Korea and USA 

 

rhEGF  
Female 
C57BL/6 
mice 

0.0045 nmol/mg 
of rhEGF to the 
amine groups  

--- 
Wound 
healing 
assay  

- Degree wound 
healing animal 
models   

- 
Immunohistochemica
l staining 

- The rhEGF nanofiber accelerated wound 
healing rates at the initial stage of the healing 
process. This accelerated wound healing rates 
at the initial stage of the healing process 
because of the degradation and inactivation of 
EGF on the nanofiber and EGF was required 
only at the initial state of the wound healing 
process 

- In vitro release the bFGF/PELA fibrous mats 
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Table 2. Contd.  
 

Yang et al. 

2011 

China 

bFGF 
Male SD 
rats 

12.5 mg  

In vitro by 

immersion in 
solution using the 
method of ELISA 
assay  

Skin 
regener
ation 
assay 

- Macroscopic 
evaluation of wound 
healing 

- Histological and 
immunohistochemica
l evaluation 

occurred for 25 days. The burst release was 
detected during initial 12 h, followed with a 
constant fast release for 15 days, and then a 
slow release for another 10 days. 

- The regenerated skin of bFGF/PELA group 
was similar with normal skin, enhances the 
collagen expression, had no inflammatory cell 
remaining and showed similar structure with 
normal skin with hair growth and the shriveling 
of the epithelium 

        

Yang et al. 

2012 

China 

pbFGF and PEI  
Male SD 
rats 

- 

In vitro by 

immersion in 
solution using the 
detection with 
Hoechst 33258 dye 

Wound 
healing 
assay 

- Evaluation of 
Wound Healing 
Process 

 

- The release profile occurred in two phases: 
an initial burst release followed by a sustained 
phase for 4 weeks. 

- The wounds were almost closed after 3 week 
treatment with polyplex-infiltrated in fibers 
content PEG with molecular weights of 2 kDa 
and at week 4 the epidermic cells were fully 
differentiated, basal cells were closely 
arranged, and the horny layer and large 
amounts of hair,  sebum could be clearly 
observed and the histological sections showed 
similar structure with normal skin 4 weeks after 
operation 

        

He et al., 
2014 

China and 
USA 

Pioglitazone 
C57BL/6 
mice  

12 mg/ml of 
pioglitazone  by 
polymer solution  

In vitro kinetics of 

drug release was 

measured by a 
HPLC 

Drug-
eluting 
scaffold 

- The insulin 

production by 
transplanted islets 

- Blood glucose 
concentrations; 

- The in vitro kinetic study showed that 
pioglitazone saw a sustained release from 
DES for up to 4 days. 

- The stimulation of scaffolds  with pioglitazone 
increase the secretion of insulin and thus 
yielded an accelerated elimination of 
hyperglycemia compared to non-stimulated 
subjects and the glucose level in the scaffold 
pioglitazone group returned to physiological 
level by 60 min  whereas the glucose level in 
the control group remained abnormally high 

- The in vitro release of insulin on the 
nanofibers showed the sustained and 
controlled release profile. The drug was 
released as primarily diffusion based for the 
initial period of 2 to 3 h beyond which it is 
based on the erosion of the polymer until 
the10th hour when the maximum amount of 
drug  is released 
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Table 2. Contd. 
 

Sharma et al. 

2013 

India 

Insulin 
Male 

Wistar rats 
- 

In vitro by 
immersion in 
solution using the 
spectrophotometer  

Deliver
y anti-
diabetic 
drug 
assay 

- In vitro release 

- In vivo evaluation of 

the drug loaded 

- The insulin loaded in a PVA–NaAlg nanofiber 
had a significant decrease in the blood glucose 
level and the effect lasted for an average 
period of 10 h 

 

HPLC, High-performance liquid chromatography; bFGF, basic fibroblast growth factor; rhEGF, recombinant human epidermal growth factor; pbFGF, polyplexes of basic fibroblast growth factor-encoding 
plasmid; PEI, poly(ethylene imine. 

 
 
 
2015, 2014). Furthermore, the use of collagen 
associated with metformin in membranes fibrous 
increases the content of collagen I, suggesting 
that nanofibrous containing metformin and 
collagen can be effective tissue-engineering 
scaffold for regenerating skin around diabetic 
wounds (Lee et al., 2015). 

Curcumin possesses modulating effects on 
wound healing (AKBIK et al., 2014). The effect of 
its incorporation in the nanofibers returned wound 
closure in order of 80% along 10 days 
demonstrating the potential of curcumin-loaded 
nanofibers in the elevation of wound closure rate 
applied in a diabetic mouse (Merrell et al., 2009). 
Studies performed with curcumin in its raw state 
returned no significant response of material (Kant 
et al, 2015, 2014).  

These studies show that the curcumin can be a 
new agent for accelerating diabetic wound healing 
in humans and animals since they show potential 
in the treatment of cutaneous wounds with 
corresponding improvement in cutaneous wound 
healing in acute phase diabetic rats (Kant et al., 
2015) and still the topical application in the 
acceleration of cutaneous wound healing, with 
corresponding decrease in the persistence of the 
inflammatory state in acute diabetic rats (Kant et 
al., 2014). 

Recent  study  reported  that   encapsulation   of 

curcumin circumvents conventional difficulties 
related with curcumin administration, enabling 
delivery of this therapeutic substance and allowing 
its use as a novel topical agent for burn wound 
infection and cutaneous injuries (Krausz et al., 
2015). Thus, studies with the encapsulation of 
curcumin in fibers have a promising future for the 
reason that electrospun fibers can improve the 
delivery of the therapeutic substance.  

The inflammatory response, formation of granu-
lation tissue, reepithelialization, matrix formation 
and wound closure are provided and regulated by 
an equally complex signaling network involving 
numerous growth factors, cytokines and 
chemokines (Barrientos et al., 2008). Growth 
factors are important substances that have the 
ability to modulate cell behavior and guide tissue 
repair and renewal (Mitchell et al, 2016).  
Currently, the release of growth factors has great 
potential for development of new therapies which 
favors the healing and skin regeneration (Gainza 
et al., 2015). Articles suggest that electrospinning 
process can produce materials containing growth 
factors that allows the creation of multi-
functionalized bioactive nanomaterials to chronic 
non-healing wounds and that can serve as skin 
tissue  engineering  scaffolds  for  wound  healing 
(Schneider et al, 2009; Bertoncelj et al, 2014; 
Wang et al, 2016). 

 The growth factors, such as basic fibroblast 
growth factor and recombinant human epidermal 
growth factor, immobilized or incorporated have 
healing activity in diabetic animals (Choi et al., 
2008; Yang et al., 2011, 2012, Sun et al., 2014). 
Recombinant human epidermal growth factor 
(rhEGF) immobilized on the electrospun 
nanofibers for treating diabetic ulcers in female 
mice demonstrated enhanced keratinocytic 
expression of human primary keratinocytes in 
comparison to rhEGF in solution, accelerating 
wound healing rates at the initial stage of the 
healing process (Choi et al., 2008). Basic 
fibroblast growth factor (bFGF) incorporated into 
electrospun ultrafine fibers indicated that bFGF-
loaded fibrous mats (in vitro investigations) 
enhances cell adhesion, proliferation, and 
secretion of extracellular matrix and enhanced 
collagen deposition and ECM remodeling. The 
arrangement and components of collagen fibers 
were similar to normal tissues (Yang et al. 2011). 
Polyplexes of basic fibroblast growth factor-
encoding plasmid (pbFGF) with poly(ethylene 
imine) incorporates into electrospun fibers showed 
a sustained release of 4 weeks and demonstrated  
significant higher wound recovery rate with 
collagen deposition and maturation, complete 
reepithelialization and skin appendage regene-
ration (Yang et al. 2012). 
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Hyperglycemia control 
 
The hyperglycemic is other problem related with the 
diabetes and all of its complications. The use of 
electrospun nanofibers allows a sustained and controlled 
release profile of drugs that can reduce blood glucose. 
Insulin is a hormone synthesized in the pancreas which 
plays a critical role in intermediary metabolism. It is the 
key hormone for regulation of blood glucose and, 
generally, normoglycaemia is maintained by the balanced 
interplay between insulin action and insulin secretion 
(Stumvoll et al., 2005). Recent trials have demonstrated 
progress in technologies for insulin delivery in vivo and/or 
in vitro (Zhang et al., 2011; Nishimura et al., 2012; Ling 
and Chen, 2013; Balducci et al., 2014). The poor oral 
bioavailability and invasive drug delivery methods 
represent important barriers to be overcome in this topic. 
To our knowledge, there are no studies about the 
encapsulation of insulin using electrospun fibers. A 
unique study reports that it is possible to encapsulate 
insulin on nanofibers. The sublingual route based on 
composite nanofiber diffusion along transmucosal patch 
can delivers the insulin in a sustained and controlled 
manner by controlling the morphology of the composite 
nanofiber patch (Sharma et al., 2013). This study also 
shows that the insulin cannot be easily released from the 
composite nanofiber patch due to the crosslinking 
between the drug molecule and polymeric chains unless 
polymeric nanofibers are degraded. 

He et al. (2014) reported that scaffold with pioglitazone 
was able to locally deliver the drug to transplanted islets; 
hence, there was increased insulin secretion and a lower 
blood glucose level in diabetic mice. Furthermore, the 
decrease of hyperglycemic also aided in the recovery of 
renal functions compromised by the diabetes. 

Thus, the encapsulation by electrospun fibers allows for 
better bioavailability of drugs, facilitates its sustained 
action and act as an adjuvant for recovery of 
complications caused by diabetes. In this direction, it is 
clear that studies are required in order to apply this 
technology and ensure its applicability in vivo.  

The development of long-acting drug formulations has 
been explored in many applications in order to overcome 
challenges with adherence and emerging drug resistance 
(Chou et al., 2015) with the use of electrospun fibers, 
which has been considered a promising source for the 
treatment of diabetes and its complications, such as 
diabetic wounds. 
 
 

CONCLUSIONS AND FUTURE PERSPECTIVES 
 
The recent studies summarized in this article have 
showed advances in the treatment of diabetes and opens 
a discussion to expand the understanding of the use of 
electrospun fibers for treatment of chronic diseases 
associated with high cost to public health and quality of 
life of patients.  We  have  highlighted  in  this  review  the 

 
 
 
 
future trends for treatment of hyperglycemic and diabetic 
wound healing diabetics relates with use of electrospun 
fibers. The electrospinning is a promising technique with 
increasing interest in health area. The electrospun 
nanofiber has ability to load or immobilized drugs/ 
substances, promotes a controlled and sustained release 
of the drug or substance. Besides that, the nanofibers 
can be explored for less vulnerable drugs to the attack by 
enzymes, providing improved stability. In diabetes, 
electrospinning technique has shown excellent results in 
relation to wound healing in in vitro and in vivo 
experiments, due to fast decrease in the area of the 
wound associated with better healing. In spite of few trials 
about the action of electrospun fibers in glycemic control, 
there are strong indications that in vitro and in vivo 
release has been improved and sustained. Further 
studies are needed to prove the effectiveness and 
efficiency of drug encapsulated and the associated risks 
and side effects of this encapsulation. 
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The human N-acetyltransferase II (NAT2) gene may vary between individuals resulting in variability in the 
incidence of adverse drug reactions. We set out in this adhoc analysis to determine the distribution of allele 
frequencies of NAT2 gene variants among children less than ten years treated with artemisinin-based 
combinations in Cameroon. Children with uncomplicated malaria were deparasitized with artemisinin based 
combination therapy (artesunate-amodiaquine, dihydroartemisinin-piperaquine and artemether-lumefantrine) 
and followed up for 42 days and adverse events recorded. Blood was spotted on filter paper prior to drug 
administration for DNA extraction by chelex method. Standard nested PCR followed by restriction enzyme 
analysis with KpnI, TaqI, and BamHI for detection of polymorphisms in the NAT2 was performed. Allelic 
frequencies and acetylator phenotypes were compared between participants with or without adverse drug 
events. The prevalence of slow, intermediate and fast acetylators was 54, 34 and 12% respectively. 
Significant clustering of mutant alleles (NAT2*5, NAT2*6 and NAT2*7) occurred among those who 
experienced skin rash and tiredness (OR = 5.765, P = 0.046) (OR = 13.280, P = 0.020). No significant difference 
was observed between fast and slow acetylators with respect to the development of other recorded adverse 
events. Overall, producers of the slow acetylator alleles were more likely to develop any adverse events (OR 
= 8.286, P = 0.017) during the study period. Mutant alleles of the wild type NAT2*4 associated with the slow 
acetylator phenotype were the most predominant NAT2 allelic type and individuals with the phenotype were 
more likely to develop adverse events to ACTs. 
 
Key words: N-Acetyltransferase 2, Artemisinin based combination therapy, adverse events, slow acetylators, allele. 

 
 

INTRODUCTION 
 
African countries on recommendation by WHO have 
increasingly   adopted   artemisinin-based    combinations 

therapies (ACTs) as first line drugs against 
uncomplicated    malaria.    In    Cameroon,    artesunate- 
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amodiaquine (ASAQ) was adopted as the first line drug 
against uncomplicated malaria in 2006. Amodiaquine an 
accompanying drug in these combinations has been 
associated with adverse drug reactions leading to 
reduced adherence to this drug (Adjei et al., 2009; 
AlKadi, 2007). In the light of increase in use of these 
ACTs, the science and activities relating to the detection, 
evaluation, understanding and prevention of adverse 
reactions to medicines or any other medicine-related 
problems is necessary for evaluating safety risks (WHO, 
2002). Pharmacovigilance is important in the resource-
constrained settings because patients may present 
different profiles of adverse events due to genetic, co-
morbidity, and other drug interactions (Pirmohammed et 
al., 2007). 

Drug action on the one hand, depends on how drugs 
are metabolized and how differences in activity of 
metabolizing enzymes could significantly contribute to the 
efficacy of these drugs (Ladero, 2008). Mutations in a 
gene coding for a drug metabolizing enzyme could result 
in an enzyme with normal, slow, or fast activity (Agundez, 
2008). It has been demonstrated that only 30 to 60% of 
common drug therapy is successful and that adverse 
drug reactions could cause 7% of all hospital admissions, 
4% of withdrawal from  new medical entities, and this can 
cost society an amount equal to the cost of drug 
treatment itself (Agundez, 2008). The human N-
acetyltransferase (NAT) is an expression product of a 
single intronless protein-coding exon which is 870 bp 
open reading frame located in chromosome 8p22 and 
encoding 290 amino acids. It is one of the important 
phase II drug metabolizing enzymes which catalyses the 
conjugation or N-acetylation of arylamine derived 
therapeutic drugs and carcinogenic compounds 
(Agundez, 2008). Two functional polymorphic variants of 
the NAT gene exist; the NAT I and NAT II (Sim et al., 
2008). Genetic polymorphisms in the NAT2 locus 
influence individual variation in cancer susceptibility, 
responses to environmental toxins, and the effectiveness 
of prescribed medications (Ingelman-Sundberg, 2005; 
Lee et al., 2010). The NAT2 gene polymorphisms may 
vary between individuals and ethnicities and results in 
variability in the incidence of adverse drug reactions 
(Kang et al., 2009). Several single nucleotide 
polymorphisms (more than 15 point mutations) exist on 
the NAT2 gene that have given rise to at least 50 allelic 
variants today (Vatsis et al., 1995). A database for 
nomenclature of the growing number of different alleles 
or haplotypes of NAT polymorphisms exist 
(http://nat.mbg.duth.gr/). Polymorphisms in the wild type, 
(known as NAT2*4) give rise to combinations of 1-4 
nucleotide substitutions in characteristic positions in the 
870 bp coding  sequence  of  the  gene.  Thus,  wild  type  

 
 
 
 
homozygotes are designated as NAT2*4/NAT2*4 made 
of two wild type alleles (Vatsis et al., 1995).  It has been 
demonstrated that some single nucleotide polymorphisms 
(SNPs) in the NAT2 gene may cause structural protein 
changes or stability or reduced enzyme quantity (Sim et 
al., 2008; Walraven et al., 2008). Consequently, 
segregated gene variants in humans give rise to 
acetylation phenotypes classified as “rapid” 
(homozygotes of the NAT2*4 polymorphism), 
intermediate” (heterozygotes of the NAT2*4 
polymorphism) and “slow” acetylation phenotypes 
(Boukouvala, 2005) (homozygotes of the mutant NAT2*5, 
NAT2*6, NAT 2*7 alleles) depending on the rate of 
enzyme activity (Chen et al., 2006; Chen et al., 2007). 
The effects of genetic polymorphism in the NAT2 gene on 
N-acetylation activity led to investigations of NAT2 SNPs 
as genetic markers for therapeutic response with 
resultant adverse reactions to drugs (Furet et al., 2002). 
Association studies have linked NAT2 polymorphisms 
and the acetylation status to individual differences in 
adverse events (Huang et al., 2002), as well as to 
development of bladder (Hein, 2002) and colon cancers 
(Garcia-Closas et al., 2005), rheumatoid arthritis 
(Kumagai et al., 2004) and systemic lupus erythematosus 
(Rychlik-Sych et al., 2006). The CYP2A6 and CYP2C8 
genes are associated with the metabolism of ACTs. 
Several authors who analyzed the NAT2 gene also 
analyzed the CYP2A6 and CYP2C8 genes and have 
these to be correlated with predominantly slow 
metabolizers status (Gupta et al., 2013). This evidence 
indicates that when individuals are slow gene CYP2A6 
and CYP2C8 they also present with the same “slow” 
phenotype for the NAT2 gene and could be at risk of 
developing adverse events. Achonduh et al. (2013), 
recently showed that NAT2 slow acetylators alleles 
clustered with individuals experiencing adverse to ASAQ 
in a study in the Northwest Cameroon. Therequencies of 
common NAT2 alleles were investigated to assess the 
distribution of these alleles among patients responding to 
ACTs in Cameroon. The aim of this study was thus to 
determine the genotypic frequencies of common NAT2 
genotypes and investigate their association with adverse 
events in response to ACT treatment in children less 120 
months in Cameroon. 
 
 

MATERIALS AND METHODS  
 

Study area 
 

The study was conducted at two geographically distinct sites, that 
fall within two of the three major geo-ecological zones of Cameroon 
as described by MARA maps (Kleinschmidt et al., 2001) namely; 
Mutengene is situated at coordinates 04°01’N, 09°11’E. The climate 
is  equatorial  with  a  rainfall  of   10,000 mm   per   annum   and   a 

 

*Corresponding author. E-mail: wfmbacham@yahoo.com. Tel: +237 677579180. 

 

Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


 
 
 
 
temperature average of 25°C. The vegetation is semi-mangrove 
and tropical wet forest.  The study site is limited to the south and 
south-east by the sea and to the north and north east by mount 
Cameroon, an active volcano that is 4,100 m above sea level. The 
population works predominantly on palm and rubber plantations or 
estates that are owned by the agro-industrial Cameroon 
Development Corporation (CDC). 

Garoua is in the north of Cameroon and lies at the coordinates, 
06°24’N, 10°46’E.  Garoua serves as a river port in years when the 
rainfall is abundant.  Situated in the river Benue basin, it receives 
an average annual rainfall of 380 mm. It has about 4 months of 
rainy season. The mean temperatures for most of the year are 
about 31oC and the vegetation is guinea-savannah.  The population 
is predominantly of the Fula ethnic group and comprises of cattle 
grazers.  A few have taken to trading in small provision 
merchandise with neighbouring Nigeria. 
 
 

Screening and enrollment 
 

Eligible children aged 6 to 120 months with acute uncomplicated 
falciparum malaria were screened at the outpatient department and 
informed consent obtained from parents or guardians.  Patients 
meeting the inclusion criteria were randomized to trial allocation 
and pre-treatment investigations (clinical and laboratory 
assessments) conducted.  Criteria for inclusion were;  children of 
either gender, suffering from acute uncomplicated P. falciparum 
malaria confirmed by microscopy, or presenting with fever (axillary 
temperature ≥ 37.5°C) or having a history of fever in the preceding 
24 h; ability to ingest tablets orally; willingness and ability to attend 
the clinic on stipulated follow-up days. A presentation was made of 
the anticipated risks and benefits, the discomfort to which the 
subjects were exposed, as well as the right to interrupt the 
participation at any time on their own free-will. A total of 696 
patients were enrolled for the study and were registered into the 
three arms of the study at the 2 study sites. 
 
 

ACT Administration and follow-up 
 

Children were randomized to receive artesunate-amodiaquine, 
dihydroartemisinin-piperaquine and artemether-lumefantrine in the 
ratio of 2:2:1 respectively.. The first dose of the antimalarials was 
administered in the hospital and the rest of the tablets were 
administered at home, according to the prescription. The 
medication was administered with water after a meal. Follow up of 
children was ensured by community health workers (CHW) who 
visited participants daily in the first three days and reported any 
complaints from the mother. They also visited these mothers with 
complaints on other days besides the protocol stipulated days (D7, 
D14, D28, D35 and D42 after first dose). Adverse events following 
ingestion of the drugs were recorded on a case report form 
designed to capture these events. They included but were not 
limited to any signs and symptoms suggestive of malaria or toxicity, 
date of onset, duration of symptoms, severity of malaria or other 
treatment administered and patient outcome. Participants were 
followed up for 42 days post ACT-administration. 
 
 

Sample collection and DNA extraction 
 

Finger-prick blood was collected and spotted on filter paper at 
inclusion and during follow up on days D7, D14, D21, D28, D35& 
D42 for genomic. Blood spots on the filter paper were excised with 
a sterile pair of surgical scissors. DNA was extracted from the dried 
blood spots by bioling in Chelex-100 in buffered Tris-EDTA as 
previously described (Plowe et al., 1995). The DNA was stored in a 
Tris-EDTA buffer at -20°C until analysis and allelic discrimination 
analysis.  
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Genotyping single nucleotide polymorphisms in NAT2 gene 
 

The most common alleles in Africa population were investigated. 
They contained following mutations: C481T (rs1799929, silent 
mutation, amino acid change L161L), G590A (rs1799930, amino 
acid change R197Q), A803G (rs1208, amino acid change K268R) 
and G857A (rs1799931, amino acid change G286E). The primers 
used to amplify the gene were: NAT2 (+) 5'-
GCCTCAGGTGCCTTGCATTT-3' and NAT2 (-) 5'-
CGTGAGGGTAGAGAGGATAT-3'. The amplification was carried 
out using a T3 thermal cycler (Biometra, UK). Each PCR cycle was 
performed in a total volume of 25 μl containing: nuclease free 
water, 10Xthermopol buffer, 10 mMdNTPs (200 μM of each 
deoxyribonucleotide), 20 pmol primer and 5 U/μL Taq polymerase 
and 3 ng of gDNA. After initial denaturation at 95°C for 5 min, 30 
cycles of amplification were carried out with denaturation at 95°C 
for 50 s, annealing at 55°C for 50 s and extension at 72°C for 50 s, 
followed by a final extension at 72°C for 5 min. To confirm the 
presence of NAT2 alleles, PCR products were electrophoresed on 
a 2% agarose gel and polymorphisms determined by restriction 
endonuclease digestion of amplified gene fragments as described 
(Chen et al., 2007). The amplicons were digested under conditions 
stipulated for the restriction enzymes KpnI and BamHI (New 
England Biolabs, USA) (37°C for 16 h while Taq I digested at 65°C 
for 16 h). The digestion reaction was followed by inactivation at 
80°C for 20 min. Digested and undigested fragments of each 
sample were electrophoresed on a 2% agarose gel stained with 
Ethidium Bromide and the pattern of migration analysed by UV 
trans-illumination. Different alleles and combinations of alleles of 
the NAT2 gene were determined for each sample according to the 
migration pattern and information indicated in Table 5. 
 
 

Classification of acetylator genotype  
 

NAT2 acetylator genotypes were produced according to previously 
published data (Yokogawa et al., 2001). Homozygotes 
(NAT2*4/NAT2*4) or heterozygotes (NAT2*4/NAT2*5, 
NAT2*4/NAT2*6 and NAT2*4/NAT2*7 combinations) for the 
dominant NAT2*4wildtype allele were classified as fast acetylator 
genotypes, while homozygotes of the mutant alleles (NAT2*5, 
NAT2*6 and NAT2*7) were classified as slow acetylator genotypes. 
 
 

Data analysis 
 

Data was entered on an SPSS version 16.0 (SPSS Inc., USA) 
statistical software. Frequency of the NAT2 allele and acetylator 
genotypes in the study population was performed. The association 
between NAT2 acetylator genotype and adverse events of ACTs in 
the study population was assessed by binary logistic regression 
analysis. The odd ratios (ORs) and 95% confidence interval (CIs) 
were also determined and a P-value < 0.05 was considered as 
statistically significant. 
 
 

Ethical clearance 
 

Ethical approval was obtained for the study from the National Ethics 
Committee for Health Research on human subjects in Cameroon 
and the Ethics Review Committee of the World Health Organisation 
(WHO-ERC). 
 
 

RESULTS 
 

Characteristics of study population  
 

Of the 696 participants recruited in  the  study,  the  mean 
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Table 1. Baseline characteristics of the study population. 
 

Variable Min Max Mean Std. Deviation 

Age (months) 6 120 56.41 33.605 

Weight (kg) 6.0 43.0 17.185 7.1618 

Haemoglobin (g/dl) 5.5 116.0 10.162 4.7411 

Parasitaemia 1040 100000 27698.16 29843.326 

Temperature (°C) 35.00 40.80 37.97 1.17 

 
 
 

Table 2. Adverse events classification, grading and causality for participants on ACT treatment in Garoua and Mutengene. 
 

Adverse event 
Percentage of 
participants 

showing event 

Severity grading (% participants) Causality with respect to test drug(% participants) 

Mild Moderate Severe Life-threatening No related Unlikely Possible Probable Most probable 

Abdominalpain 3.4 2.2 1 0.2 0 0.7 0.2 0.6 0.6 1.3 

Anorexia 3 2.3 0.7 0 0 0.2 0 0.4 0.1 1.4 

Asthemie 0.4 0.2 0.3 0 0 0 0 0 0.2 0.3 

Cough 5.7 3.8 1.4 0.2 0 1.2 0.6 0.57 1.4 0.7 

Diarrhea 3 1.9 1 0 0 0.7 0.3 0.4 0.4 0.4 

Tiredness 1.9 1.3 0.4 0 0.2 0 0 0.4 0.3 1.2 

Fever 1.6 0.4 0.7 0.3 0.2 0.3 0 0.3 0 1 

Skin rash 6.3 3 2.7 0.6 0 0.3 0.9 1.2 0.6 2.6 

Vomiting 9.5 6.2 2.7 0.3 0.2 0 0.6 4.2 1.2 2.9 

 
 
 
age was 56.41 months. Average hemoglobin was 
10.162 g/dL and a geometric mean parasitaemia 
of 27698.16. The mean temperature was 37.97 
with an average weight of 17.185 kg (Table 1). 
 
 
Adverse reactions following ACTs 
administration and association with NAT2 
alleles 
 
Adverse events reported during the study were 
asthenia, diarrhea, skin rash, anorexia, abdominal 
pain,  cough,  fever,  tiredness  and  vomiting  with 

severity ranging from mild to life-threatening. The 
causality of adverse events was ranged from no 
related to most probable with respect to test drug 
(Table 2). The frequencies of NAT2 genotypes 
and phenotypes in the study population are shown 
in Figures 1 and 2. Relative to fast acetylators, 
there was an association between NAT2 slow 
acetylators and susceptibility to develop skin rash 
(OR = 5.765, P = 0.046) and tiredness (OR = 
13.280, P = 0.020) (Table 3). However, no 
significant difference was observed between fast 
and slow acetylators and the development of 
adverse events. Generally, slow  acetylators  were 

more likely (OR = 8.286, P = 0.017) to develop 
any of the adverse events compared to fast 
acetylators (Table 4). 
 
 
DISCUSSION  
 
Information gathered on the distribution of genetic 
polymorphism in populations is essential to 
understand population wide differences in 
response to treatment and disease risk. The 
profiles of the NAT2 genotypes/phenotypes in 
children less than 10 years were  determined  and  
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Figure 1. Frequency of NAT2 genotypes in the study population. NAT2*4/4 -fast acetylators; NAT2*5/5, 
NAT2*6/6, NAT2*5/6, NAT2*5/7, NAT2*6/7- Slow acetylators and NAT2*4/5, NAT2*4/6, NAT2*4/7- 
Intermediate acetylators. 

 
 
 

 
 

Figure 2. Frequency of NAT2 phenotypes in the study population. 

 
 
 
their association with adverse reactions to ACTs as fixed 
dose combination following deparasitization analysed. 
Functional genetic polymorphisms of xenobiotic 
metabolizing enzymes have been associated with 
therapeutic response differences (Wilkinson, 2005) and 
disease risk susceptibility (Wilkinson, 2005; Nebert, 
1997). In this study, it was observed that the slow 
acetylator phenotype was an independent risk factor for 
susceptibility (OR = 6.974, P = 0.017) to any adverse 
drug event, that is, asthenia, diarrhea, skin rash, 
anorexia, abdominal pain, cough, fever, tiredness and 
vomiting compared to those with fast acetylator 
phenotypes. This could be due to slow elimination of 
drugs from the  system  resulting  in  prolonged  exposure 

and subsequent adverse events. Relative to other 
adverse events, tiredness and skin rash were observed 
to be significantly associated with slow acetylator 
phenotype. The question has been raised why African 
would preferentially maintain a mutation that places them 
at a disadvantage of adverse events during therapy.  It is 
probable that over many centuries the pathophysiology 
allowed for minimal elimination of herbal drugs that 
accumulated in the body at sub-optimal concentration so 
that infections could be cleared by the presence of these 
active ingredients. Selectively the African population with 
slow metabolism is not exposed to drugs administered at 
high enough concentrations to usher in adverse events 
by preferential drug retention.  
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Table 3. Association between NAT2 phenotype and all adverse events. 
 

Adverse event Phenotype Yes No OR 95% IC P-value 

Skin rash 
Fast 6 14 1.902 0.690 - 5.247 0.166 

Slow 118 105 5.765 1.487 - 8.739 0.046* 

       

Abdominal pain 
Fast 2 18 1.069 0.232 - 4.928 0.587 

Slow 21 202 0.728 0.306 - 1.731 0.309 

       

Anorexia 
Fast 1 19 0.534 0.068 - 4.203 0.465 

Slow 20 203 0.711 0.288 - 1.754 0.303 

       

Cough 
Fast 5 15 1.790 0.611 - 5.244 0.216 

Slow 35 187 0.764 0.386 - 1.509 0.273 

       

Diarrhea 
Fast 1 19 0.534 0.068 - 4.203 0.465 

Slow 20 203 0.573 0.228 - 1.436 0.165 

       

Tiredness 
Fast 0 20 0.942 0.911 - 0.973 0.318 

Slow 78 145 13.289 4.686 - 15.646 0.020* 

       

Fever 
Fast 1 19 1.121 0.136 - 9.233 0.619 

Slow 10 213 2.713 0.702 - 10.482 0.116 

       

Vomiting 
Fast 4 16 0.649 0.209 - 2.018 0.323 

Slow 62 160 1.469 0.830 - 2.599 0.119 
 

OR, Odd ratio; CI, confidence interval; *, significant correlation. 

 
 
 

Table 4. Association between NAT2 phenotype of participants with or without adverse event. 
 

Phenotype 
Adverse event 

Yes No OR 95% IC P-value 

Fast 30 63 0,555 0.327 - 0.943 0.466 

Slow 309 390 8,286 5.713 - 11.331 0.017 
 

OR, Odd ratio; CI, confidence interval; *, significant correlation. 

 
 
 
Table 5. Restriction sites and lengths of the nucleotide fragments produced by the digestion of the 535 base pair (bp) amplification products 
with Kpn I, Bam HI and Taq I enzymes. 
 

NAT2 
alleles 

Position 
(mutation) 

Restriction 
enzymes 

Recognition 
motif 

Fragmentpattern (bp); 
alleles (wt) 

Fragment pattern (bp); 
point mutation 

NAT2*5 481 (C→T) Kpn I G-GTAC'C 483;52 535 

NAT2*6 590 (G→A) Taq I T'CG-A 205;170;160 330;205 

NAT2*7 857 (G→A) Bam HI G'GATC-C 428;107 535 
 

A, Adenine; C, Cytosine; G, Guanine; NAT2, N-acetyltransferase 2; T Thymine; wt, Wild type 
 
 
 

Results presented herein demonstrate a higher 
prevalence of NAT2 slow acetylators in this population 
with the like likelihood to develop adverse events. These 
findings indicate that NAT2 polymorphism may be 

considered a good genetic marker for safety assessment 
of inter-population differences when populations are 
exposed to drug such as when assessing  the safety 
profile of newly developed drugs in phase 3 and 4 clinical  



 
 
 
 
trials in Africa.  
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Handroanthus heptaphyllus (Vell.) Mattos (Bignoniaceae), a tropical forest tree, is a source of wood 
suitable for the manufacture of fine furniture and chemical compounds with medicinal and insecticidal 
properties. Poor seed viability of this species limits the conventional propagation practice. In vitro 
germination of seeds was achieved in semi-solid Murashige and Skoog’s (MS) medium. A disinfection 
protocol was optimized for germination and growth of seedlings in vitro. Proliferation of shoots from 
cotyledonary and stem nodal segments was achieved in semi-solid MS medium supplemented with 22.2 
µM 6-benzyladenine. Temporary immersion culture promoted elongation and rooting of shoots and 
reduced the shoot tip necrosis compared with culture on semisolid medium (6.7±2.7 and 41.7±7.0%, 
respectively; P = 0.001). Plantlets derived from temporary immersion showed better performance during 
the acclimatization phase. This is the first report on micropropagation of H. heptaphyllus. 
 
Key words: Seeds, uncoated seeds, cotyledon, stem nodes, axillary shoots, adventitious shoot, black lapacho.  

 
 
INTRODUCTION 
 
Handroanthus heptaphyllus (Vell.) Mattos (Bignoniaceae), 
synonym Tabebuia heptaphylla (Grose and Olmstead, 
2007) also known as black lapacho is a heliophile meso 
hygrophytic species native to the tropical forests and 
riverine areas of Brazil and Argentina (Ramos et al., 
2008; Olmstead et al., 2009; Mori et al., 2012). The 
characteristics of the wood, suitable for the manufacture 
of fine furniture, as well as the presence of certain 
secondary metabolites that impart insecticidal and 
medicinal properties, attracted the interest of companies 
for commercial exploitation  of  wild  populations  (Alonso, 

2000; Martínez et al., 2012). Despite of the predatory 
exploration, use of the species on a commercial scale is 
very limited because their seeds exhibit reduced viability 
and do not tolerate extended storage periods (Mori et al., 
2012). No genetic improvement programs have been set 
up to offer-improved seeds, either for commercial 
purposes or for the establishment of seed orchards. 

 In vitro propagation of plants is a biotechnological tool 
that helps preserve the genetic resources of trees and 
crops. However, the information on in vitro propagation of 
the   Handroanthus  genus  is   scarce.  The   studies    of 
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Figure 1. Methods of propagation tested for the elongation and in vitro rooting of Handroanthus heptaphyllus 
nodal segments. (A) Semisolid medium with diffused ventilation; (B) semisolid medium with assisted 
ventilation; (C) temporary immersion to liquid medium with assisted ventilation. 

 
 
 
Handroanthus impetiginosus have been limited to 
morphology and physiological aspects during seed 
germination (Amaral da Silva et al., 2004) and the 
physiological abnormalities due to hyperhydricity of 
shoots cultured in vitro (Jausoro et al., 2010). More 
recently, Larraburu et al. (2012) reported a protocol for 
the micropropagation of H. impetiginosus. 

The objective of this study was to establish seedlings in 
vitro as a source of explants for micropropagation of H. 
heptaphyllus through nodal segment cultures and 
produce plantlets for the enrichment of degraded forests 
or the establishment of new forest plantations. 
 
 
MATERIALS AND METHODS 
 
Plant 
 

Pods with mature seeds of H. heptaphyllus were harvested from a 
45-year-old tree grown in the wild reserve of the National University 
of Misiones (26°54’–59’S y 54°12’–18’W) and stored at 4°C until 
culture. The integument was removed and the uncoated seeds 
were surface disinfested with 70% ethanol for 1 min, transferred to 
9 g·L-1 NaOCl aqueous solution for 15 min, and rinsed three times 
with sterile distilled water. Afterward, the seeds were cultured in 15 
ml glass tubes (1 seed/tube) containing 4 ml of semi-solid 
Murashige and Skoog’s (1962) medium with 30 g·L-1 sucrose (MS). 
The pH of the media was adjusted to 5.8 prior to addition of the 
gelling agent (Agar Sigma A-1296, 6.5 g·L-1). The tubes were 
covered with aluminum foil and autoclaved at 143.2 kPa for 20 min. 
The cultures were  incubated  in  a  growth  room  at  approximately 

27±2°C under 14-h photoperiod (116 μmol m-2· s-1 photosynthetic 
photon flux density (PPFD), wavelength: 400 to 700 nm, from cool-
white fluorescent lamps).  
 
 
In vitro shoot multiplication and rooting 
 
Cotyledon (CS) and stem nodal segment (SS) (1.5 to 2 cm long) 
with two axillary buds were collected from 15-day-old in vitro 
seedlings and singly cultured in 15 ml glass tubes containing 4 ml 
of semi-solid (6.5 g·L-1 agar) MS medium with 30 g·L-1 sucrose and 
4.4 to 22.2 µM 6-benzyladenine (BA), with or without 1 µM indole-3-
butyric acid (IBA). The numbers of responsive explants, sprouted 
buds per explant, and shoots with more than 5 mm in length were 
recorded after 15 days of culture.  

To promote the elongation of the axillary shoots, CS and SS 
explants grown in MS supplemented with 22.2 µM BA were 
subcultured for 30 days to a 300 ml glass flask (10 shoots per flask) 
containing 100 ml of either semisolid (6.5 g·L-1 agar) or liquid half-
strength MS (MS/2) medium with 15 g·L-1 sucrose and 0 to 4.5 µM 
gibberellin A3 (GA3). Flasks were closed with polypropylene caps 
containing two Millipore® filters that provided passive (Figure 1A) or 
assisted ventilation (Figure 1B). For the liquid media, the shoots 
were cultured in a temporary immersion (TI) system wherein the 
explants were in contact with the medium for 1 min every 4 h 
(Figure 1 C). To provide assisted ventilation to the shoots growing 
in semisolid medium, flasks were connected to the TI pneumatic 
system and the same frequency and duration of immersion was 
used for aeration. An ear pressure of 30 kPa was used for TI and 
assisted ventilation. 

After 30 days of incubation, the elongated shoots grown in MS/2 
medium without plant growth regulators were transferred to the 
rooting semi-solid or  liquid  induction  medium  consisting  of  MS/2  
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Table 1. Effect of IBA and BA on the shoot bud sprouting and growth from cotyledonal and stem nodal segments after 15 days of 
culture on semi-solid MS medium. 
 

PGRs 

(µM) 

 Explants with sprouted-buds 

(%) 

 Number of shoots per 
responsive explant 

 Mean length of shoots 

(mm) 

IBA BA  CS SS  CS SS  CS SS 

- -  100.0 ± 0.0
a
 100.0 ±   0.0

a
  3.3 ± 0.1

bc
 2. 0± 0.2

d
  16.8  ±  2.1

b
 8.8  ± 1.5

b
 

- 4.4  100.0 ± 0.0
a
 100.0 ±   0.0

a
  3.1 ± 0.4

c
 3.1 ± 0.3

c
  25.2  ± 0.4

a
 13.6  ± 1.3

a
 

- 8.8  96.7 ± 5.8
a
 96.7 ±   5.8

a
  4.5 ± 0.5

ab
 3.1 ± 0.4

c
  16.5 ±  6.1

bc
 8.7  ± 2.3

b
 

- 13.2  93.3 ± 5.8
a
 93.3 ±   5.8

a
  4.5 ± 0.8

ab
 3.3 ± 0.2

bc
  11.4 ± 2.5

bcd
 5.1  ± 0.4

c
 

- 17.6  96.7 ± 5.8
a
 100.0 ±   0.0

a
  4.8 ± 0.0

a
 3.8 ± 0.3

abc
  9.6  ± 1.1

d
 6.7  ± 0.2

bc
 

- 22.0  96.7 ± 5.8
a
 96.7 ±   5.8

a
  5.6 ± 0.6

a
 4.2 ± 0.5

a
  10.8  ± 0.9

bcd
 7.4  ± 1.1

bc
 

1 4.4  96.7 ± 5.8
a
 90.0  ± 10.0

a
  4.7 ± 0.3

a
 3.5 ± 0.3

abc
  13.6  ± 1.4

bcd
 9.3  ± 0.7

b
 

1 8.8  100.0 ± 0.0
a
 100.0  ±   0.0

a
  4.9 ± 0.6

a
 4.1 ± 0.1

ab
  10.5  ± 0.9

bcd
 8.4  ± 0.4

bc
 

1 13.2  100.0 ± 0.0
a
 100.0  ±   0.0

a
  5.7 ± 0.4

a
 4.0 ± 0.4

ab
  10.0 ± 0.2

cd
 8.5  ± 1.5

bc
 

1 17.6  100.0 ± 0.0
a
 100.0  ±   0.0

a
  5.2 ± 0.4

a
 3.5 ± 0.1

abc
  8.8  ± 0.8

d
 7.1  ± 0.9

bc
 

1 22.0  96.7±5.8 
a
 96. 7 ±   5.8

a
  5.3 ± 0.4

a
 4.1 ± 0.3

ab
  10.9  ± 0.3

bcd
 7.6  ± 0.3

bc
 

 

Values are mean  standard error of the mean (SEM) of three independent experiments (n= 30). Means in each column followed by 

different letters are different according to Tukey’s Multiple Comparison Test (P0.05). CS and SS, cotyledonal and stem segment 
explants, respectively. 

 
 

 
with 15 g·L-1 sucrose and 0, 25, 50, or 75 µM IBA for 3 days. They 
were then subcultured to the root expression medium of the same 
mineral composition, but without IBA for 15 days. Cultures were 
incubated under similar environmental conditions as described 
earlier.  

Finally, the plantlets were transferred to 200 ml pots containing 

perlite plus controlled-release micro-fertilizer (Osmocote 18-5-9, 
0.6 mg·cm-3 substrate). They were grown for 4 weeks in a growth 
chamber providing day/night air temperature of 25 to 27/20 to 22°C, 
substrate temperature of 22 to 25°C with a 14-h photoperiod (420 
μmol·m-2·s-1 PPFD, wavelength: 400 to 700 nm, from high pressure 
mercury lamps). The hardened plants were transplanted to 3.2 L 
pots filled with pine bark, which provides proper drainage and 
aeration, plus controlled-release micro-fertilizer to promote and 
grown under greenhouse conditions for 12 weeks. 

 
 
Experimental design and statistical analysis 
 
All the experiments were arranged in a completely randomised 
design. Each treatment consisted of 30 explants and each 
experiment was repeated three times. For acclimatization, 15 
plantlets per treatment were studied. The results presented are the 
means of the replications with the standard error of the media 
(±standard error of mean [SEM]). Data were subjected to analysis 
of variance (ANOVA; GraphPad Software, San Diego, CA) following 
Tukey’s Multiple Comparison Test. To assess statistical 
significance, a probability level of 0.05 was chosen. 

 
 
RESULTS AND DISCUSSION 
 
Shoot multiplication and plantlet formation was achieved 
from nodal segments of aseptically germinated seedlings 
of H. heptaphyllus by combining semi-solid medium; to 
encourage breaking of apical dominance during the 
proliferation stage, and automatic temporary immersion in 

liquid medium; to promote further growth and rooting of 
the resulting shoots. Preliminary experiments indicated 
that more than 90% of cotyledonary and stem nodal 
segments cultured in semi-solid MS medium sprouted 
after 15 days of culture (Table 1). BA at 4.4 to 22.2 µM in 
the culture medium promoted the formation of new 
shoots from axillary shoots. However, the higher 
concentration negatively affected shoots elongation. Also, 
the addition of 1 µM IBA to the MS medium limited the 
growth of shoots due to callus proliferation at the bases 
of the explants (Figure 2A to B). An optimal growth of 
shoots with good appearance and vigor was observed 
when the explants were cultured on MS sucrose 30 g·L

-1
 

plus BA 22.2 µM in which 96.7±5.8% of the CS and SS 
nodal buds sprouted and produced 5.6±0.6 and 4.2±0.5 
shoots per explant having 10.8±0.9 and 7.4±1.1 mm in 
length, respectively (Table 1).  

Neither the addition to the culture medium of GA3 nor 
the assisted ventilation promoted shoot elongation (Table 
2). Gibberellins are a class of phytohormones with 
demonstrated effects on a number of physiological 
processes (Zawaski and Busov, 2014). These include 
breaking dormancy of vegetative buds and promotion of 
internode elongation of woody angiosperms (Junttila, 
1991). Among the 125 gibberellins identified in plants, 
fungi and bacteria, only three GA1, GA3 and GA4, have 
been reported by studies with single gene dwarf mutants 
as directly effective in promoting shoot elongation 
(Nakayama et al., 1991). Our former results obtained 
from nodal segments of Ilex paraguariensis, a subtropical 
woody species, indicated that GA1 and GA4 were more 
effective in promoting shoot length when assayed at a 
wide range of concentrations while GA3 did  not  stimulate 
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Figure 2. Rupture of apical dominance and proliferation of multiples shoots from 
cotyledon (A) and stem nodal segment (B) cultured on semi-solid MS medium plus IBA 1 
µM and BA 22.2 µM. Bar indicate 5mm. 

 
 
 
Table 2. Effect of different culture system and GA3 on the elongation of shoots cultured on MS half-strength medium.  
 

Culture system  GA3 (µM) 

Shoots with more than  

5 mm in length (%) 

 
Mean shoot length (mm) 

 
Shoot tip necrosis (%) 

CS SS  CS SS  CS SS 

Semi solid medium and diffuse 
ventilation 

0.0 57.5±2.0
a
 40.7±4.8

a
  15.3±0.8

bcd
 14.5±0.9

bcd
  13.1±1.5

bc
 13.7±0.8

b
 

1.5 47.0±6.3
a
 50.1±11.7

a
  11.5±0.8

bcd
 11.5±0.9

de
  10.7±2.4

bc
 14.9±2.6

b
 

3.0 50.6±1.4
a
 51.8±3.8

a
  12.8±1.0

bcd
 12.3±1.8

cde
  10.3±0.4

bc
 13.7±0.5

b
 

4.5 45.2±4.7
a
 44.8±7.9

a
  12.2±2.6

bcd
 11.9±1.1

cde
  9.6±2.6

b
 12.9±1.8

b
 

          

Semi solid medium and assisted 
ventilation 

0.0 53.7±4.9
a
 44.5±9.9

a
  16.9±3.3

bcd
 16.6±1.4

bc
  14.4±2.2

c
 20.5±3.7

c
 

1.5 45.2±3.9
a
 44.1±6.8

a
  13.2±1.0

bcd
 11.0±1.1

de
  11.0±1.5

bc
 15.1±1.2

b
 

3.0 46.8±4.4
a
 44.7±1.6

a
  10.2±2.1

cd
 9.5±1.2

e
  11.6±1.1

bc
 12.4±1.9

b
 

4.5 49.2±5.5
a
 43.5±5.2

a
  9.3±2.0

d
 12.0±1.0

cde
  11.1±0.9

bc
 15.1±0.7

b
 

          

Liquid medium and assisted 
ventilation (TI) 

0.0 54.6±6.3
a
 41.3±6.1

a
  25.8±5.8

a
 22.3±2.6

a
  1.8±0.3

a
 1.3±0.3

a
 

1.5 52.3±5.8
a
 40.6±1.4

a
  18.8±4.8

abc
 14.7±0.9

bcd
  1.04±0.1

a
 1.4±0.6 

a
 

3.0 51.5±6.5
a
 45.3±5.1

a
  19.5±2.9

ab
 17.9±2.7

ab
  1.3±0.5

a
 1.3±1.1

a
 

4.5 56.5±1.8
a
 47.1±8.9

a
  16.5±3.3

bcd
 15.3±3.0

bcd
  1.4±0.4

a
 1.0±0.1

a
 

 

Values are mean  standard error of the mean (SEM) of three independent experiments (n= 30). Means in each column followed by different letters 

are different according to Tukey’s Multiple Comparison Test (P0.05). CS and SS indicate cotyledonary and stem nodal segment, respectively. TI: 
Temporary immersion. 

 
 
 
internode elongation (Sansberro et al., 2001). 

Additionally, the mean shoot length was greater and 
shoot tip necrosis was minimal when  both  explants  type 

were cultured in a TI system. In fact, the mean shoot 
length varied between 9.3±2.0 to 25.8±5.8 mm while the 
shoot tip necrosis ranged from 1.0±0.1 to 20.5± 3.7%. 
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Table 3. Effect of different culture system and IBA on the induction of adventitious rooting from elongated shoots cultured on MS half-
strength medium.  
 

Culture system 
IBA 
(µM) 

Rooting (%) 
Mean number 

of roots 

Mean root 
length (mm) 

Shoot/root dry 
weight ratio 

Shoot tip 
necrosis (%) 

Semi solid medium and 
diffuse ventilation 

0 30.0 ± 20.0
cd

 1.2 ± 0.3
ab

 22.6 ±  2.3
abcd

 4.9 ± 1.8
bc

 33.3 ± 15.3
bcd

 

25 73.3 ± 11.5
abc

 2.2 ± 0.2
ab

 46.1 ±  7.1
a
 1.2 ± 0.5

ab
 26.7 ± 11.6

bcd
 

50 90.0 ± 17. 3
ab

 2.2 ± 0.1
ab

 38.0 ±  7.3
abcd

 1.4 ± 0.5
ab

 56.7 ± 5.8
d
 

75 70.0 ± 30.0
abc

 2.5 ± 0.2
a
 44.9 ± 11.6

ab
 1.2 ± 0.2

ab
 50.0 ± 10.0

d
 

       

Semi solid medium and 
assisted ventilation 

0 0.0 ± 0.0
d
 - - - 43.3 ±  5.8

cd
 

25 30.0 ± 30.0
cd

 1.7 ± 1.0
ab

 24.1 ± 20.9
abcd

 0.6 ± 0.5
a
 46.7 ± 15.3

d
 

50 43.3 ± 20.8
abcd

 1.5 ± 0.1
ab

 41.9 ± 18.0
abc

 0.7 ± 0.4
a
 36.7 ± 20.8

bcd
 

75 26.7 ± 15.3
cd

 2.3 ± 0.9
a
 30.7 ±  5.2

abcd
 0.6 ± 0.2

a
 46.7 ± 11.6

d
 

       

Liquid medium and 
assisted ventilation (TI) 

0 73.3 ± 5.8
abc

 2.0 ± 0.5
ab

 16.1 ±  2.5
abcd

 8.9 ± 1.1
d
 13.3 ± 11.6

abc
 

25 36.7 ± 32.1
bcd

 1.2 ± 0.7
ab

 11.0 ± 10.1
d
 3.5 ± 3.2

abc
 6.7 ±  5.8

ab
 

50 63.3 ± 11.5
abc

 1.3 ± 0.0
ab

 13.2 ±  3.7
cd

 6.3 ± 0.9
cd

 6.7 ±  5.8
ab

 

75 96.7 ± 5.8
a
 2.4 ± 0.2

a
 15.4 ±  4.3

bcd
 4.0 ± 1.4

bc
 0.0 ±  0.0

da
 

 

Values are mean  standard error of the mean (SEM) of three independent experiments (n= 10). Means in each column followed by different 

letters are different according to Tukey’s Multiple Comparison Test (P0.05). CS and SS indicate cotyledonary and stem nodal segment, 
respectively. TI: Temporary immersion. 

 
 
 

BA in the culture medium promoted the formation of new 
sprouts from axillary buds without significantly affecting 
the growth and development of shoots. However, the 
incidence of the shoot tip necrosis was observed during 
the in vitro shoot multiplication and rooting stages. After 2 
weeks of culturing, necrotic apices were observed in 
shoots growing in semisolid medium provided with either 
diffused or forced ventilation. This physiological disorder 
is commonly seen in in vitro cultures affecting a wide 
range of herbaceous and woody plants (Bairu et al., 
2009a) and it is caused by a complex set of factors 
including plant growth regulators (Bairu et al., 2009b), 
calcium and boron deficiency (Hepler, 2005; Martin et al., 
2007), medium type and salt strength (Jain et al., 2009; 
Takura and Kanwara, 2011), gelling agent (Singha et al., 
1990), aeration (Bairu et al., 2009a), and pH (Pasqua et 
al., 2002). Our results indicated that the use of liquid 
medium through a TI system could overcome the shoot 
tip necrosis of H. heptaphyllus and promote growth and 
rooting of shoots. Because the use of assisted ventilation 
of the flask with semisolid medium did not overcome this 
physiological disorder, the advantage of TI for producing 
healthy shoots and plantlets may be related to better 
availability of nutrients in the absence of hyperhydricity. 
The rooting process was affected by the physical 
conditions of the culture medium (Table 3). The result of 
this study showed 73.3 ± 5.8% of SS explants cultured in 
TI rooted in a plant growth regulators (PGR)-free half-
strength MS medium. Addition of IBA only slightly 
promoted the morphogenetic process probably due to the 
juvenility stage of the explants. Although, the use of TI 
stimulated growth of the aerial part at the expense of root 

growth by increasing the shoot/root ratio, the growth and 
development of the plantlets during the acclimatization 
phase were the highest under TI (Figure 3A to E). This 
could be attributed to better morphological and anatomical 
features of the leaves which enhance the water balance 
during the acclimatization phase (Yang and Yeh, 2008). 
The rooting process occurs without callus formation. The 
in vitro rooting of juvenile elongated shoots of A. 
heptaphyllus may be stimulated without plant growth 
regulators, but the results of our experiment showed that 
the pre-treatment of the elongated shoots with 75 µM IBA 
for 3 days and subculturing to fresh half-strength medium 
increased this morphogenic process, whereby 96.7± 
5.8% of shoots regenerated 2.4 roots per shoot with a 
shoot/root ratio close to 4 and with no symptoms of 
necrosis. 

To our knowledge, this is the first report on micro-
propagation of H. heptaphyllus. The establishment and 
multiplication of shoot from nodal segments cultured in 
semi-solid medium and the elongation and rooting of 
shoots in a TI system are an effective combination for 
propagating these threatened forest trees.  
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Figure 3. In vitro rooting, plantlets formation and acclimatization of nodal segments cultured on 
semisolid medium with diffused ventilation (A, B), semisolid medium with assisted ventilation (C, D), 
and temporary immersion to liquid medium with assisted ventilation (E,F). 
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A fungal endophyte, Ramichloridium cerophilum, was identified as a Class 2 endophytes species 
obtained from the leaf of common sowthistle (Sonchus oleraceus L). This fungus was found to grow 
endophylically in the roots of Chinese cabbage seedlings. Light microscopy of cross-sections of 
colonized Chinese cabbage roots showed that the fungus penetrates through the outer epidermal cells, 
grows further into the inner cortex, and colonizes the cortical tissue. Isolates of R. cerophilum 28L-9 
have shown the ability to increase biomass of a nonmycorrhizal plant, Chinese cabbage. This finding is 
the first report of R. cerophilum could help to improve nonmycorrhizal plant. 
 
Key words: Ramichloridium cerophilum, endophytic fungus, Chinese cabbage, plant growth promoting. 

 
 
INTRODUCTION 
 
The mycorrhizal symbiosis between plants and fungi is 
common and most plant species are dependent on this 
symbiosis for improving the productivity and 
sustainability, including current forest and agricultural 
systems (Toro and Delaux, 2016). The fungal symbiont 
generally aids the growth of the plant partner by 
improving nutrient uptake (Toro and Delaux, 2016), while 
reducing fertilizer use and pollution in the environment, 
which is important with relevance to agriculture and 
ecology. Chinese cabbage is an important and widely 
cultivated vegetable in East Asian countries, especially 
Japan, Korea and China, because of its rapid growth and 
is an  economically  important  cash  crop  as  well  as  an 

efficient food crop (Haque et al., 2016; Kang et al., 2010). 
However, members of the Cruciferae including this major 
commercial crop, Chinese cabbage, are known as non-
mycorrhizal plants and other types of fungal symbionts 
were rarely found in these plants (Gilliam, 2016; Nouri 
and Reinhardt, 2015).  

Endophytic fungi are defined as the endosymbionts that 
live within the plant intercellular and intracellular spaces 
for atleast part of their life cycle without causing apparent 
harm to their host (Rodriguez et al., 2009). Unlike 
mycorrhizal fungi that colonize plant roots and grow into 
the rhizosphere, endophytes reside entirely within plant 
tissues and may grow within roots,  stems  and/or  leaves 
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(Carroll, 1988; Stone et al., 2004). In nonclavicipitaceous 
endophytes (NC-endophytes), Class 2 endophytes may 
grow in both above- and below-ground tissues; by 
contrast, Class 3 and 4 endophytes (dark septate 
endophytes, DSE) are restricted to above-ground tissues 
and roots, respectively (Rodriguez et al., 2009). Class 2 
endophytes have a broad host range of both monocot 
and eudicot plants and are the largest group of fungal 
symbionts and are readily culturable on artificial media 
and are thought to colonize all plants in natural 
ecosystems (Petrini, 1996). Studies have shown that they 
could increase host shoot and/or root biomass, possibly 
as a result of the induction of plant hormones by the host 
or biosynthesis of plant hormones by the fungi (Tudzynski 
and Sharon, 2002). Class 2 endophytes were the focus of 
this study which is distinct from the other NC-endophytes 
because in general they colonize roots, stems and 
leaves. 

Dark septate endophytes (class 4 endophytes) 
Heteroconium chaetospira, Phialocephala fortinii, 
Meliniomyces variabilis and Veronaeopsis simplex which 
had been isolated from evergreen rainforests in Japan; 
and recent studies showed that beneficial traits toward 
Chinese cabbage, including nitrogen provision, growth 
promotion, and disease suppression could be associated 
with these isolates (Usuki and Narisawa, 2007; Khastini 
et al., 2012, 2014). Based on these findings, it was 
hypothesized that class 2 endophytes population in this 
area may be also diverse and there might possibly be 
more non-described species. In order to prove this 
hypothesis, key class 2 endophytes species were 
isolated from tissues of different naturally grown plant 
species. Here, the features of the selected key class 2 
endophytes species that were effective in supporting the 
growth of a non-mycorrhizal plant, Chinese cabbage 
were described.  
 
 
MATERIALS AND METHODS 

 
Sample collection and fungal isolation 

 
Leaves, stems and roots of 12 different plant species (Table 1) were 
collected from November to December 2007 within the campus and 
Field Science Centre of Ibaraki University in Ami, Ibaraki, Japan. 
Samples were washed with running tap water and cut into small 
pieces (leaf pieces size approximately 5.0 × 5.0 mm; stem and root 
pieces approximately 5.0 mm long). Fifteen pieces of respective 
tissues of each plant species were chosen randomly for fungal 
isolation. Leaf and stem pieces were immersed in 70% ethanol for 
15 to 60 s and then in sodium hypochlorite (1% of household 
bleach) for 1 to 3 min. The root segments were rinsed three times in 
a 0.005% solution of Tween 20 and then three times with distilled 
water. Segments were air dried overnight and then plated on corn 
meal agar [corn meal (infusion form, Difco) 25 g L-1; Bacto agar 
(Difco) 15 g L-1; Ampicillin 50 μg L-1; Streptomycin 50 μg L-1]. After 
incubation for 2 weeks, pure cultures were obtained by transferring 
single hyphae to cornmeal malt yeast agar medium [CMMY; Malt 
extract (BD) 10 g L-1, Yeast extract (BD) 2 g L-1, Cornmeal infusion 
8.5 g L-1; Bacto agar 7.5 g L-1]. Fungal isolates were identified 
based on morphology of sporulating structures. 

 
 
 
 
Table 1. Pant samples and fungi isolates. 
 

Plant sample Number of isolates 

Sonchus oleraceus L. 18 

Sonchus spp. 17 

Camellia japonica. 25 

Eurya japonica Thunb. 16 

Orchidaceae spp. 30 

Rhododendron mucronatum G.Don. 31 

Rhododendron obtusum planch. 36 

Eurya japonica thumb. 25 

Citrus reticulate.  14 

IIicium anisatum Linn. 31 

Cornus officinalis. 30 

Prunus jamasakura. 15 

Total 288 

 
 
 
Morphological observation and identification 
 
To provide ideal observation conditions, slide cultures were made 
consisting of small inoculated pieces of approximately 3 × 3 mm 
pablum agar [Mead Johnson mixed Publum (Canadian Post 
Corporation, Ontario, Canada), 25 g; Bacto agar, 5 g; MiliQ water, 
250 ml] sandwiched between two 18 × 18 mm cover glasses 
(Matsunami Class Ind., Osaka, Japan), and placed in a 9-cm water 
agar plate for providing humidity. After 2 to 4 weeks, when the 
culture growth was easily visible, the pablum agar was carefully 
removed and cover glasses were mounted on a 76 × 26 mm micro 
slide glass using a PVLG (Polyvinyl alcohol, 16.6 g; Lactic acid 
(Wako Chemical Ind., Osaka, Japan), 100 ml; Glycerin (Wako 
Chemical Ind., Osaka, Japan), 10 ml; MiliQ water, 100 ml) mounting 
medium. Observations were then made and the length of 
conidiogenous cells and conidia was measured under light 
microscope (Olympus BX51, Tokyo, Japan) with UPlanFLN 
FLN100x/1.30 Oil. 
 
 

DNA extraction, amplification, sequencing and analysis 
 

The genomic DNA was extracted from mycelium grown on oatmeal 
medium using the Prepman Ultra Sample Preparation Reagent 
Protocol (Applied Biosystems, California, USA). Primer set NS1 and 
NS4 (White et al., 1990), were used to amplified a part of the 18S 
rDNA region via polymerase chain reaction (PCR). The PCR 
reaction mixture (50 μl) contained 5 μl of 10x rTaq DNA polymerase 
buffer (TaKaRa Bio), 2.5 μl of each primer, 4 μl of dNTP mixture, 
37.875 μl of MiliQ water, 0.125 μl of rTaq DNA polymerase (TaKaRa 
Bio), and 0.5 μl of template DNA. The amplification was carried out 
using a Takara PCR Thermal Cycler Dice (Takara Bio INC. model 
TP 600, Shiga, Japan) under the following conditions: 94°C for 4 
min, 35 cycles 35 s at 94°C, 52°C for 55 s and 72°C for 2 min, 
followed by a final 10 min extension at 72°C. The PCR products 
were sequenced using a model 3130x DNA sequencer (Applied 
Biosystems, Foster City, CA, USA) and the ABI PRISM TM Big Dye 
Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied 
Biosystems). For DNA sequencing, the 10 μl reaction mixture (Big 
Dye Terminator var. 3) contained 1.5 μl of 5 × Sequencing buffer; 1 
μl of primer (3.2 μM), 1 μl of pre-mixture (kit), 6.2 μl of sterilized 
MiliQ water and 0.3 μl of template purified DNA. The sequencing 
conditions were: 96°C for 2 min, 25 cycles of 96°C for 10 s, 50°C 
for 5 s, and 60°C for 4 min. The determined sequences were 
compared with similar  DNA  sequences  retrieved  from  the  DDBJ/  



 
 
 
 
EMBL/GenBank databases using the NCBI BLAST program. 
 
 

Endophyte screening 
 

In order to distinguish non-pathogenic fungi from pathogenic and 
other saprotrophic fungi, 13 isolates were selected based on their 
morphology as representative from different groups of fungi, and 
the priority was given to slow-growing isolates that usually start 
developing after at least 7 to 10 days of incubation. The endophyte 
screening on selected isolates was carried out after growing the 
fungus in 6-cm Petri dishes filled with oatmeal medium [Oatmeal, 

10 g L-1; Bacto agar, 18 g L-1] enriched with nutrients [MgSO4﹒
7H2O (Wako Chemical Ind., Osaka, Japan), 1 g L-1; KH2PO4 (Wako 
Chemical Ind., Osaka, Japan), 1.5 g L-1; NaNO3 (Wako Chemical 
Ind., Osaka, Japan), 1 g L-1], 4 replicate plates per fungal isolate. 
After the plates were largely covered by fungal colony, disinfected 
2-day-old seedlings of Chinese cabbage c.v. W4107 (Watanabe 
Seed, Miyagi, Japan) were transplanted (three per plate) onto the 
growing fungal colony and placed into a sterile plastic pot and 
incubated for two weeks at 23°C with 18 h:6 h (L:D) and 180 mol m-

2 s-2 light intensity. Negative impact of the fungal isolates was 
evaluated using a 0 to 3 scale (0: no visible symptom; 1: lightly 
yellowing leaves; 2: lightly yellowing leaves and smaller plants; 3: or 
death) (Mahmoud and Narisawa, 2013). Assessed plants were 
harvested and oven-dried at 40°C for 48 h. The dry weight of 
treated plants on per plate was taken and compared with the 
control plants. Four plates seedlings (twelve seedlings) were 
measured per isolate. 
 
 
Statistical analysis 
 

The mean dry biomass of each treatment was calculated and 
analyzed with one-way analysis of variance (ANOVA) and Duncan’s 
multiple range test of SAS systems for Windows (version 8.02, SAS 
Institute Inc., Cary, NC, USA) was used to analyze the data. 
 
 
Fungal re-isolation and colonization observation  
 
Non-pathogenic isolates were evaluated for the ability to colonize 
Chinese cabbage. Root, stem and leaf segments, up to 1 cm in 
length taken from the same set of plants were surface sterilized 
using the protocol described in the fungal isolation. Roots were 
observed after washing, cross sectioning, and staining with 0.005% 
cotton blue in 50% acetic acid and examined under an Olympus 
BX51 microscope with UPlanFI40/0.75 and UPlanFI100/1.30 
objectives to assess colonization levels.  
 
 

RESULTS 
 

Sample collection and fungal isolation 
 

Two hundred eighty eight fungal isolates were successfully 
obtained from 540 leaf, stem and root segments cutting 
from 12 plant species. The frequencies of fungal isolation 
from these different tissues were 70.0, 77.6 and 61.0%, 
respectively. The dominant isolated fungi were species of 
Pestalotiopsis (72.8%), Colletotrichum (12.1%) and 
Phomopsis (8.9%). They are mostly isolated within 4 to 
7days of placing root segments on the medium. 
Ramichloridium cerophilum was isolated from the leaf of 
common sowthistle (Sonchus oleraceus L.), it is a class 2 
endophytes and able to symbiosis with plant and promote  
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its growth. 
 
 

Endophyte screening  
 

To eliminate saprotrophic and/or pathogenic fungal 
isolates, 13 fungal isolates showing diverse morphology 
were used for endophyte screening. Compared to non-
treated control plants, three of the isolates (approximately 
2.7%) were not pathogenic to the Chinese cabbage 
seedlings. The plant biomass of 10L-4, 18R-10 and 28L-9 
treatments showed no significant difference compared to 
the control (Figure 1) and no typical disease symptoms 
on Chinese cabbage growth. The isolates 10L-4 and 28L-
9 were obtained from leaves, while 18R-10 from roots. 
Among three isolates, 28L-9 stimulated the seedling 
growth, with average biomass (64.5±8.2 mg) increasing 
16.8% compared to control (55.2±4.2 mg) (Figures 1 and 
2). Most of the tested isolates (over 97%) were 
pathogenic to Chinese cabbage with a negative impact 
index ranging from 1 to 3. 
 
 
Morphological characteristics  
 
Isolate 28L-9 was isolated from the leaf of common 
sowthistle (Sonchus oleraceus L.), its colonies were dark 
olivaceous grey with sharp margins on CMMY medium. 
They grew relatively slowly on the medium and reached 
around 30 mm after 2 weeks at 23°C (Figure 3). Hyphae 
were pale olivaceous-brown, smooth or verruculose, 2.0 
to 3.4 (2.6 mean) μm wide. Conidiophores sometimes 
branched, arising from creeping aerial hyphae, smooth or 
verruculose, hardly tapering towards the apex, 2.1 to 3.3 
(2.6) μm wide, 17 to 70 (44) μm long, mostly with 4 septa 
but ones with up to 10 septa have been observed (Figure 
4). Conidiogenous cells are integrated, terminal, 
proliferating sympodially, rachis is short, straight and 
crowded, prominent, pigmented with non-thickened 
scars, minute, approximately 0.5 μm in diameter Conidia 
solitary, fusiform to clavate, thin-walled, smooth, 0 to 1-
septate, subhyaline, 3.2 to 12.8 (7) × 2.0 to 4.2 (2.8) μm.  
 

 

Molecular analysis 
 

Based on the result of the molecular analysis, the isolate 
was affiliated with R. cerophilum EU041798.2 with 98% of 
similarity in 18S rDNA sequences. The sequence was 
deposited in GenBank at NCBI with accession number 
FJ514548. Isolate 28L-9 was identified as R. cerophilum 
based on the comparison of morphological characteristics 
(Arzanlou et al., 2007) and on the molecular analysis of 
the 18S rDNA sequences. 
 
 

Fungal re-isolation and colonization observation  
 

The re-isolation rate of 28L-9 from inoculated root tissues  
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Figure 1. Dry biomass of Chinese cabbage inoculated with different fungal isolates. The filled columns represent the groups of 
selected fungi. Date are the means mean+SE; n=4. Asterisks present significant differences between each treatment and the 
control (**P<0.01, *P<0.05) following by Duncan’s multiple range test. 

 
 
 

 
 

Figure 2. The effect of 28L-9 on the growth of Chinese cabbage seedlings in 
Petri dish two weeks after transplanting. A, Non-treated control. B, 28L-9 
treatment. 

 
 
 
was consistently 100%. This result indicated that R. 
cerophilum was able to colonize root of Chinese cabbage 
without causing damage to the host plant. Roots 
inoculated with isolate 28L-9 showed pigmented hyphae 
of the isolate that grew mostly intercellularly, but also 
intracellularly in epidermal and inner cortical cells. 
However, the fungal hyphae were not observed in the 
vascular bundle. No visible sign of host reaction was 
seen in response to the colonization  by  the  isolate,  and 

the fungus external generally grew out of the root into the 
medium (Figure 5).  
 
 
DISCUSSION  
 
Only one isolate of R. cerophilum species was recovered 
during this study, representing an isolation rate of 0.11% 
among the  total  number  of  fungal  isolates.  It  was  yet  
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Figure 1. Dry biomass of Chinese cabbage inoculated with different fungal isolates. The filled columns represent the groups 

of selected fungi. Date are the means mean+SE; n=4. Asterisks present significant differences between each treatment and 
the control (**P<0.01, *P<0.05) following by Duncan’s multiple range test. 
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without causing damage to the host plant. Roots 
inoculated with isolate 28L -9 showed pigmented hyphae 
of the isolate that grew mostly intercellularly, but also 
intracellularly in epidermal and inner cortical cells. 
However, the fungal hyphae were not observed in the 
vascular bundle. No visib le sign of host reaction was 
seen in response to the colonization by the isolate, and 
the fungus external generally grew out of the root into the 
medium (Figure 5).  
 
 
DISCUSSION  
 
Only one isolate of R. cerophilum species was recovered 
during this study, representing an isolation rate of 0.11% 
among the total number of fungal isolates. It was yet 
impossible to estimate its abundance, but this finding 
indicates that there are undescribed endophyte species 
that can b e found in evergreen rainforests areas in 
Japan. Improved isolation media and protocols may 
enhance the recovery rate of this fungus, but the overall 

results of the study were comparable to those of previous 
studies in Japan using the same baiting method t hat 
discovered the endophyte H. chaetospira  at 4.0% 
(Mahmoud and Narisawa, 2013). Fast -growing 
endophyte such as P. fortinii and Leptodontidium 
orchidicola with colony diameter reaching above 80 mm 
after 30 days on PDA (Currah et al., 1987) might be 
easier to recover as the probability of their obscuration by 
fast-growing fungi would be lower.  
Endophytes are known to be able to colonize host tissues 

intracellularly and extracellularly without causing 

substantially negative impact (Diene et al., 2010). 

Depending on the fungal species involved, different 

responses have been observed with the host tissues. 

Hetroconium chaetospira, for example, when applied to 

Chinese cabbage colonized both epidermis and cortical 

layers, but was not observed in the vascular cylinder 

(Morita et al., 2003). Whereas P. fortinii can penetrate the 

vascular cylinder in addition to epidermal and cortical 

cells, consequently inducing undesirable effects on host 
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Figure 3. Colony of 28L-9 on CMMY medium after 
culturing for 2 weeks. 

 
 
 

 
 

Figure 4. Conidial formation of 28L-9 on CMMY medium 
after 1 month of culturing. Bar=10 μm. 

 
 

 

impossible to estimate its abundance, but this finding 
indicates that there are undescribed endophyte species 
that can be found in evergreen rainforests areas in 
Japan. Improved isolation media and protocols may 
enhance the recovery rate of this fungus, but the overall 
results of the study were comparable to those of previous 
studies in Japan using the same baiting method that 
discovered the endophyte H. chaetospira at 4.0% 
(Mahmoud and Narisawa, 2013). Fast-growing 
endophyte such as P. fortinii and Leptodontidium 
orchidicola with colony diameter reaching above 80 mm 
after 30 days on PDA (Currah et al., 1987) might be 
easier to recover as the probability of their obscuration by 
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fast-growing fungi would be lower.  

Endophytes are known to be able to colonize host 
tissues intracellularly and extracellularly without causing 
substantially negative impact (Diene et al., 2010). 
Depending on the fungal species involved, different 
responses have been observed with the host tissues. 
Hetroconium chaetospira, for example, when applied to 
Chinese cabbage colonized both epidermis and cortical 
layers, but was not observed in the vascular cylinder 
(Morita et al., 2003). Whereas P. fortinii can penetrate the 
vascular cylinder in addition to epidermal and cortical 
cells, consequently inducing undesirable effects on host 
plants under certain environmental conditions (Yu et al., 
2001). The root colonization by R. cerophilum can be 
inter- and intra-cellular, and is limited to the epidermal 
and cortical layers, causing therefore no visible symptom 
or disruption to the growth of host plant. The potential 
environmental impact on the behavior of this endophyte 
is unknown but based on its inability to grow into the 
vascular tissue and on the lack of symptom in colonized 
host tissues; it is believed that this fungus has a low risk 
to be a plant pathogen. In the current study under 
controlled-environment conditions, however, R. 
cerophilum did not form any typical mycorrhizal structures 
in host plant, but hyphae of the fungus greatly grew along 
the surface of the root and colonized the epidermal layer. 
Although the abundance and ecological behavior of R. 
cerophilum under natural conditions in different habitats 
has not been studied. Our preliminary data indicate that 
the ability of this endophytic nature to produce varying 
amounts of surface hyphae on the root tissues of the 
plant seems essential to their ability to promote host plant 
growth.  
 
 
Conclusion  
 
This finding indicates that there are undescribed 
endophyte species that can be found in evergreen 
rainforests areas in Japan. This study found for the first 
time that R. cerophilum is a class 2 endophytes and is 
able to promote growth of a non-mycorrhizal plant, 
Chinese cabbage.  
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Figure 5. The cross-section of a 28L-9-treated Chinese cabbage root stained with 0.005% cotton 
blue 2 weeks after inoculation. Hyphae can be seen on the root surface (arrow), within epidermal 
and cortical cells (arrow). Ep: Epidermal; Co: cortical; Vc: vascular cylinder. Bar=20 μm. 
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Limicolaria aurora belongs to the group of land snails commonly called garden snails. This study seeks 
to use shell morphology and random amplified polymorphic DNA-polymerase chain reaction (RAPD-
PCR) to examine gross morphological differences in populations of L. aurora from New Bussa (guinea 
savannah) and Benin City (tropical rain forest) in Nigeria and possibly delimit the populations into sub 
species. A total of one hundred and ten specimens of L. aurora made up of fifty five individuals from 
each of the two ecological zones were collected randomly for the study. Data on shell parameters 
including: height of shell (SH), width of shell (SW), aperture height (AH), aperture width (AW), spire 
length (SL), and first whorl length (1WL) measured on each snail were subjected to one way analysis of 
variance (ANOVA). Principal component analysis (PCA) and canonical variates analysis (CVA) were 
performed on the data using PAST statistical software. DNA which was extracted from the muscular 
tissues of the foot of eight individuals from each location using cetyltrimethylammonium bromide 
(CTAB) method was subjected to RAPD-PCR. Amplification of the DNA was done using five primers 
(OPB-12, OPB-18, OPH-08, OPD-11 and OPS-13). Analyses showed significant differences (P<0.05) in L. 
aurora populations within and between the vegetation zones revealing great heterogeneity in the 
populations. Both PCA and CVA clusters did not separate the populations into distinct sub-populations. 
SH was the most variable morphological characteristic and consequently the most suitable for the 
separation of L. aurora specimens into distinct populations. All the primers used in the amplification of 
the DNA produced polymorphic bands. The Unweighted Pair Group Method with Arithmetic Mean 
(UPGMA) cluster diagram revealed two major clades within the snail populations with about 74% 
similarity. The study showed that RAPD-PCR analysis is more suitable for delimiting populations of L. 
aurora than morphometrics and that the basis for gross morphological differences in these populations 
might not only be environmental but also genetic factors.  
 
Key words: Achatinidae, biodiversity, environmental factors, morphometrics, phylogenetics, shell, sub-
populations, variation. 

 
 
INTRODUCTION 
 
The genus Limicolaria belongs to the group of land snails 
of the family Achatinidae. The genus consists of snails 
that are commonly referred to as garden snails. The 
species of this genus that have been reported in the West 
African   sub   region   include   Limicolaria    aurora   and 

Limicolaria flammea. The genus Limicolaria, along with 
other achatinids has been reported to be serious crop 
pests and when introduced to a new environment can 
unbalance local ecosystem. Many achatinids have 
attained  pest  status  even within their native range when  

 

 

 



 
 
 
 
the habitat is modified for human habitation and farming 
(Raut and Barker, 2002). 

L. aurora however, is not only agriculturally disastrous, 
but can as well be advantageous; the snail meat can be a 
good source of protein in fish feeds (Madu et al., 2006). 
The shell could be ground and used as a source of 
calcium carbonate in the formulation of animal feed. Land 
snail shells serve as a calcium source for various 
organisms that feed on them, especially for eggshell 
formation, muscle contraction, and osmo regulation. The 
alkalinity of the crushed shell is also useful in reduction of 
soil acidity (Graveland and van der Wal, 1996; Hotopp, 
2002).  

Moreover, in land snails, shell forms (morphology) often 
provide relevant morphometric data used in taxonomy 
and phylogenetic inference as well as in population 
biology. Shell morphometry is a useful tool in mollusc 
taxonomy and ecology. It has been used to discriminate 
between species, to recognize intraspecific morphological 
variation and to associate shell variations with environ-
mental conditions and geographical distribution (Chiu et 
al., 2002; Wullschleger and Jokela, 2002; Pfenninger et 
al., 2003). 

The extent of genetic diversity in natural population 
results from an interplay between forces generating local 
genetic differentiation and forces generating genetic 
homogeneity. Hence, the level of population genetic 
variation can be influenced by such processes as founder 
events, genetic drift, mutation, recombination, migration 
(gene flow) and selection. These forces may also interact 
with other factors, such as life-history traits, breeding 
system, dispersal and other ecological and evolutionary 
processes to determine the patterns of genetic structuring 
that are observed in the field (Gow et al., 2004). 

In South Western Nigeria, biodiversity information of 
some achatinid snails exist (Oke and Odiete, 1996; Oke 
and Alohan, 2006; Oke, 2007; Oke et al., 2007, 2008; 
Oke and Chokor, 2010; Oke, 2013). However, genetic 
diversity data is lacking on most of the land snails. This 
study therefore combines the morphological analysis of 
the shell with random amplified polymorphic DNA-
polymerase chain reaction (RAPD-PCR) data to 
understand the basis for gross morphological differences 
in L. aurora populations and their possible delimitation 
into sub species. 
 
 
MATERIALS AND METHODS 
 

A total of 110 specimens (55 specimens from each location) were 
randomly collected for the study. The specimens collected were 
identified on the field according to Crowley and Pain (1970). 

Specimens of L. aurora were collected from New Bussa (guinea 
savannah) and Benin City (tropical rain forest). New Bussa is  a city 
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in Niger state, Nigeria. The city sits at longitude 4°31’E (4.5167°E) 
and latitude 9°53’N (9.8833°N), while it is located at 40 km south of 
the original Bussa town. The city is located 499 feet above sea 
level. The climate is sub-humid, classified as tropical savannah and 
the average annual precipitation is 1,109 mm. 

Benin City is the capital city of Edo State, Nigeria, sits at 
longitude 5°37’39’E (5.6275°E) and latitude 6°20’06’’N (6.3350°N). 
Benin City is 259 feet above sea level. Climate is tropical with 
average annual precipitation of 2,025 mm. Figure 1 shows the map 
of Nigeria with the study areas. 
 
 

Morphometric studies 
 
The shell of each snail was described by six parameters as shown 
in Figure 2. The parameters measured are: height of shell (SH), 
width of shell (SW), spire length (SL), aperture height (AH), 
aperture width (AW), and 1st whorl length (Awodiran et al., 2012). 

Measurements of each morphometric character were 
transformed to shell width (SW) to remove size-effect by growth 
allometry using Reist (1985) as described in Gunawickrama (2007) 
methods. Width corrected data were then analyzed by multivariate 
statistical method. Principal component analysis (PCA) and 
canonical variates analysis (CVA) were performed on the data 
using the software, PAST (Hammer et al., 2001). To find out the 
morphometric factors that can discriminate among the two 
populations, PCA was used in which factor loadings based on eigen 
values were used to determine the morphometric factors. 
 
 

RAPD studies  
 

DNA extraction 
 

Total genomic DNA was extracted from foot tissue of the snails. 
Muscular foot sample was collected from the snails using a new 
razor blade. Different razor blade was used for each of the 
specimens. This was preserved in 80% ethanol and kept in the 
refrigerator till use. After which 0.1 g of the tissue sample was later 
collected from each of the preserved samples. DNA was extracted 
from these tissues using a CTAB protocol (Bucklin, 1992). DNA 
samples were then stored in a refrigerator. DNA concentration of all 
samples was measured on a spectrophotometer at 260 and 280 nm 
and the DNA purity was determined. The quality of DNA was 
detected by Agarose gel electrophoresis. Genomic DNA was used 
in PCR amplification using RAPD markers. A negative PCR controls 
was run to overcome one of the major limitation of RAPD marker 
which is the generation of artefact fragments and bands that 
appeared consistently in the negative controls were removed from 
the final analysis. Also, the dominance marker limitation was 
managed by estimating eight samples per locus for each primer 
coupled with the large number of polymorphism derived from the 
analysis. Code sequence and nucleotide lengths used in RAPD 
studies are shown in Table 1. 
 
 

PCR reaction mix 
 

The reaction mix was carried out in 20 µl final volume containing 50 
to 60 ng genomic DNA, 0.1 µM of the primers, 2 mM MgCl2, 125 µM 
of each deoxy Nucleotide Triphosphate (dNTP) and 1 unit of Taq 
DNA polymerase. The thermocycler profile has an initial 
denaturation  temperature  of  94°C for 3 min, followed by 45 cycles  
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Figure 1. Map of Nigeria showing the study areas of Benin City (Edo State) and New Bussa (Niger State). 
 
 
 

 
 

Figure 2. Measurements of shell 
morphology used in morphometric 
analysis (AB=Height of shell, SH; 
BC=Width of shell, SW; DF= Spire 
length, SL; FH= Aperture height, AH; 
GI=Aperture width, AW; and EF1=1st 
whorl length, 1WL). 

of denaturation temperature of 94°C for 20 s, annealing temperature 
of 37°C for 40 s and primer extension temperature of 72°C for 40 s, 
followed by final extension temperature at 72°C for 5 min. 

 
 
Gel electrophoresis 

 
PCR amplicon electrophoresis was carried out by size fractionation 
on 1.4% Agarose gels. Agarose gels were prepared by dissolving 
and boiling 2.8 g agarose in 200 ml 0.5X Tris Boric 
Ethylenediamine Tetra-acetic Acid (TBE) buffer solution. The gels 
were allowed to cool to about 50°C and 10 µl of 5 mg/ml ethidium 
bromide was added, mixed together before pouring it into an 
electrophoresis chamber set with the combs inserted. After the gel 
has solidified, the PCR amplicon was loaded in the well created. 
Electrophoresis was done at 100 V for 2 h. The DNA was visualized 
and photographed on UV light source. 

 

 
Band scoring and data analysis 

 
Each gel was analyzed by scoring the present (1) or absent (0) 
polymorphic bands in individual lanes. The scoring can be done 
based on the banding profiles which is clear and transparent. The 
scores were then pooled for constructing a single data matrix. Purity 
of the DNA was carried out using spectrophotometer by measuring 
absorbance at 260 and 280 nm. The RAPD banding profiles were 
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Table 1. Primer sequences and the percentage polymorphism. 
 

S/N Primer name Sequence 
No. of polymorphic 

loci 
No. of monomorphic 

loci 
Total No. of 

Loci 
Polymorphism 

(%) 

1 OPB – 12 CCTTGACGCA                                                8 1 9 89 

2 OPB – 18 CCACAGCAGT 10 1 11 91 

3 OPH – 08 GAAACACCCC 8 1 9 89 

4 OPD- 11 AGCGCCATTG 6 nil 6 100 

5 OPS – 13 GTCGTTCCTG 9 nil 9 100 

Total - - 41 3 44  

 
 
 
 

 
 

Figure 3. Principal component analysis of shell measurements of Limicolaria aurora from the two 
populations showing overlap of data between populations from New Bussa and Benin city (+ 
represents New Bussa, while □ represents Benin City). 

 
 
 
visually scored for all the DNA samples and for each primer. 
Similarity coefficients were calculated across all the possible pair 
wise comparisons of snail samples among populations, using the 
formula:  
 

 
 
where nxy is the number of common bands shown in both 
individuals x and y, and nx and ny are the total numbers of bands 
observed in individual x and y, respectively (Nei, 1978). As a means 
of providing a visual representation of genetic relationships, a 
dendrogram was constructed based on the similarity coefficient 
values (1 - Sxy) between pairs of snail samples. The NTSYS-PC 
software program was used to estimate genetic similarities with the 
Jaccard’s  coefficient   (Rohlf,   2000)    and    a    dendrogram   was 

constructed using the Unweighted Pair Group Method of Arithmetic 
Averaging (UPGMA) employing the Sequential, Agglomerative, 
Hierarchical and Nested clustering module (SAHN).  
 
 
RESULTS  
 
Morphometric studies 
 
Figure 3 is the PCA diagram of the morphometric 
measurements of L. aurora from the two locations studied. 
The clusters produced overlapped. Figure 4 shows the 
relationship between shell characteristics and the loadings 
on PCA. This shows that Height of Shell (E) is the 
characteristic responsible for most of the variation among  
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Figure 4. Snail shell characteristics and their loadings on PC1 of the principal component 
analysis showing height of shell as the character most responsible for variation among the 
populations studied. A: Aperture height (AH); B: aperture width (AW); C: spire length (SL); D: 
1st whorl length (1WL); E: height of shell (SH). 

 
 
 

 
 

Figure 5. Canonical variates analyses of shell measurements of L. aurorafrom New Bussa and 
Benin City showing homogeneity of characters (+ represents New Bussa, while □ represents 
Benin City). 

 
 
 
the populations of L. aurora, followed by spire length (C) 
while aperture width (B) is the characteristic which 
contributes least to the variation. CVAs were carried out 
to determine if there are significant differences among the 
populations of L. aurora. Figure 5 shows the CVAs of the 
shell of L. aurora. The CVA plots showed  overlapping  of  

clusters of specimens from the locations studied. 
Data for these characteristics were also compared in 

box plot (Figure 6). The box plots represent summaries of 
measurements of the two highest loading characters (that 
is, SH and SL) and when subjected to ANOVA, these 
measurements  were  not significantly different (P > 0.05)  
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Figure 6. Box plots of morphometric characteristics for Limicolaria aurora from 1= New Bussa and 2=Benin City. 

 
 
 
for both SH and SL. 
 
 
RAPD result  
 
The primers used for this study, their sequences as well 
as their percentage polymorphism are shown in Table 1. 
All the primers produced good RAPD amplifications with 
varying bands. Forty four loci were generated from the 
five primers, of these 41 (93%) were polymorphic, while 
three (7%) were monomorphic.  The average number of 
loci per primer is nine. 

The total number of RAPD bands produced by the 
primers for the two locations was 178. Samples of L. 
aurora from New Bussa has the highest band score of 
103 (65% polymorphism), followed by Benin City 
population with the band score of 75 with 96% 
polymorphism (Tables 2 and 3). There was no band that 
was population specific. OPB-18 primer generated the 
highest number of  bands  among  all  the  primers,  while 

OPB-11 produced the least number of bands. The 
UPGMA cluster diagram revealed two major genotypic 
groups within the snail populations with about 74% 
similarity (Figure 7). The first clade consists of all the 
samples of L .aurora from New Bussa, while the second 
clade consists of all the samples from Benin City. 
 
 
DISCUSSION  
 
Morphometric studies 
 
Morphological homogeneity was evident between the two 
populations of L. aurora as shown by overlapping of the 
clusters produced from both PCA and CVA. CVA did not 
separate the specimens into two distinct populations as 
shown by the overlapping of clusters (Figure 5). Among 
the shell characteristics measured, SH was the most 
variable and consequently the most suitable for the 
separation   of    the    populations.    Another    significant  
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Table 2. Estimates of genetic variation. 
 

Population Number of polymorphic loci Number of monomorphic loci Total Proportion of polymorphic loci (%) 

New Bussa 17 9 26 65 

Benin City 26 1 27 96 

Combined 41 3 44 93 

 
 
 

Table 3. Total band scored in each population. 
 

Population Total band score 

New Bussa 103 

Benin city 75 

Total 178 

 
 
 

 
 

Figure 7. UPGMA dendrogram summarizing the data on differentiation between Limicolaria aurora populations according to RAPD 
analysis. 

 
 
 
diagnostic characteristic was the SL. 

Conchological variations observed on the shells of the 
L. aurora from different geographical locations may be 
due to many possible factors including genetic, biotic and 
abiotic factors. Since L. aurora exhibited morphological 
differences  among   populations,  it   is   argued  that  the 

difference or variations in size can be attributed to 
environmental conditions as well as genetic factors. Dela 
et al. (2010) argued that variation in snail shells is not 
only genetic, but also affected by the growth rate and 
population density of the snails. It may also be possible 
that the diversity  within  populations  observed  could  be 

Coefficient
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due to the numerous introduction and reintroduction of 
several gene pools of snails to the study areas by local 
snail marketers.  

The variations in the snail’s shell morphology could 
also indicate phenotypic plasticity or genetic differen-
tiation. Plasticity influences the evolution and adaptive 
responses of organisms, because it can alter the 
relationship between the phenotype and the genotype 
(Trussell and Etter, 2001). 

It is also possible that since the snails were collected 
from different geographical locations which have varied 
climatic and environmental factors, these may have direct 
effects on the snail shell shapes. 
 
 
RAPD studies 
 

Percentage polymorphism was high in the two populations 
studied. This was 96% in Benin City and 65% in New 
Bussa (Table 2). Analysis of the proportions of 
polymorphic loci and band sharing based similarity 
indices for within-location samples indicates that a 
relatively high level of genetic similarity exists in New 
Bussa population than in Benin City population, hence 
higher genetic diversity in Benin City population than New 
Bussa population. The higher within location genetic 
similarity and lower level of frequency of polymorphic loci 
and gene diversity estimates for New Bussa population 
could be an indication of comparatively closer relationship 
among individuals within the location. 

Aestivation stage of the organism, humidity and 
temperature range in a habitat of the land snail are 
factors that were argued to have influenced variations in 
land snail (Vinic et al., I998; Albuquerque et al., 2009). 
Environmental stress such as drought could possibly have 
influenced genetic diversity in New Bussa with lower 
annual rainfall compared to Benin City. It may relate to 
reduced genetic variability in the population, genotype-
specific survivorship, that is, individuals with particular 
genotypes which are tolerant to drought might survive 
while less tolerant genotypes might be wiped out, hence 
resulting in reduced genetic variability and diversity. 

Moreover, breeding experiments have shown that a 
large part of the variation leading to the characterization 
of some morphotypes is genetically determined (e.g. the 
‘giant’ form Helix aspersa maxima or the ‘conical’ form 
Helix aspersaconoidea), but within a given form, the 
variation in the trait itself is sometimes subject to a strong 
environmentally induced component (Madec and Guiller, 
1993; Madec et al., 1998). 

Genetic drift and natural selection are the two primary 
evolutionary mechanisms that cause population differen-
tiation (Hufford and Mazer, 2003). Natural selection by 
ecological factors will result in development of ecological 
adaptation or ecotypes. It remains to be determined 
whether the observed population differentiation in this 
study resulted from any natural selection. 

The  UPGMA  cluster   diagram   revealed    two   major 
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clades. The first cluster comprises of New Bussa 
specimens, while the second cluster comprises mainly 
specimens from Benin city. UPGMA cluster separation of 
the specimens into two distinct groups reveals that the 
two populations are genetically distinct from each other. 
Estimate of genetic distance between the populations is 
0.9245. 

In conclusion, DNA based analysis unlike morpho-
metrics employed in this study differentiates the 
populations of L. aurora under study into two sub 
populations which may imply that the basis of gross 
morphological differences in these populations might not 
be due to environmental factors only but also genetic. 
The RAPD analysis differentiates the populations better, 
revealing two distinct groups. According to Thorpe and 
Sol-Cave (1994), the average genetic distance for 
conspecific populations is 0.05 (range: 0.02 to 0.07), the 
high genetic distance (0.9245) between the populations 
in this study revealed that the two populations of L. 
aurora are not categorized in conspecific value, hence a 
subspecies of L. aurora is suspected. Further studies 
involving the use of DNA sequence analysis is needed to 
maximize the efficiency of this study. 
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The Indonesian fat-tailed sheep (IFTS) is a local sheep that has been long time raised and well adapted 
to the extreme environments of Lombok Island. The present study was conducted to determine the 
polymorphism of bone morphogenetic protein receptor 1B (BMPR-1B) gene and its association with 
litter size in the IFTS breed by employing forced polymerase chain reaction-restriction fragment length 
polymorphism (PCR-RFLP) methods in the IFTS. Polymorphism of BMPR-1B genes on IFTS population 
were identified by the forced PCR-RFLP methods. The result of this study showed that mutation of 
BMPR-1B gene resulted in two allele of wild type (+) and mutan allele (B) with frequencies of 0.807 and 
0.193, respectively and three genotype of BB (110 bp/110 bp), B+ (110 bp/140 bp), and ++ (140 bp/140 
bp) with almost unequal frequencies distribution of 0.060, 0.268, and 0.672. Genetic diversity of BMPR-
1B genes caused different litter sizes on individual IFTS. A highly significant difference (P<0.01) was 
observed in the average of litter size in different genotypes. The highest average of litter size was found 
in the genotype of BB, that is, 1.685 lambs. 
 
Key words: Bone morphogenetic protein receptor 1B (BMPR-1B), gene, mutation, polymorphism, litter size. 

 
 
INTRODUCTION 
 
Prolificacy in sheep is regulated by three major genes: 
bone morphogenetic protein receptor 1B (BMPR-1B), 
bone morphogenetic protein 15 (BMP-15), and growth  
differentiation factor 9 (GDF9). BMPs are members of the 
transforming growth factor β (TGF-β) superfamily. BMP is 
multifunctional protein which controls growth, differen-
tiation and apoptosis in many types of cells and plays 
indispensable roles during embryogenesis and the fertility 
in mammals (Davis, 2005). 

BMPR-1B (fecundity booroola/FecB) gene is an 
autosomal gene located on sheep chromosome 6 which 
is syntenic with human chromosome 4 and is the first 
major gene for prolificacy identified in sheep (Wilson et 
al., 2001). The BMP receptor is expressed by oocytes 
and granulosa cells from the primary stage to the late 
antral stage of follicle development and binds to BMP15. 
Mutation in the BMPR-1B gene is a single nucleotide 
non-conservative substitution that has  an  additive  effect
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on ovulation rate (Davis, 2006; Pramod et al., 2013). A 
single copy of the gene in heterozygous ewes produced 
about 1.5 extra eggs and gave birth to about 1.0 extra 
lamb per ewe lambing. Homozygous ewes carrying two 
copy of the gene produced about 3.0 extra eggs resulting 
in about 1.5 extra lambs per ewe lambing (Davis, 2004). 

The FecB mutation in sheep is due to a single 
nucleotide substitution (Arginine to Glutamine) at 746th 
position of open reading frame (ORF) in exon 6 that 
induces a nonsynonymous substitution of glutamine with 
an arginine corresponding to 249th position (Q249R) of 
the mature peptide (Mulsant et al., 2001). This mutation 
causes loss of reaction capabilities to BMP-4 that plays a 
central role in determining the formation of the primordial 
germ cell (PGC) in the ovary (Mulsant et al., 2001; Wilson 
et al., 2001). The demage on the BMP system during 
follicle development led to increase average ovulation 
(Fabre et al., 2006) and was reported in Australian 
Merino sheep, Indian Garole, Kendrapara, and Bonpala 
sheep (Kumar et al., 2008; Roy et al., 2011).  

Genetic mechanism caused by mutations in BMPR-1B 
and BMP-15 genes, which has a relationship with the 
average number of ovulation in sheep, is still not widely 
known. The tendency for sheep producing twins (twining) 
or three (triplets) lambs are the same, although there are 
differences in the level of gene regulation. The Indonesian 
fat-tailed sheep (IFTS) is a local prolific and high 
economic value sheep in Indonesia. It is essential to do 
research on the genetics and reproduction in IFTS to 
identify genes with major effect on prolificacy which will 
be useful for increasing and accelerating the rate of 
genetic improvement on litter size. The aim of this study 
was to identify polymorphism in BMPR-1B gene and its 
possible association with litter size in IFTS. 
 
  
MATERIALS AND METHODS   

 
The University of Mataram, Faculty of Medicine, Ethical Committee 
for Medical Research, Mataram, Indonesia approved all animal 
procedures for this experiment (Register No.35/UN18.8/ETIK/2015). 

 
 
Phenotyping (measurement of the litter size)  

 
Two hundred and fifty IFTS (aged 1.5 to 3 years) reared under 
extensive communal conditions were used in this study. All animals 
were ear tagged. The number of lambs born for every birth of each 
ewe was recorded. The average litter size for each ewe of the first 
three parities was recorded and used for further analysis.  
 
 
Sample collection and DNA isolation 

 
Blood samples for DNA analysis were collected from the jugular 
vein of each animal. Blood was collected on K2EDTA 0.5 M and 
stored at -25°C for few weeks or at -75°C up to several months. 
Genomic DNA was extracted from whole blood by the phenol-
chloroform method, then dissolved in TE buffer (10 mM Tris-HCl 
and 1 mM EDTA, pH 8.0), and kept at -20°C (Sambrook et al., 
1989). 

 
 
 
 
Detection of the FecB mutations 
 
A primer pair was designed to detect single nucleotide poly-
morphisms in exon 6 of the BMPR-1B gene in prolific IFTS by PCR-
RFLP as described by Wilson et al. (2001). Primers amplified a 
140-bp band. After digestion with Ava II (G|GWCC), the BB animals 
had a 110-bp band, the B+ animals had 140- and 110-bp bands, 
and the ++ animals had a 140-bp band. The primer sequences 
were as follows: Forward, 5′-GTCGCTATGGGGAAGTTTGGATG-3′ 
and Reverse, 5′-CAAGATGTTTTCATGCCTCATCAACACGGTC-3′. 

Amplification was carried out in a volume of 25 µl. The PCR 
reaction contained 100 ng DNA, 0.5 µM of each primer (10 pmol/µl), 
1x PCR buffer (10 mM Tris-HCl pH 9.0), 1.5 mM MgCl2 and 50 mM 
KCl, 5% deionized formamide, 200 µM dNTPs, and 0.025 U Taq 
DNA polymerase (Pharmacia). Amplification was performed for 35 
cycles using DNA thermal Cycler (Perkin Elmer Cetus Corp.). The 
first cycle was at 95°C for 5 min followed by 35 subsequent cycles 
of 94°C × 45 s, 60°C × 45 s, then 72°C × 60 s, and the last cycle at 
72°C for 5 min. The PCR products of 5 µl were digested separately 
with 10 U of Ava II (Fermentas) at 37°C over night in a 15 µl 
reaction mixture. The DNA fragments of BMPR-1B were separated 
by electrophoresis on 2.5% agarose gels. The gels were visualized 
with ethidium bromide staining and analyzed using an AlphaImager 
EP Documentation and Analysis Systems (Alpha Innotech 
Corporation, USA).  

 
 
Statistical analysis 

 
Genotype and allele frequency within and among genetic groups 
were determined by the method of Goodman adapted by Maskur et 
al. (2014). Association analysis was performed using general linear 
model (GLM) and the least square means of the genotypes were 
compared by t-test (as implemented in the SAS programme). The 
linear model used was as follows: 

 
Y=A+LS+Gi+eij 

 
where Y is phenotypic value of litter size, A is population mean, LS 
is lambing season effect, Gi is fixed effect of the BMPR-1B 
genotype, and eij is random error. 

 
 
RESULTS AND DISCUSSION  
 
Detection of polymorphism in BMPR-1B (FecB) gene 
in IFTS 
 
The PCR product is about 140 bp, located in exon 6 of 
the BMPR-1B gene. Mutations at the gene can be 
identified using restriction enzyme Ava II (G|GACC). The 
digestion using Ava II (G|GACC) produces two alleles, 
namely the wild-type allele (+) is 140 bp (uncut) and the 
mutant allele (B) is 110 bp/30 bp (cut). The wild-type 
allele (+) was not sensitive to Ava II, while the mutant 
allele (B) was cut by Ava II producing two DNA fragments 
110 and 30 bp. The analysis of the FecB locus implies 
that mutation occured to make it sensitive to Ava II 
enzyme which recognized the sequence (G|GACC) as 
the site of cutting. 

Mutations at the BMPR-1B gene locus are transition 
mutations that change adenine bases into guanine (A/G 
transition) at base 746 of the coding region of the  BMPR- 
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Figure  1. The FecB mutation of BMPR-1B gene was digested by AvaII. M= 100 bp DNA marker. “wild-type”(+) 140 bp 
and mutant allele (B) 110 and 30 bp.  

 
 
 

Table 1. Allelic and genotypic frequency of BMPR1B gene in Indonesia fat tailed sheep. 
 

Gene N 
Frequency 


2 

(HWE) 
Genotype Allele 

BMPR-1B 250 
BB B+ ++ B + 

5.114**
 

0.060 0.268 0.672 0.193 0.807 
 

H-WE: Hardy-Weinberg equilibrium. The number of individuals for the BB, B+ and ++ genotypes are 
given in Table 3. **P<0.01. 

 
 
 
1B gene. This point mutation results in a change in the 
amino acid sequence of BMPR-1B in which a glutamine 
(CAG) in the wild-type to an arginine (CGG) in the mutant 
(CAGCGG, Q249R). The alteration of amino acid 
sequence causes functional change in the intracellular 
kinase domain of mature protein and was reported to 
affect ovulation rate in Australian Merino sheep, Indian 
Garole, Kendrapara and Bonpala sheep (Kumar et al., 
2008; Roy et al., 2011), British Milk sheep, Chinese Small 
Tail Han and Hu sheep (Chu et al., 2007). 

The FecB mutation of the BMPR-1B gene has been 
studied in various sheep breeds. The results indicated 
that IFTS carried the same FecB mutation as found in  
Small Tailed Han ewes (Chu et al., 2007), Greek Chios 
and Florina sheep (Michailidis et al., 2008) and Booroola 
Merino ewes (Mulsant et al., 2001; Souza et al., 2001; 
Wilson et al., 2001). The single nucleotide polymorphisms 
(SNPs) identified in exon 8 (GenBank accession number 
GQ863578) of Mehraban sheep was found to be 
associated with reproduction traits (Abdoli et al., 2013). 

 
 
Allelic and genotypic frequency of BMPR1B gene in 
IFTS 

 
Allelic and genotypic identification of exon 6 BMPR-1B 
gene using the forced PCR-RFLP technique produces 
two alleles, namely, the wild-type allele (+) and the 
mutant allele (B) with three genotypes BB, B+ and ++  
(Figure 1). There are contrasting allelic frequencies 
distributions between B and + allele in BMPR-1B gene of 
IFTS. The distribution of allelic frequency  of  the  +  allele 

Tabel 2. Genetic index of Indonesian fat tail sheep population. 
 

 Gene Ho He SE PIC 

BMPR-1B 0.268 0.313 0.0190 0.264 
 

Ho: Heterozygosity observation; He: heterozygosity expectation; SE: 
standard error; PIC: polymorphic information content. 

 
 
 

was higher than B allele, respectively of 0.807 and 0.193, 
while the frequency distribution of the genotypes BB, B+ 
and ++ were respectively 0.060, 0.268 ,and 0.672 (Table 
1).  

Chi-square (2) test showed that the genotype 
distributions of exon 6 BMPR-1B gene was not at Hardy-
Weinberg equilibrium (H-WE) in IFTS. The genotype 
frequencies at polymorphic loci of exon 6 BMPR-1B gene 
showed a highly significant difference (P<0.01). This 
contrasts with the same FecB mutation in the Small 
Tailed Han ewes in China, as reported by Chu et al. 
(2007) where the allelic frequencies distributions between 
the B and + allele differed, the + allele (0.27) being lower 
than that of the B allele (0.73), while the frequencies of 
genotypes BB, B+, and ++ were 0.52, 0.42, and 0.06, 
respectively. 

Genetic index has an important meaning to get the 
description about the genetic variability (Marson et al., 
2005). Data in Table 2 show the results of genetic index 
measurements in IFTS population. These data indicate a 
genotypic imbalance in the population where genotype 
heterozygote frequencies are higher than the Hardy- 
Weinberg expectation agreement. This could be due to 
intensive selection, resulting in  a  tendency  towards  the 
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Table 3. Average litter size in Indonesian fat tail sheep 
based on the genotype of the BMPR-1B gene. 
 

Genotype N Litter size 

BB 15 1.685 ± 0.165* 

B+ 67 1.455 ± 0.254* 

++ 168 1.145 ± 0.108** 
 

*P<0.05; **P<0.01. 

 
 
 
accumulation of certain genotypes (Tambasco et al., 
2003) and the possibility of inbreeding (Machado et al., 
2003). Polymorphism information content (PIC) value is 
commonly used in genetics as a measure of 
polymorphism for a marker locus used in linkage 
analysis. Based on the PIC value of 0.264, it can be 
stated that the genetic diversity of BMPR-1B gene within 
IFTS population is at the medium level. This statement is 
based on PIC levels of polymorphism as determined by 
Botstein et al. (1980) in which levels of ≤0.25 are 
classified as low, 0.25≤PIC≤0.5 are classified as medium 
and PIC≥0.5 are classified as high polymorphism.  
 
 
Association of BMPR-1B gene polymorphism with 
litter size in IFTS 
 
The association between genotype of the BMPR-1B gene 
and average litter size in IFTS is shown in Table 3. The 
effect of genotype of BMPR-1B gene was found to be 
significant for litter size  on IFTS. BMPR-1B is a receptors 
for majority of the TGF-β superfamily members. One 
explanation could be that the action of BMPR-1B gene on 
the target gene through formation of the receptor 
complexes, causes the phosphorylation of intracellular 
signaling molecules called Smads, which then translocate 
to the nucleus and regulate transcription of target genes 
(Moore et al., 2002). 

The effect of FecB mutation on litter size in the IFTS is 
lower than other breeds that had been reported by any 
researcher. Expression of BMPR-1B gene can varied 
between different breed of sheep and different environ-
mental conditions or the interaction between breed of 
sheep and environment will give different expression 
(Fogerty, 2008). The difference could

 
be due to the 

background
 
genotype, environmental factors (feeding and 

management) such as the relatively low
 
nutritional value 

of the tropical forages available to these
 

ewes or 
combination of these factors. IFTS were reared under the 
extensive farming system in the region with dry weather 
along 8 to 9 months per year. This condition causes low 
nutritional value of forage that is available to support the 
production and reproduction of IFTS. Several studies 
showed the different expression of BMPR-1B gene in 
different environmental conditions. Guan et al. (2007) 
reported  that   the  expression   of   BMPR-1B   gene   on 

 
 
 
 
Garole and Hu sheep varied between different location 
with different environmental conditions. The litter size of 
Garole sheep is 2.27 in humid rice paddies of the 
Sundarbans region, but lower mean litter size is 1.74 in 
the semiarid

 
environment of the Deccan plateau of 

Maharashtra and 1.68 in Rajhastan. The avarage litter 
size of Hu sheep in conservation area in China is 2.12, 
higher than in Shanghai and Suzhou is 1.78 and 1.90 
respectively. The Small Tailed Han ewes with genotypes 
FecB

B
/FecB

B 
(BB); FecB

B
/FecB

+
 (B+) and FecB

+
/FecB

+
 

(++) has litter size 2.65±0.10, 2.36±0.12, and 1.25±0.17, 
respectively (Chu et al., 2007). In the Awassi sheep, litter 
size  of  ++, B+, and BB ewes was 1.28, 1.90, and 1.92, 
respectively (Gootwine et al., 2008). Litter sizes of

 
the 

Javanese
 

sheep with genotypes FecB
B
/FecB

B 
(BB), 

FecB
B
/FecB

+
 (B+), and FecB

+
/FecB

+
 (++) for FecB

 
have 

been measured at 2.59, 1.95, and 1.24, respectively 
(Inounu, 1996). 

The data in Table 3 indicates a significant increase in 
litter size of IFTS that carry FecB mutations in both 
heterozygous and homozygous condition. This implies 
that the sheep with FecB mutations has granulosa cells 
and are more sensitive to follicle stimulating hormorne 
(FSH); thus, the cells divides more actively leading to 
ovarian follicles becoming adults and mature (Davis 
2008; Fabre et al., 2006). The prolific nature occurs based 
on the concept that increased ovulation rate lead to an 
increasing number of ovulated oocytes and if fertilization 
occurs and embryo viability can be maintained by the 
parent, it will be followed by the birth of a child more than 
one (Wilson et al., 2001).  
 
 

Conclusion 
 
Polymorphism of FecB gene was identified in IFTS by 
forced PCR-RFLP method. Restriction enzyme digestion 
with AvaII for FecB gene resulted in three genotypes of 
BB, B+ and ++ with a frequency of 0.060, 0.268 and 
0.672, respectively and two alleles of wild type (+) and 
mutan (B) with almost unequal frequency distribution of 
0.807 and 0.193. Genotypic polymorphism of BMPR-1B  
has a significant influence on litter size in IFTS. Higher 
litter size was observed in BB genotype as compared to 
B+ and ++ gentopes of FecB gene. 
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One of the strategies of Integrated Pest Management (IPM)-soybean is the use of genetically modified 
plants. However, there are concerns about the unknown effects associated with this technology on non-
target organisms. The objective of this study was to determine the population dynamics of species of 
floral-visiting insects in Bacillus thuringiensis (Bt) and non-Bt soybean. In the experiment, two soybean 
treatments were assessed, one of soy DM 6563 Intacta and the other BMX Potência RR. Floral-visiting 
insects were collected in the flowering period every 15 min/h for 12 h/day, every 3 to 4 days. 549 floral-
visiting insects (Class Insecta) were collected, comprising 8 orders, 30 families, and 92 species. Of 
these, 279 were present in the cultivar DM 6563 Intacta and 270 in the cultivar BMX Potência. The most 
abundant species were Apis mellifera (35.15%), Musca species 1 (10.01%), and Lagria villosa (5.28%). 
Species composition was similar for the two cultivars. The highest number of species visited the 
flowers of the cultivars between 8:00 and 11:00 am, while the lowest intensity of visitation occurred 
between 12:00 and 15:00 pm. After diversity was determined, it was observed that cultivar BMX 
Potência (non-Bt) had a higher diversity than cultivar DM 6563 Intacta (Bt).  
 
Key words: Pollinators, species diversity, transgenic. 

 
 
INTRODUCTION 
 
Soybean culture has been affected by many agricultural 
pests, including arthropods, resulting in decreased crop 
yields and reduced seed and grain quality (Roggia, 
2010). Frequent pest infestations have resulted in 
increased use of synthetic chemical insecticides in all 
producing regions in Brazil. Currently, the harmful effects 
of insecticides on pollination by entomophilous agents, an 

important production factor of this agricultural crop, are of 
concern (Freitas and Pinheiro, 2012; Malaspina and Silva-
Zacarin, 2006; Spadotto et al., 2004). Besides increasing 
the number of fruits or pods, effective pollination can also 
contribute to increased oil in the seeds, number of seeds 
per pod, seed weight, shortened crop cycles, uniform 
seed  ripening,  and  reducing  crop  losses  (Free,  1993; 
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Freitas, 1997; Nogueira-Couto, 1998). To reduce risks to 
human health, environmental contamination, and possible 
harmful effects on pollinating insects, including bees, the 
restricted use of insecticides in soybean culture has been 
encouraged (Anvisa, 2015). To minimize consequences 
from insect pests in soybean culture and regulate the use 
of pesticides, the Integrated Pest Management of soy 
(IPM-Soy) was implemented, integrating the use of 
various strategies and control tactics (Corrêa-Ferreira et 
al., 2010), one of which is the use of genetically modified 
plants (transgenic) resistant to pests. Currently, available 
transgenic plants resistant to caterpillars contain genes of 
the bacterium Bacillus thuringiensis (Bt) that encode 
lethal toxins for certain insect groups. Bt plants have the 
potential to minimize losses caused by insect pests, 
especially the order Lepidoptera, as well as reduce 
insecticide use (Yu et al., 2011). Bt insecticidal proteins 
kill insects by a process comprising the following steps: 
crystal solubilization processing, conversion to an active 
protoxin form, high-affinity binding to the midgut receptors, 
irreversible insertion of the toxin into the membrane, and 
the formation of infection pores (Bravo et al., 2005; de 
Maagd et al., 2001). 

Despite numerous advantages of using genetically 
modified insect-resistant plants, there are still concerns 
about the unknown effects associated with this technology 
(Kouser and Qaim, 2011; Nunes, 2010). Several studies 
show that the effect this technology may have on non-
target organisms is still unclear (Faria et al., 2007; Liu et 
al., 2005; Naranjo, 2005; Silva, 2013; Whitehouse et al., 
2007). Thus, the large-scale use of genetically modified 
crops for resistance to pests can pose a risk to 
biodiversity as a result of possible effects on non-target 
organisms (Dutra et al., 2012), which underscores the 
importance of conducting studies that assess such 
interactions. 

Non-target organisms are defined as species that may 
be exposed to Bt proteins for a long time, but which are 
not direct targets of transgenic technology (Andow and 
Hilbeck, 2004). Among these organisms, one of the most 
important groups are the pollinating insects that may be 
both directly exposed to the toxins of these plants, 
through consumption of the plant, nectar, or pollen 
(Nunes, 2010), as indirectly through the food chain when 
arthropods feed on herbivores or honeydew from insects 
that have fed off transgenic plants (Groot and Dicke, 
2002; Faria et al., 2006). 

There is evidence that the expression of Bt toxins in 
transgenic plants can affect (directly or indirectly) the 
populations of non-target species (Birch, 1997; Monnerat 
and Bravo, 2000) by reducing the populations of 
pollinating insects and floral visitors, including beetles, 
butterflies, and a number of beneficial arthropods, which 
can lead to reduced biological pest control (Hong et al., 
2008). In Bt maize that expresses the Cry1Ab toxin, as 
does the soybean used in the present study, a negative 
effect  on   the   non-target  species  Spodoptera  littoralis 
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(Boisduval) (Lepidoptera: Noctuidae) and its larval 
parasitoid Cotesia marginiventris (Cresson) 
(Hymenoptera: Braconidae) was determined (Vojtech et 
al., 2005). Similar negative effects were also observed on 
the natural enemy Pirata subpiraticus (Araneae: 
Lycosidae) in cultures of transgenic rice expressing the 
same protein Cry1Ab (Chen et al., 2009). Other studies 
also show that the survival of bees feeding on pollen of Bt 
cotton expressing this toxin was negatively affected (Liu 
et al., 2000). Therefore, the objective of the current study 
was to determine the characteristics of the population 
dynamics of species of floral-visiting insects in Bt and 
non-Bt soybean Glycine max (L.) Merrill cultivars. 
 
 
MATERIALS AND METHODS 
 
Experimental area 
 
The experiment was conducted at the experimental farm of the 
Federal University of Grande Dourados, Dourados-MS, Brazil 
(22°14′ 20.51″south, 54° 59′M 58.4″ west; altitude 394 m). The 
studied areas comprised two fields of 1.0 ha each. One field was 
sown with the cultivar DM 6563 Intact (MON 87701 × MON 89788) 
and the other with the cultivar BMX Potência RR (M 8360 RR). Both 
cultivars, which have a similar phenological cycle, were sowed on 5 
November, 2014. 

 
 
Survey of floral visitors  
 
The collection of floral visitors took place throughout the flowering 
period (26 December, 2014 to 11 January, 2015) of the cultivars. 
The sampling method was adapted from that of Pires et al. (2006a). 
The collection of floral visitors was done to determine the 
abundance and diversity of these insects in the Bt and non-Bt soy, 
as well as visitation characteristics and species composition for 
each period in both cultivars.  

Four evaluations were carried out every three or four days and in 
each assessment. Active insect collection was carried out every 15 
min for 12 h in each cultivar. Insects were collected using an insect 
net or directly in a deadly vial. All insects found resting on or taking 
off from flowers were captured. After the 15 min of collection, the 
dead insects were placed in an envelope, stating date/time, 
collector, and treatment and then stored in a styrofoam box to be 
taken to the Entomology Laboratory of the Federal University of 
Grande Dourados (UFGD) for later sorting. 

 
 
Identification of floral visitors 
 
The insects were identified to the lowest taxonomic level possible 
using specific keys for the groups and confirmed with experts in the 
field. 

 
 
Statistical analysis 
 
To analyze the diversity of the two communities studied, the 
Shannon-Wiener function was calculated (Shannon and Weaver, 
1949), as well as Simpson’ index (Pinto-Coelho, 2002). To obtain 
representative gradients of the floral visitors community structure, 
based on the species composition at each time and day of 
collection, the normality of the data of all individuals of each species  
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in each day and time of collection, Kolmogorov-Smirnov, and 
Shapiro-Wilk tests were used. Then, comparative analysis was 
performed between the different schedules and treatments using 
the Kruskal-Wallis test. 

 
 

RESULTS 
 

Both cultivars flowered for approximately 15 days. During 
flowering, 549 species of floral-visiting insects (Class 
Insecta) were collected, comprising 8 orders, 30 families, 
and 92 species. Of this total, 279 individuals (50.81%) 
were present in the Bt cultivar, whereas 270 (49.18%) 
were collected from flowers of non-Bt cultivar (Table 1). 
No significant differences were noted in the abundance of 
insect species in relation to the cultivars, as similar 
numbers of individuals were observed in both cultivars. 
The Hymenoptera, to which the largest number of 
collected specimens belonged, showed the highest 
abundance among all of the orders collected, both in the 
Bt cultivar where 122 individuals were sampled (43.72% 
of the total found in this cultivar), as well as in the non-Bt 
cultivar that presented 121 individuals of this order 
(44.81%). Among the specimens from this order collected, 
representatives of the Apidae family were the most 
abundant, representing 40.86 and 38.14%, respectively, 
of all insects found in the Bt and non-Bt cultivars, totaling 
9 species in both cultivars, and Apis mellifera was the 
most abundant. 

Diptera had the highest diversity, with 15 species in the 
non-Bt cultivar and 17 species observed in the Bt cultivar, 
with Hymenoptera having 22 species in the Bt cultivar 
and 16 in the non-Bt cultivar. Coleoptera had 10 species 
in the Bt cultivar and 13 species in the non-Bt cultivar and 
Lepidoptera had 9 in the Bt cultivar and 11 species in the 
non-Bt cultivar. Hemiptera had six species in both 
cultivars, while Neuroptera, Mantodea, and Dermaptera 
had only one species each. Although, the distribution of 
species was very similar between the two evaluated 
cultivars, the results of the Shannon-Wiener and Simpson 
tests demonstrated that the Bt cultivar had greater 
diversity (H = 1.30280; D = 0.86471) than the non-Bt 
cultivar (H = 1.22871; D = 0.84557).  

The greatest number of species was observed in the 
third evaluation on January 6 with a total of 34 species in 
the BMX Potência and 35 in the DM 6563 IPRO (Figure 
1). The first (December 30) and the fourth (9 of January) 
evaluations had nearly equal number of species, while at 
the second evaluation (02 January) was noticed the 
lowest value of the species found during the period of 
sampling. 

The greatest number of floral visitor species in the 
soybean cultivars occurred between 8:00 and 11:15 am. 
The least species visitation to the soybean flowers 
occurred between 12:00 and 15:15 pm (Figure 2). Among 
the 103 species collected in the two studied soybean 
cultivars, A. mellifera L. had the highest number of 
individuals (102 individuals in the cultivar  Intacta  and  91 

 
 
 
 
in the cultivar BMX Potência), representing 36.55 and 
33.70%, respectively, of the total insects found in both 
crop cultivars (Figure 3). The total number of individuals 
of A. mellifera observed during the period of the 
evaluated day (from 07:00 am to 18:15 pm) (Figure 4) did 
not indicate normality by the Kolmogorov-Smirnov and 
Shapiro-Wilk tests, that evaluated block (evaluation days) 
and treatment (evaluated times). Therefore, the 
nonparametric Kruskal-Wallis test (α = 5%) was 
performed. The variation in the abundance of A. mellifera 
in the different classes of times was determined and no 
significant differences were noted between the classes of 
times in both cultivars. 
 
 
DISCUSSION 
 
Because there was no significant difference in the 
abundance and richness of floral-visiting insects between 
the two treatments of G. max, this group of insects is 
therefore not directly affected by the Bt toxin expressed in 
the evaluated cultivar (Intacta). Higgins (2009) examined 
non-target arthropods at the community level in corn in 
the United States for three years, and did not observe a 
significant difference in the abundance of the community, 
when fields of Bt and non-Bt corn were compared.  

In the present study, the Shannon-Wiener diversity (H') 
index showed similar values in both evaluated cultivars. 
These close results between Bt and non-Bt cultivars 
represent equality in richness and abundance in relation 
to species among the evaluated cultivars. However, lower 
species richness was initially expected for the Bt cultivar, 
owing to a higher degree of environmental disturbance 
caused by the Cry1Ac toxin, since less altered 
environments tend to have greater species richness 
(Odum, 1988; Freitas and Pinheiro, 2012). Nonetheless, 
in non-Bt cultivars or tolerant insects, the generally 
required use of insecticides can also provide a 
disturbance of the environment. 

Considering the Hymenoptera collected, representatives 
of the Apidae family were the most abundant. A. mellifera 
was the most abundant. Similar results were also 
observed in Mato Grosso do Sul, Brazil, regarding the 
diversity of floral-visiting insects in cotton crops (Dutra et 
al., 2012), as well as in other regions of Brazil, such as 
Bahia, Goiás, Mato Grosso, São Paulo, and in Distrito 
Federal (Pires et al., 2006b). 

The high abundance of A. mellifera can be attributed to 
this species visiting flowers in exchange for offered floral 
resources (Machado, 2006; Dutra et al., 2012); the peak 
of visitors during the period between 08:00 and 11:15 am 
is possibly due to higher production and resources 
offered to insects by the soybean plants to attract 
pollinators to flowers. This species is an important 
pollinator, very common, and has the highest number of 
interactions with plants (Mouga et al., 2012). The 
presence  of  these  bees   is   fundamental   for  soybean 
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Table 1. Species of floral-visiting on Intacta DM 6563 IPRO and BMX Potência cultivars. Diversity index Shannon-Wiener (H), 
Simpson (D) and number of individuals. 2014 December and 2015 January, Dourados/MS. 
 

Táxon 
Bt  Non Bt 

Nº P*logP  Nº P*logP 

Hymenoptera 
  

 
  

Halictinae      

Augochloropsis spp. 1 1 -0.00876  2 -0.01578 

Augochloropsis spp. 2 2 -0.01537  2 -0.01578 

Augochloropsis spp. 3 0 0  1 -0.00901 

Augochloropsis spp. 4 1 -0.00876  0 0 

Dialictus spp. 1 1 -0.00876  0 0 

Dialictus spp. 2 1 -0.00876  0 0 

Dialictus spp. 3 3 -0.02116  0 0 

Halictus spp. 1 (Latreille, 1804) 0 0  1 -0.00901 

Halictus spp. 2 (Latreille, 1804) 2 -0.01537  1 -0.00901 
      

Ichneumonidae      

Ichneumonidae Gênero A spp. 1 0 0  2 -0.01578 

Ichneumonidae Gênero B spp. 1 0 0  1 -0.00901 

Ichneumonidae Gênero C spp. 1 0 0  1 -0.00901 

Ichneumonidae Gênero C spp. 2 0 0  1 -0.00901 
      

Braconidae      

Braconidae Gênero A spp. 1 0 0  1 -0.00901 

Braconidae Gênero B spp. 1 0 0  1 -0.00901 
      

Sphecidae      

Ammophila spp. 1 (Kirby, 1798) 0 0  1 -0.00901 

Sphex dorsalis (Lepeletier, 1845) 1 -0.00876  2 -0.01578 
      

Apidae      

Xylocopa brasilianorum (Linnaeus, 1767) 1 -0.00876  4 -0.0271 

Eulaema  nigrita (Lepeletier, 1841) 0 0  1 -0.00901 

Trigona spinipes (Fabricius, 1793) 2 -0.01537  2 -0.01578 

Apis mellifera (Linnaeus, 1758) 102 -0.15976  91 -0.15919 
      

Pompilidae      

Aplochares spp. (Banks, 1944) 1 -0.00876  1 -0.00901 

Agenioideus spp. (Ashmead, 1902) 1 -0.00876  0 0 

Chalcochares spp. 1 (Banks, 1917) 1 -0.00876  0 0 

Chalcochares spp. 2 (Banks, 1917) 0 0  2 -0.01578 

Protonectarina sylveirae (de Saussure, 1854) 0 0  1 -0.00901 
      

Vespidae      

Polistes spp. 1 0 0  1 -0.00901 

Polistes spp. 2 1 -0.00876  0 0 

Polybia  paulista (Ihering, 1896) 1 -0.00876  0 0 

Pachodynerus guadalupensis (De Saussure, 1853) 0 0  1 -0.00901 

Total of individuals from Order Hymenoptera 122 -  121 - 

Number of species from Order Hymenoptera 16 -  22 - 
      

Hemiptera 
  

 
  

Pentatomidae      

Nezara viridula (Linneaus, 1758) 2 -0.01537  1 -0.00901 

Piezodorus guildinii (Westwood, 1837) 1 -0.00876  2 -0.01578 
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Euchistus heros (Fabricius, 1794) 1 -0.00876  1 -0.00901 

      

Pyrrhocoridae      

Dysdercus maurus  (Distant, 1901) 2 -0.01537  4 -0.0271 

Dysdercus spp. 1  (Boisduval, 1835) 2 -0.01537  3 -0.02171 

Dysdercus spp. 2  (Boisduval, 1835) 1 -0.00876  3 -0.02171 

Total of individuals from Order Hemiptera 9 -  14 - 

Number of species from Order Hemiptera 6 -  6 - 

      

Coleoptera  
  

 
  

Coccinelidae      

Scymnus spp. (Kugelann, 1794) 0 0  1 -0.00901 

Cicloneda sanguínea (Linnaeus, 1763) 1 -0.00876  0 0 

Eriopis conexa (Germar, 1824) 0 0  1 -0.00901 

      

Carabidae      

Odontochila spp. 1 (Agassiz, 1847) 1 -0.00876  0 0 

Odontochila spp. 2 (Agassiz, 1847) 0 0  1 -0.00901 

      

Tenebrionidae      

Lagria villosa (Fabricius ,1783) 16 -0.07119  13 -0.06343 

      

Chrysomelidae      

Diabrotica speciosa (Germar, 1824) 9 -0.0481  5 -0.03208 

Colaspis joliveti (Bechyne, 1955) 1 -0.00876  0 0 

Colaspis sp.  (Fabricius, 1801) 7 -0.04015  6 -0.03674 

Cerotoma arcuatus Oliver, 1791 0 0  1 -0.00901 

      

Scarabaeidae      

Macrodactylus spp. (Dejean, 1821) 1 -0.00876  3 -0.02171 

Euphoria lúrida (Fabricius, 1775) 1 -0.00876  0 0 

      

Curculionidae      

Anthonomus spp. (Germar, 1817) 1 -0.00876  0 0 

Sternechus mrázi  (Voss, 1934) 3 -0.02116  0 0 

      

Staphylinidae       

Staphylinidae  spp. 1 (Latreille, 1802) 2 -0.01537  0 0 

Staphylinidae  spp. 2 (Latreille, 1802) 0 0  3 -0.02171 

      

Elateridae      

Elaterinae spp. 1 1 -0.00876  0 0 

Elaterinae spp. 2 1 -0.00876  0 0 

Conoderus malleatus (Germar, 1824) 0 0  1 -0.00901 

Total of individuals from Order Coleoptera 45 -  34 - 

Number of species from Order Coleoptera 13 -  10 - 

      

Lepidoptera      

Nymphalidae 
  

 
  

Dione juno (Cramer, 1779) 6 -0.03585  6 -0.03674 

Dione spp. 1 (Hübner, 1819) 1 -0.00876  0 0 

https://en.wikipedia.org/w/index.php?title=Ernst_Freidrich_Germar&action=edit&redlink=1
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Dione spp. 2 (Hübner, 1819) 0 0  1 -0.00901 

Doxocopa agathina (Cramer, 1777)  2 -0.01537  2 -0.01578 

Hamadryas februa (Hübner, 1821) 4 -0.02643  4 -0.0271 

Dryas iulia (Fabricius, 1775) 0 0  2 -0.01578 

Diaethria clymena (Cramer, 1775) 1 -0.00876  0 0 

Hypothyris euclea (Godart, 1819)  1 -0.00876  1 -0.00901 

Dynamine postverta (Cramer, 1771) 2 -0.01537  1 -0.00901 

      

Theclinae        

Strymon spp. (Hübner, 1818) 0 0  1 -0.00901 

Strymon spp. (Hübner, 1818) 1 -0.00876  0 0 

      

Hesperiidae      

Pyrgus orcus (Stoll, 1780)  1 -0.00876  0 0 

      

Noctuidae      

Anticarsia gemmatalis (Hübner, 1818) 7 0.04015  19 -0.08111 

      

Heliconiinae      

Euptoieta hegesia (Cramer, 1779) 1 -0.00876  0 0 

Total of individuals from Order Lepidoptera 27 -  37 - 

Number of species from Order Lepidoptera 11 -  9 - 

      

Diptera 
  

 
  

Syrphidae      

Allograpta oblíqua (Say, 1823) 6 -0.03585  5 -0.03208 

Allograpta exótica (Wiedemann, 1830) 6 -0.03585  7 -0.04113 

Ornidia obesa (Lepeletier & Serville, 1828) 1 -0.00876  1 -0.00901 

Toxomorus politus (Say, 1823) 0 0  1 -0.00901 

      

Tachinidae      

Tachinidae spp. 1 5 -0.0313  2 -0.01578 

Tachinidae spp. 2 1 -0.00876  0 0 

Tachinidae spp. 3 2 -0.01537  0 0 

Tachinidae spp. 4 1 -0.00876  0 0 

Tachinidae spp. 5 8 -0.04422  2 -0.01578 

Tachinidae spp. 6 1 -0.00876  4 -0.0271 

Tachinidae spp. 7 1 -0.00876  0 0 

Tachinidae spp. 8 2 -0.01537  0 0 

Tachinidae spp. 9 0 0  1 -0.00901 

Tachinidae spp. 10 0 0  1 -0.00901 

Tachinidae spp. 11 1 -0.00876  0 0 

Tachinidae spp. 12 3 -0.02116  2 -0.01578 

      

Muscidae      

Musca spp. 1 29 -0.10219  26 -0.09787 

Musca spp. 2 0 0  1 -0.00901 

Musca spp. 3 3 -0.02116  2 -0.01578 

      

Calliphoridae      

Calliphoridae spp. 1 1 -0.00876  1 -0.00901 
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Tabanidae      

Tabanidae spp. 1 2 -0.01537  4 -0.0271 

Total of individuals from Order Diptera 73 -  60 - 

Number of species from Order Diptera 17 -  15 - 

      

Mantodea 
  

 
  

Mantidae      

Mantidae 0 0  1 -0.00901 

Total of individuals from Order Mantodea 0 -  1 - 

Number of species from Order Mantodea 0 -  1 - 

      

Neuroptera  
  

 
  

Chrysopidae      

Chrysopidae  3 -0.02116  0 0 

Total of individuals from Order Neuroptera 3 -  0 - 

Number of species from Order Neuroptera 1 -  0 - 

      

Dermaptera 
  

 
  

Forficulidae      

Doru luteipes (Scudder, 1876) 0 0  2 -0.01578 

Total of individuals from Order Dermaptera 0 -  2 - 

Number of species from Order Dermaptera 0 -  1 - 

      

Total  279 -  270 - 

H  1.22871   1.3028 

D  0.84557   0.86471 
 

P: Sample proportion having individuals from i species; Bt: number of individuals found in Bt cultivar; Non Bt: number of individuals 
found in non Bt cultivar. 

 
 
 

 
 

Figure 1. Richness of floral-visiting species on the soybean crop. Dourados, MS, from 2014 December to 2015 
January. 

http://panorama.cnpms.embrapa.br/insetos-praga/inimigos-naturais/tesourinhas-dermaptera/tesourinha-doru-luteipes-scudder-1876-dermaptera-forficulidae
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Figure 2. Richness of floral-visiting species (total number of species in four evaluations) on the soybean crop at 
the different times. Dourados, MS, from 2014 December to 2015 January.  

 
 
 

 

 
 
 
 

Lagria villosa Apis mellifera Musca spp. 1 
 

 

Figure 3. Abundance of most frequent species of floral-visiting insects on soybean crop (total number of 
species in four evaluations). Dourados, MS, from 2014 December to 2015 January. 

 
 
 
 production since it positively influences the production of 
grains and seed quality due to its pollination efficiency of 
97.43% when compared with that of other insects (Chiari 
et al., 2008). 

An important disturbance called Colony Collapse 
Disorder (CCD) has been the focus of many studies 
globally due to the disappearance of individuals that form 
bee colonies, as seen by the absence of dead bees in 
apiaries, the rapid decrease in the number of adult bees, 
and the lack of cleptoparasites (Cox-Foster and van 
Engelsdorp, 2009). One of the  most  important  probable 

causes of this disorder is the effect of chemical 
insecticides on or near the colonies. Therefore, in efforts 
to protect bee species, mainly A. mellifera, from CCD, the 
data obtained in this study regarding the time of least 
visitation to the flowers, can determine the most 
sustainable insecticide applications, when necessary. 

Based on the results of the current study, it can be 
concluded that the Cry1Ac toxin from Bt did not affect the 
population dynamics of the species of flower-visiting 
insects in soybean crops. Therefore, it is possible to add 
that this  technology  led  to  no  significant  differences in  
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Figure 4. Abundance of Apis mellifera floral-visiting on soybean crop (total number of individuals in four 
evaluations). Dourados, MS, from 2014 December to 2015 January. 

 
 
 
diversity, species composition, frequency, richness, or 
time of occurrence among the species of floral visitors to 
the culture.  
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Medicago polymorpha is a herbaceous legume that can be a useful pasture plant, in particular, in 
regions with a Mediterranean climate. The genetic variation in 120 lines of M. polymorpha sampled from 
five regions in Tunisia was characterized on the basis of 16 morpho-phenological characters. Results 
from analysis of variance (ANOVA) showed that differences among populations and lines existed for all 
traits, with population explaining the greatest variation for measured traits. The populations of Enfidha 
and Soliman were the earliest flowering, while those of El Kef, Bulla Regia and Mateur were the latest. El 
Kef and Mateur exhibited the highest aerial dry weight while the lowest value was found for Soliman. 
Moderate to lower levels of heritability (H²) were registered for investigated traits. There was no 
significant association between pairwise population differentiation (QST) and geographical distances. 
Studied lines were clustered into three groups with 59 for the first group, 34 for the second group, and 
27 lines for the third group. The lines of the first two groups showed the largest length of stems while 
those of the second group had the highest number of leaves. The variation of quantitative traits among 
populations was influenced by the altitude, temperature and relative humidity. Overall, the high levels of 
within population variation and the lack of correlation between population differentiation and 
geographical distances suggest a potentially important rate of long-distance seed dispersal and 
confirm the role played by natural selection in the population structure of Tunisian populations of M. 
polymorpha. 
 
Key words: Medicago polymorpha, populations, quantitative traits, population differentiation, environmental 
parameters. 

 
 
INTRODUCTION 
 
The genus Medicago, with about 87 species of herbs and 
shrubs widespread from the Mediterranean to central 

Asia (Small and Jomphe, 1989; Small, 2010), includes 
the widely cultivated major forage crop Medicago 
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sativa (alfalfa, lucerne) and the legume model 
species Medicago truncatula. In Tunisia, the genus 
Medicago is well represented and it is an extremely rich 
and diverse gene pool (Seklani et al., 1996). Burr Medic 
(Medicago polymorpha) is an annual herbaceous legume, 
diploid (2n = 14) and self-compatible species. M. 
polymorpha can be a useful pasture plant, in particular, in 
regions with a Mediterranean climate (Salhi Hannachi et 
al., 1998). It had aroused great interest due to high 
nutritious quality, highly palatability and N-fixing plan in 
neutral soil (Loi et al., 1993, 1995). M. polymorpha is a 
species of Mediterranean origin, but its species range is 
wide spread throughout the world. The wide diffusion and 
adaptability can be explained by its low sensitivity to 
photoperiod and vernalization (Aitken, 1981). Heyn 
(1963) identified three botanical varieties of this species: 
brevispina with spineless or tubercled pods; polymorpha, 
spined and vulgaris spined but with pods smaller than 
polymorpha. In Tunisia, M. polymorpha grows in a range 
of environments from humid to upper arid stages 
(Abdelkefi et al., 1996).  

In general, plant growth and reproduction is dependent 
on the effects of genotype and the abiotic and biotic 
factors. Sufficient genetic diversity is very important for 
plants to survive in changing climate conditions. 
Traditionally, plants diversity is assessed by 
morphological descriptors. Morpho-phenological 
characterization of natural populations of M. polymorpha 
may provide valuable insights into the traits and 
underlying genetics needed for meeting challenges of the 
future environmental conditions. Morphological 
characters are generally quantitative, having a mono- or 
polygenic determinism. Understanding of morphological 
characters facilitates the identification of desirable traits 
and their genetic determinants (Tar'an et al., 2005; 
Arraouadi et al., 2011; Badri et al., 2011). Sixteen 
quantitative traits considered as descriptors for M. 
truncatula, Medicago laciniata and Medicago ciliaris 
populations (Badri et al., 2007, 2010; Arraouadi et al., 
2009; Lazrek et al., 2009) were measured for the lines of 
M. polymorpha. Genetic diversity may appear spatially 
structured at different scales, such as among neighboring 
individuals, subpopulation, and population (Escudero et 
al., 2003).  

Knowledge of spatial genetic structures provides a 
valuable tool for inferring the evolutionary forces such as 
selective pressures and drift (De Kort et al., 2012). Low 
gene flow due to spatial isolation of populations may 
even increase the degree of local differentiation (Hendry, 
2002). Nevertheless, phenotypic plasticity rather than 
genetic differentiation may be an alternative way of 
matching genotypes to environment; indeed increasing 
environmental variation favors higher levels of plasticity 
(Hahn et al., 2012). 

The current study aims to: (i) analyze the morpho-
phenological diversity within and among natural 
populations   of   M. polymorpha,    and    (ii)   assess  the 
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Figure 1. Map of Tunisia with the location of natural 
populations of Medicago polymorpha from which studied lines 
were collected. Enfidha (1), El Kef (7), Soliman (8), Bulla 
Regia (9), and Mateur (11). 

 
 
 
relationship between phenotypic variation among 
populations and the site-of-origin environmental 
parameters. In this study plant performance was studied 
under greenhouse conditions, where plants grew in 
common environments for multiple generations. Thus, 
population and within population effects should be due to 
genetics rather than due to maternal environmental 
effects.  

 
 
MATERIALS AND METHODS 
 
Plant material  

 
Five populations of M. polymorpha collected from different eco-
geographical regions (Enfidha, El Kef, Soliman, Bulla Regia, and 
Mateur) (Figure 1) in Tunisia were used. These populations were 
sampled in July, 2009 and represented three different bioclimatic 
stages, ranging from sub-humid to lower semi-arid environments 
(Table 1). At each location, 24 pods were collected randomly from 
each population. The neighboring samples were four meters apart 
to avoid sampling the same genotype more than once. Distances 
between populations were at least 43 km inbred lines. To minimize 
maternal environmental effects on trait expression, inbred lines of 
M. polymorpha were developed by single-seed descent at the F3 
generation under greenhouse conditions. 
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Table 1. Environmental factors of the collection sites of Tunisian populations of Medicago polymorpha. 
 

Population  

(code) 

Number of 

studied lines 

Longitude 

(E) 

Latitude  

(N) 
Bioclimatic stage 

Altitude 

(m) 
Texture 

Electro-conductivity 

 (mmho/cm) 

Mean annual 

rainfall (mm) 

Mean  

temperature (°C) 

Mean relative  

Humidity (%) 

Enfidha  (TNP1) 24 10°220’ 36º070’ Lower semi-arid  2 Clay 0.6 350 20.40 68.33 

El Kef  (TNP7) 24 35º831’ 94º255’ Upper semi-arid  500 Sandy loam 0.8 450 17.60 61.00 

Soliman (TNP8) 24 10º320’ 36º410’ Upper semi-arid  2 Loamy sand 1.4 600 19.20 77.00 

Bulla Regia (TNP9) 24 25º844’ 37º429’ Sub-humid 200 Sandy loam 0.8 600 19.17 62.67 

Mateur (TNP11) 24 09º400’ 37º010’ Sub-humid  37 Loamy sand 3.2 600 18.9 60.8 
 

 
 

Morpho-phenological characterization 
 
The experiment was conducted under greenhouse 
conditions at the Centre of Biotechnology of Borj Cedria 
(CBBC) in spring, 2014. Twenty four lines per population 
were used. Seeds were scarified using sandpaper and 
were transferred in pots (diameter = 17 cm; deep = 13 cm) 
of two liters filled with soil of the CBBC and compost of 
sphagnum (2:1). Six replicates per line were used, giving a 
total of 720 plants, which were organized into a 
randomized complete three blocks design. Each plant was 
grown in an individual pot in greenhouse with a mean 
temperature of 25°C. Plants were grown in well-irrigated 
treatment (100% of field capacity). Three replicates of each 
genotype from each block were harvested at the formation 
of the first green pod and three at the end of plants' 
lifecycle. Sixteen quantitative traits were measured for the 
lines of M. polymorpha. Eleven of these were related to 
vegetative growth: days from emergence to first true leaf 
(D1L, days), days from emergence to sixth leaf (D6L, 
days), length of stems (LS, cm), length of roots (LR, cm), 
number of ramifications (NR), number of leaves (NL), aerial 
fresh weight (AFW, g), aerial dry weight (ADW, g), root dry 
weight (RDW, g), root dry weight and aerial dry weight ratio 
(RDW/ADW), aerial dry weight at second harvest (ADWh2, 
g). The remaining characters were related to flowering time 
and pods production: days from emergence to first flower 
(FLOR, days), number of pods (NPOD), weight of pods 
(WPOD, g), weight of 100 pods (W100P, g), and harvest 
index (HI). The aerial and root dry weights was estimated 
after drying in an oven at 70°C for 48 h. 

 
 
Statistical analyses 
 

To test  for  population  and  line  nested  within  population 

effects on the 14 traits measured from greenhouse grown 
plants, ANOVAs were performed using general linear 
models (GLM) procedure (type III) in SPSS version 16 
(2007 Rel 1600 SPSS Inc., Chicago, IL, USA) where 
population and lines were considered as fixed factors. 
Comparison of population means of measured traits was 
performed using the Duncan's multiple range test at 5%.  

The estimation of variance among populations (Vp) and 
lines (Vg) was performed using the VARCOMP procedure 
in SPSS treating the population and lines as random 
factors, relying on Restricted Maximum Likelihood (REML) 
method. The residual variance between the replicates of 
the same genotype (=line) was considered as the 
environmental variance (Ve). Broad-sense heritability (H²) 
of the traits was estimated as the ratio of the genetic 
variance on the sum of the genetic and environmental 
variances (Badri et al., 2007). Population differentiation 
(QST) for quantitative traits was computed as reported for a 
predominantly autogamous species (Badri et al., 2015) as 
QST=Vp/(Vp+Vwp), where Vp is the variance among 
populations and Vwp the variance within populations. 
Pairwise QST was only estimated for the traits showing 
significant variation among populations. Correlations 
between QST and geographical distances were analyzed 
using the Mantel test (Mantel, 1967) in XLSTAT software v 
7.5 (Addinsoft, USA). The matrix of geographical distance 
between populations was calculated by measuring the 
shortest distance between two points in the map, using 
geographical coordinates for each site. 

Pearson correlations between measured traits were 
estimated using Correlate procedure in SPSS software. 
Clustering analysis of lines and populations was performed 
based on dissimilarity matrix using Euclidean distances 
estimated on the mean line and population values, 
respectively, with the Ward’s method in XLSTAT software. 
A discriminant analysis (DA) was performed on means of 

measured traits for the groups of lines and populations. 
Cluster and discriminant analyses were performed on 
means of 7 and 12 traits showing significant differences for 
lines and populations, respectively.  

Five environmental parameters of sampling sites of 
populations of M. polymorpha were examined: altitude (m), 
electro-conductivity (mmho/cm), mean annual rainfall 
(mm), temperature (°C) and relative humidity (%). Soil 
samples were collected from three points at each site and 
they were analyzed at the Laboratory of Soils at the 
Ministry of Agriculture, Tunisia. The temperature (T), the 
mean annual rainfall (R), and the relative humidity (H) were 
provided by the National Institute of Meteorology, Tunis, 
Tunisia. Pearson correlations between 12 traits, showing 
significant variation among populations, and environmental 
parameters were estimated using Correlate procedure in 
SPSS software. Significance level was set to 0.05 and 
adjusted for multiple comparisons by Bonferroni correction 
(Badri et al., 2007). 
 
 

RESULTS 
 

Morpho-phenological variation among 
populations  
 

Results from the ANOVA showed that the 
variation of measured traits was explained by the 
effects of population and lines within population 
(Table 2). The largest effect was found for 
population. Of the 16 traits, 11 differed among 
populations and 7 differed among lines. The 
populations of El Kef, Bulla Regia and Mateur 
were the latest flowering while those of Enfidha
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Table 2. Contribution of population line within population treatment population x treatment (P x T) and line x treatment (L x T) interaction effects on measured traits for populations of 
Medicago polymorpha. 
 

  D1L D6L FLOR LS LR NR NL AFW ADW RDW RDW/ADW ADWh2 NPOD WPOD W100P HI 

Population 
F 6.07 1.44 23.02 1.82 2.02 3.11 4.05 3.46 17.80 3.57 0.71 21.12 5.05 3.29 2.96 1.62 

P 0.000 0.228 0.000 0.134 0.101 0.020 0.005 0.012 0.000 0.010 0.585 0.000 0.001 0.015 0.025 0.17 

Line(Pop) 
F 1.80 0.81 3.68 2.12 1.12 2.19 1.96 0.98 4.87 0.83 0.87 2.19 1.08 1.00 1.10 1.29 

P 0.005 0.829 0.000 0.001 0.305 0.000 0.002 0.536 0.000 0.793 0.738 0.000 0.371 0.507 0.345 0.130 
 

Significant (P ≤ 0.05), non significant (P>0.05), F: coefficient of Snedecor-Fisher. Days from emergence to first true leaf (D1L days); days from emergence to sixth leaf (D6L days); days 
from emergence to first flower (FLOR days); length of stems (LS cm); length of roots (LR cm); number of ramifications (NR); number of leaves (NL); aerial fresh weight (AFW g); aerial 
dry weight (ADW g); root dry weight (RDW g); root dry weight and aerial dry weight ratio (RDW/ADW); aerial dry weight at second harvest (ADWh2 g); number of pods (NPOD); weight 
of pods (WPOD g); weight of 100 pods (W100P g); harvest index (HI). 

 
 
 

Table 3. Mean values and coefficient of variation (CV), variance among populations (Vp), genetic variance (Vg), environmental variance (Ve), heritabilities (H2) and population 
differentiation for quantitative traits (QST) for measured traits for populations of Medicago polymorpha. 
 

Parameter TNP1 TNP7 TNP8 TNP9 TNP11 F P CV Vp Vg Ve H2 QST 

D1L 9.75±1.73a 7.99±7.48c 9.31±1.95ab 9.03±1.89bc 9.06±1.52c 6.07 0.000 2.18 0.23 0.06 13.77 0.00 0.02 

D6L 26.13±4.54a 25.50±3.01a 25.34±3.39a 25.56±3.00a 25.08±3.68a 1.44 0.228 0.74 0.00 0.00 12.74 0.00 0.00 

FLOR  50.48±11.25b 60.38±18.88a 47.10±9.91b 57.47±8.99a 54.69±9.41a 23.02 0.000 1.32 26.13 103.37 66.39 0.61 0.13 

LS 32.06±8.56b 38.61±13.01a 31.41±17.70ab 37.48±8.41a 33.63±10.73ab 1.82 0.134 2.22 7.71 37.83 116.93 0.24 0.05 

LR 7.86±3.40ab 9.10±3.76a 7.26±3.05b 10.06±14.10ab 8.63±3.59ab 2.02 0.101 5.19 0.18 14.44 37.29 0.28 0.00 

NR 2.38±1.16ab 3.81±8.75a 2.03±1.04b 2.66±1.29a 2.33±1.10a 3.11 0.020 8.90 0.19 0.74 15.32 0.05 0.01 

NL 65.80±31.58bc 70.60±34.40abc 58.91±31.61c 80.78±37.93a 76.36±43.01ab 4.05 0.005 3.19 49.33 277.66 1046.00 0.21 0.04 

AFW 3.19±1.58ab 3.97±2.59a 2.30±1.21c 3.81±1.90a 3.12±1.73ab 3.46 0.012 3.67 0.37 0.81 2.94 0.22 0.09 

ADW 0.59±0.33bc 1.10±0.78a 0.42±0.26c 0.73±0.35b 0.79±1.09a 17.8 0.000 5.71 0.06 0.10 0.34 0.23 0.12 

RDW 0.04±0.04b 0.15±0.37a 0.93±5.74b 0.04±0.03b 0.06±0.07b 3.57 0.010 66.53 0.01 0.02 5.90 0.00 0.00 

RDW/ADW 0.07±0.07a 0.13±0.33a 1.60±9.37a 0.08±0.09a 0.09±0.09a 0.71 0.585 74.42 0.03 0.02 16.67 0.00 0.00 

ADWh2 1.05±0.87b 1.63±1.17a 0.87±0.44b 1.11±0.58b 1.05±1.95b 21.12 0.000 46.23 0.00 0.00 264.01 0.00 0.00 

NPOD 24.02±13.22a 14.92±8.35b 22.42±13.27ab 24.77±14.99a 24.47±13.40a 5.05 0.001 3.49 14.48 6.17 168.38 0.04 0.08 

WPOD 0.84±0.51a 0.71±0.46ab 0.71±0.46ab 0.73±0.50ab 0.67±0.39b 3.29 0.015 28.50 0.00 0.04 25.15 0.00 0.00 

W100P 3.70±1.59b 4.53±1.90a 3.42±2.56bc 3.28±2.86bc 2.99±1.18c 2.96 0.025 67.46 0.00 0.00 15830.00 0.00 0.00 

HI 0.98±0.64a 0.79±0.94a 1.92±0.68a 0.75±0.63a 0.79±0.59a 1.62 0.17 23.22 0.21 0.87 16.92 0.05 0.01 
 

Enfidha (TNP1), El Kef (TNP7), Soliman (TNP8), Bulla Regia (TNP9), and Mateur (TNP11). Days from emergence to first true leaf (D1L days); days from emergence to sixth leaf 
(D6L days); days from emergence to first  flower (FLOR days); length of stems (LS cm); length of roots (LR cm); number of ramifications (NR); number of leaves (NL); aerial fresh 
weight (AFW g); aerial dry weight (ADW g); root dry weight (RDW g); root dry weight and aerial dry weight ratio (RDW/ADW); aerial dry weight at second harvest (ADWh2 g); 
number of pods (NPOD); weight of pods (WPOD g); weight of 100 pods (W100P g); harvest index (HI). Standard deviation (SD), means of each trait followed by the same letters are 
not significantly different between studied populations of M. polymorpha. 

 

 
 

and Soliman were the earliest (Table 3). The 
highest aerial dry weight (ADW) was registered for 

El Kef population and Mateur while the lowest 
values were for Enfidha and Soliman. The largest 

weight of pods (WPOD) was observed for 
Enfidha, El Kef, Soliman and Bulla Regia while
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Table 4. Correlations between pairwise QST matrix and geographical distances (GD) and between measured traits for natural populations of Medicago polymorpha. 
 

 D1L D6L FLOR LS LR NR NL AFW ADW RDW RDW/ADW ADWh2 NPOD WPOD W100P HI 

GD 
r -0.29 ND 0.85 ND ND 0.76 0.64 0.69 0.48 -0.66 ND 0.92 0.16 ND -0.22 0.88 

P 0.770 ND 0.325 ND ND 0.357 0.473 0.415 0.604 0.459 ND 0.639 0.863 ND 0.844 0.323 

D1L 1.00                

D6L 0.44* 1.00               

FLOR 0.19* 0.17* 1.00              

LS -0.07 0.06 0.48* 1.00             

LR 0.02 0.09 0.11 0.23* 1.00            

NR -0.03 -0.04 0.27* 0.16* 0.03 1.00           

NL -0.03 -0.10 0.39* 0.43* 0.11 0.05 1.00          

AFW -0.14* -0.01 0.43* 0.44* 0.08 0.27* 0.52* 1.00         

ADW -0.05 0.00 0.56* 0.42* 0.11 0.24* 0.67* 0.45* 1.00        

RDW -0.02 -0.01 -0.01 0.02 -0.02 0.00 0.07 0.02 -0.01 1.00       

RDW/ADW -0.01 0.00 -0.01 0.02 -0.03 0.00 0.06 0.01 -0.02 1.00* 1.00      

ADWh2 -0.01 -0.06 0.01 -0.01 -0.04 0.01 0.05 -0.03 -0.02 -0.02 -0.04 1.00     

NPOD 0.05 0.00 -0.11 0.06 0.22* 0.12* 0.18* 0.11 0.09 0.03 0.03 0.09 1.00    

WPOD 0.03 0.22* -0.01 -0.01 0.29* 0.03 0.05 0.05 -0.05 0.11 0.12 0.01 -0.01 1.00   

W100P 0.03 0.22* 0.01 -0.09 0.05 -0.16* -0.16* -0.14* -0.15* 0.06 0.06 -0.08 -0.08 1.00* 1.00  

HI 0.05 0.11 -0.07 -0.24* -0.04 -0.03 -0.26* -0.31* -0.35* 0.29* 0.44* -0.13* 0.08 0.11 0.03 1.00 
 

*Significant (P ≤ 0.05), non significant (P>0.05). Non determinant (ND); Days from emergence to first true leaf (D1L days); days from emergence to sixth leaf (D6L days); days from emergence 
to first  flower (FLOR days); length of stems (LS cm); length of roots (LR cm); number of ramifications (NR); number of leaves (NL); aerial fresh weight (AFW g); aerial dry weight (ADW g); root 
dry weight (RDW g); root dry weight and aerial dry weight ratio (RDW/ADW); aerial dry weight at second harvest (ADWh2 g); number of pods (NPOD); weight of pods (WPOD g); weight of 100 
pods (W100P g); harvest index (HI). 

 
 
 
the lowest value was for Mateur. Higher variation 
within populations (CV > 50%) was observed for 
root dry weight (RDW), the ratio RDW/ADW and 
weight of 100 pods (W100P), moderate levels 
(20% < CV < 50%) were registered for aerial dry 
weight at the second harvest (ADWh2), WPOD 
and HI and lower values (CV < 20%) were noted 
for the remaining characters. 

Higher broad-sense heritability (H² > 0.4) was 
found for flowering time, moderate levels (0.2 ≤ H² 
≤ 0.4) were noted for length of stems (LS), length 
of roots (LR), number of leaves (NL), aerial fresh 
weight (AFW), and ADW, and lower values (H² < 

0.2) were for the remaining traits (Table 3). 
Moderate population differentiation (QST) was 
registered for flowering time (FLOR) and ADW, 
and lower levels were for the remaining traits. 
There was no significant association (P > 0.05) 
between the pairwise QST matrix and geographical 
distances as confirmed by a Mantel test (Table 4). 

Among the 120 possible correlations between 
measured traits, 38 correlations were significant 
and 27 of them were positive (Table 4). Most of 
correlations between the parameters of aerial 
growth were positive. The flowering time was 
positively correlated with days from emergence to 

first true (D1L) and sixth (D6L) leaves and the LS, 
the number of ramifications (NR), NL, AFW, and 
ADW. The NPOD was positively correlated with 
LR, NR, and NL. The HI was negatively correlated 
with LS, NL, AFW, ADW, and ADWh2.  
 
 
Cluster analysis 
 
The hierarchical cluster analysis was used to 
examine the aggregation patterns of 120 lines of 
M. polymorpha. Studied lines were clustered into 
three groups (Figure 2). A first group contained 59
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Figure 2. Dendrogram of the lines of Medicago polymorpha clustered based on Euclidean distances of dissimilarity 
matrix with the Ward’s method. Enfidha (1), El Kef (7), Soliman (8), Bulla Regia (9), and Mateur (11). 

 
 
 
lines including 12 lines from Enfidha, 13 lines from 
Mateur, 15 lines from El Kef, 9 from Soliman, and 10 
lines from Bulla Regia. A second group is constituted by 
34 lines with 6 lines from Enfidha, 8 from Mateur, 5 from 
El Kef, 5 from Soliman, 10 from Bulla Regia. A third 
group was composed by 6 lines from Enfidha, 3 from 
Mateur, 4 lines of El Kef, 10 of Soliman, and 4 lines of 
Bulla Regia. Lines of the first and second groups showed 

the highest values of LS while those of the third group 
had the lowest level (Table 5). On the other hand, the 
lines of the second group exhibited the highest NL while 
the lowest values were recorded for lines of the first and 
third groups. Studied populations were clustered into 
three groups (Figure 3). A first group was formed by 
Enfidha population, a second group included the 
population of El Kef, and a third group was constituted by  

8.15
9.13
9.4
9.9

7.22
9.1

9.26
11.22
11.23

1.3
11.9
11.2
9.11
11.3
9.12
1.22
9.16
1.12
1.9

11.6
1.21
9.28
7.1
8.7

11.1
9.5

8.16
8.17
8.6

11.1
7.2
7.6
1.2

7.12
11.14
11.18

1.16
8.1

1.15
9.22
9.24
9.6

7.15
8.2
8.5

8.13
8.19
1.25
9.27
7.25
8.3

8.14
8.8

11.27
7.18
1.4

7.14
8.22
8.2
1.7
1.8

7.24
8.11
7.13
9.1

9.18
9.29
7.16

11.24
9.3
7.7
7.8
7.9
7.1

7.26
11.2
8.23
7.3

1.13
7.4
1.1

8.18
8.21

11.25
7.11
1.14
9.23
1.23
8.26
8.4
9.3

11.17
11.12

8.12
7.17
8.9
1.6

11.13
11.11
11.26

9.15
9.17
9.21
9.14
1.11
7.5
1.5

11.21
7.21

11.15
11.7

11.19
8.24
1.1

1.18
11.16

1.19
7.19
1.2

1.24

0 10000 20000 30000 40000 50000 60000 70000

Dissimilarity

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 

2 

3 



1336          Afr. J. Biotechnol. 
 
 
 
Table 5. Means of measured traits for classes of lines and populations of Medicago polymorpha. 
 

Class\Variable 
Lines Populations 

1 2 3 λ F p-value 1 2 3 λ F p-value 

D1L 9.13 9.10 9.56 - - - 9.75
a
 8.96

b
 9.13

b
 0.941 3.678 0.028 

FLOR 55.04 58.98 45.98 - - - 50.67 60.28 53.21 - - - 

LS 36.47
a
 38.74

a
 26.29

b
 0.75 19.56 < 0.0001 - - - - - - 

NR 2.89 2.83 1.66 - - - 2.32 3.58 2.36 - - - 

NL 65.53
b
 104.08

a
 35.88

c
 0.19 244.39 < 0.0001 64.53 70.99 71.12 0.991 0.547 0.580 

AFW - - - - - - 3.11 4.15 3.09 - - - 

ADW 0.73 1.01 0.33 - - - 0.59
b
 1.09

a
 0.64

b
 0.833 11.689 < 0.0001 

RDW - - - - - - 0.04 0.15 0.33 - - - 

ADWh2 1.15 3.96 0.79 - - - 0.95 1.68 2.23 - - - 

NPOD - - - - - - 24.16
a
 15.23

b
 23.62

a
 0.855 9.895 0.000 

WPOD - - - - - - 0.88 0.71 1.10 - - - 

W100P - - - - - - 4.16 4.79 13.33 - - - 
 

λ: Lambda of Wilks F: coefficient of Snedecor-Fisher. Days from emergence to first true leaf (D1L days); days from emergence to first  flower 
(FLOR days); length of stems (LS cm); number of ramifications (NR); number of leaves (NL); aerial fresh weight (AFW g); aerial dry weight (ADW 
g); root dry weight (RDW g); aerial dry weight at second harvest (ADWh2 g); number of pods (NPOD); weight of pods (WPOD g); weight of 100 
pods (W100P g). Means of each trait followed by the same letters are not significantly different between the three lines and populations’ groups. 

 
 
 

 
 

Figure 3. Dendrogram of populations of Medicago polymorpha 
clustered based on Euclidean distances of dissimilarity matrix with 
the Ward’s method. Enfidha (TNP1), El Kef (TNP7), Soliman 
(TNP8), Bulla Regia (TNP9), and Mateur (TNP11). 
 
 
 

Soliman, Bulla Regia and Mateur populations. The 
populations of first group showed the highest number of 
days from emergence to first true leaf (D1L) while the 
populations of second group showed the highest ADW 
(Table 5). Furthermore, the populations of first and third 
groups exhibited the highest NPOD. 
 
 

Correlations between morphological traits and 
environmental parameters 
 

Among    the  55   correlations   between   the   traits  and 

Table 6. Correlations between measured traits and 
environmental parameters for natural populations of 
Medicago polymorpha. 
 

 Altitude EC Ann rain T RH 

D1L -0.14 -0.08 -0.10 0.17 0.16 

FLOR 0.42* -0.05 0.00 -0.36* -0.40* 

NR 0.26 -0.09 -0.06 -0.21 -0.16 

NL 0.12 0.01 0.06 -0.08 -0.23 

AFW 0.43* -0.16 -0.10 -0.29 -0.39* 

ADW 0.48* -0.05 -0.10 -0.43* -0.40* 

RDW -0.06 0.00 0.07 0.00 0.17 

ADWh2 -0.04 0.01 0.07 -0.02 0.13 

NPOD -0.34* 0.14 0.13 0.32 0.07 

WPOD -0.09 0.00 0.06 0.04 0.18 

W100P -0.07 0.01 0.07 0.01 0.17 
 

*Significant after using Bonferroni correction (α= 0.05/ 55 = 
0.0009090909). Days from emergence to first true leaf (D1L 
days); days from emergence to first  flower (FLOR days); 
number of ramifications (NR); number of leaves (NL); aerial 
fresh weight (AFW g); aerial dry weight (ADW g); root dry weight 
(RDW g); aerial dry weight at second harvest (ADWh2 g); 
number of pods (NPOD); weight of pods (WPOD g); weight of 
100 pods (W100P g). Electro-conductivity (EC); mean annual 
rainfall (An rain); temperature (T); relative humidity (RH). 

 
 

 
environmental parameters, 9 correlations were significant 
and 6 of them were negative (Table 6). The altitude was 
positively correlated with FLOR, AFW and ADW while it 
was negatively correlated with NPOD. Furthermore, the 
temperature was negatively correlated with FLOR and 
ADW. The relative humidity was negatively associated 
with FLOR, AFW and RDW. 



 
 
 
 
DISCUSSION 
 

One hundred and twenty lines of M. polymorpha, sampled 
from different eco-geographical regions in Tunisia, were 
used to quantify phenotypic diversity. Sixteen vegetative 
and reproductive characters were measured to generate 
valuable information on genetic variation within and 
among populations of this species. Results from ANOVA 
support that the variation of the traits was explained by 
population and lines nested within population effects. The 
largest effect was recorded for population. Decomposition 
of variation within and among populations indicated that 
most differentiation was recorded within populations. 
Such a result is not expected with regard to the self-
fertilizing mating system of M. polymorpha. Accordingly, 
highest phenotypic variance within populations were 
reported for natural Tunisian populations of M. truncatula, 
M. laciniata and M. ciliaris (Badri et al., 2007, 2008, 2010; 
Arraouadi et al., 2009) and for Brachypodium distachyon 
(Neji et al., 2014). Friesen et al. (2014) detected evidence 
of substantial migration between all pairs of Tunisian 
populations of M. truncatula. We expect that migration 
occurs largely by migration of seed pods in the wool or 
hair of animals.  

In the current study, a substantial variation was 
detected among populations for 11 of the 16 investigated 
traits. These differences between populations were 
essentially related to flowering time, plant vigor, and 
biomass and pods production. This agrees with previous 
studies which revealed that M. truncatula, M. laciniata 
and M. ciliaris were highly variable for morpho-
phenological characters (Badri et al., 2007, 2008, 2010, 
2015; Arraouadi et al., 2009). The seed hardness and 
dormancy of seeds of M. polymorpha coupled with highly 
variable flowering time, allowed this species to survive 
unfavorable periods in a wide variety of bioclimatic zones. 
Among the 120 studied lines of M. polymorpha, there was 
no spineless line. Similarly, no spineless ecotype of this 
species has ever been found in Sardinia (Loi et al., 
1995). Nevertheless, populations with non-spiny pods are 
very common in Chile (Del Pozo et al., 2002). This 
feature is of great interest to breeders and farmers, since 
the spiny pods of M. polymorpha are frequently caught in 
large numbers in sheep’s hair, and drastically reduce the 
commercial value of the wool. 

Our results showed that environmental variance was 
higher than genetic variance for most traits and 
consequently had a relatively low average of heritability. 
In addition, low levels of QST were registered for most 
investigated characters. There was no significant 
association between population differentiation and 
geographical distances. These results are consistent with 
previous findings showing an absence of significant 
correlation between geographical distance and population 
differentiation in annual Medicago species (Badri et al., 
2008, 2010) and Brachypodium hybridum (Neji et al., 
2014). Nevertheless, Neji et al. (2013) observed that 
geographical   distance   partially   explained  the  genetic 
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distance among populations of Sulla carnosa. 

The flowering time was positively correlated with NL, 
AFW, and ADW. Indeed, the latest flowering plants invest 
most of their effort in the aerial growth. These results are 
consistent with those found in natural populations of M. 
truncatula, M. laciniata and M. ciliaris (Badri et al., 2007, 
2008, 2010). The induction of flowering is a central event 
in the life cycle of plants. Flowering is controlled by 
environmental conditions and developmental regulation 
(Mouradov et al., 2002). The harvest index (HI) was 
negatively correlated with LS, NL, AFW, ADW, and 
ADWh2, indicating that plants allocated higher effort to 
the vegetative growth produce lower number of pods.  
Clustering of studied lines into three groups differing in 
the LS and NL has implications with regard to choice of 
parents for creating segregating populations so as to 
maintain genetic diversity in a breeding program.  

Most correlations were found between the altitude and 
measured traits followed by relative humidity and 
temperature, suggesting that the degree of trait variation 
differs according to the region where seeds were 
collected. Accordingly, Del Pozo et al. (2002) 
demonstrated that days to first flower were positively 
correlated with both latitude and longitude, as well as 
mean annual precipitation of collecting site of 69 Chilean 
accessions of M. polymorpha. Ecotypic differentiation 
related to environmental parameters along an aridity 
gradient in Syria or in a heterogeneous area of 
distribution such as Sardinia have been found in 
numerous annual legumes, for traits such as flowering 
time and degrees of hard seededness (Ehrman and 
Cocks, 1990; Piano et al., 1996) and shoot growth (Loi et 
al., 1993; Prosperi et al., 1991; Ovalle et al., 1993; 
Norman et al., 1998). Adaptive genetic variation is 
defined as the variation in genes that affects the fitness of 
an organism (Holderegger et al., 2006). Adaptation may 
be facilitated by co-adapted gene complexes, which are 
multi-locus genotypes favored by selection (Schemske, 
2010). 

In conclusion, our study demonstrates that morpho-
phenological traits are useful tools for detecting variation 
within and among populations of M. polymorpha. Higher 
levels of variability for most traits were found to occur 
within populations. Our results suggest a prominent role 
for natural selection in accounting for patterns of genetic 
differentiation at quantitative traits among natural 
populations of M. polymorpha. Further study is needed to 
genotype lines of this species using simple sequence 
repeat (SSR) markers developed for the model legume 
M. truncatula. This will radically improve genetic 
characterizations and breeding programs of M. 
polymorpha. 
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Medicago truncatula is an omni-Mediterranean species grown as an annual forage legume. In addition 
to its small genome size and simple genetics, M. truncatula harbors several attributes which make it an 
attractive model legume. In this study, we investigated morphological and photosynthetic responses to 
water deficit in parental genotypes of M. truncatula recombinant inbred lines. Ten parental lines were 
cultivated under three water regimes (100% of field capacity (FC), 50% FC and 30% FC) and were 
harvested at flowering time and at the end of their lifecycle. Results from ANOVA showed that 
variability of measured parameters was explained by the effects of line, treatment and their interaction 
with treatment factor recorded the highest values. Out of the 27 traits, 14 were influenced by the line x 
treatment interaction. High to moderate broad-sense heritability (H²) were observed for most of the 
traits under control treatment and drought stress. Most of the correlations between measured traits 
were positive under the three water regimes. The flowering time was positively correlated with aerial 
and root growth rate. The tolerance of lines to water deficit seems to depend, in particular, on their 
ability to maintain higher photosynthetic activity. In 30% FC, principal component analysis clustered 
lines into two groups. The Jemalong A17 line was the least affected for most phenotypic parameters. 
Hence, all populations of recombinant inbred lines derived from crosses between Jemalong A17 and 
the remaining lines were useful for the identification of the genetic determinants for tolerance to water 
deficit in M. truncatula. 
 
Key words: M. truncatula, parental lines, recombinant inbred lines, water deficit, morphological traits, 
photosynthetic parameters. 

 
 
INTRODUCTION 
 
Environmental constraints are the main factors limiting 
agricultural productivity and play a major role in the 
distribution of plant species. Among the  abiotic  stresses, 

water deficit is considered the most important factor in 
limiting crop production (Harb et al., 2010). Some 
adaptive   responses   to   water   deficit   correspond   to
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changes in the structure of plants (Shao et al., 2008), the 
growth rate and gas exchange at the leaf level (Slama et 
al., 2007), and overproduction of compatible compounds 
(Nunes et al., 2008). One of the first responses to drought 
stress is stomatal closure (Anjum et al., 2011). As a 
result, photosynthetic assimilation is unavoidably reduced 
due to decreased CO2 concentrations at the chloroplast 
level (Cornic, 1994). Furthermore, a reduced leaf area 
and decreased transpiration rate is often the result of 
drought stress (Dong and Zhang, 2000). Consequently, 
gas exchange characteristics and chlorophyll concen-
trations are reduced as stress intensity increases. 

Legumes are very important sources of vegetable 
protein for human food and animal feed and these plants 
do not require nitrogen fertilization. Drought represents 
one of the main factors which limits legume productivity in 
the Mediterranean basin. A better understanding of the 
mechanisms for adaptation to water deficit in legumes is 
a prerequisite for any research aiming to improve legume 
yields. The slowness of genetic improvements in most 
legumes of economic interests is due to some unfavorable 
traits such as their large genome, their complex ploidy, 
and the difficulties of their transformation and 
regeneration. M. truncatula thus emerged as a model 
legume because of several unique characteristics (Barker 
et al., 1990). It is diploid (2n=16), self-pollinating, has a 
low DNA content per haploid genome (~465 Mbp), is 
suitable for cultivation in the laboratory (size, growth habit, 
flowering, etc.) and has a rapid lifecycle. Furthermore, 
several studies on M. truncatula have contributed to an 
expanded genetic and genomics tools (Tang et al., 2014). 
 It is also an important forage crop species in several 
countries especially Australia. 

In recent years, molecular mechanisms for tolerance to 
drought stress in plants have become an active area of 
investigation and many genes regulated by drought 
stress have been reported in a variety of plants (Sehgal 
et al., 2012; Thudi et al., 2014; Xu et al., 2014). Very little 
is known about the physiological and molecular 
mechanisms by which the model legume M. truncatula 
responds to drought stress. In most of the previous 
experiments plants were terminated at the vegetative 
stage (Badri et al., 2011; Wang, 2014; Zhang et al., 2014). 
Furthermore, these previous studies have used only one 
population of RILs to analyze the genetic determinants 
for tolerance to drought stress. Therefore, it is important 
to analyze the genetic bases of tolerance to this constraint 
by using more than one population of RILs in addition to 
studying their responses at both the vegetative and 
reproductive stages.  

The objective of this study was to evaluate the effects 
of water deficit on photosynthetic and growth charac-
teristics in parental genotypes of RILs of M. truncatula at 
flowering and end of lifecycle stages. This as well as 
similar investigations can lead to the selection of more 
than one appropriate RIL population useful for the 
analysis of genetic determinism to drought.  Furthermore, 

 
 
 
 
knowledge obtained by studying M. truncatula can be 
transferred to other legumes. 
 
 

MATERIALS AND METHODS 
 
Plant material and experimental conditions 
 
Ten parental lines of M. truncatula recombinant inbred lines (RILs) 
collected in different regions that varied in soil composition, salinity 
and water availability were used in this study. These lines were 
intercrossed in order to provide useful material for the analysis of 
genetic determinism of traits of agronomical interest (Figure 1). 
These lines are DZA315.16 and DZA45.5 from Algerian populations, 
Jemalong A17 from the Australian collection, F83005.5 line from 
the Var region in France, A20 line of Moroccan origin and Tunisian 
lines TN1.11, TN1.21, TN8.3, TN8.20 and TN6.18 collected 
respectively from Enfidha (TN1), Soliman (TN8) and Thala (TN6) 
sites. The nomenclature of local lines includes “TN” to signal their 
Tunisian origin, the first number to refer to their collection site, and 
the second number is added to indicate the number of the pod. 

The experiment was performed under greenhouse conditions at 
the Centre of Biotechnology of Borj Cedria (CBBC) in the Tunisian 
winter of 2012. Because the seeds of M. truncatula are dormant, a 
mechanical scarification was carried out by using sandpaper Q600. 
Once the seeds were scarified, they were directly transplanted into 
black pots (diameter = 17 cm; deep = 13cm) containing two liters of 
sandy loam soil (Rouached et al., 2013) consisting of (cmol kg-1 dry 
soil) 0.23 Na+, 0.94 K+, 0.64 Ca2+, and 0.05 Cl–, and (g kg–1 dry soil) 
0.23 P2O5 and 0.44 total nitrogen. The pH and the electrical 
conductivity of the aqueous extract (1/10) were 6.68 and 0.05 dS 
m–1 respectively, with three seeds per pot. At the stage of the sixth 
leaf all the plants were removed while only a single plant per pot 
was kept for treatments. Lines were grown in a randomized 
complete block design. Eight replicates per line and per treatment 
were used. Plants were submitted to three water regimes (i) control 
treatment without water deficit where the soil is maintained at 100% 
field capacity (FC), (ii) moderate (50% FC) and severe (30% FC) 
water deficit which were applied 21 days after seed germination. 
The equivalent soil moisture was determined by the method of 
Bouyoucos (1983). Watering of plants was done every two days 
using a nutrient solution (Hewitt, 1966). To maintain the constant 
water regime during the culture period, the amount of water 
absorbed by the plant or lost by evaporation was compensated 
regularly every two days for each level of irrigation. This quantity 
was determined in advance, for each pot and weighed to calculate 
the weight lost from the initial weight (soil in pot without any plants) 
for each treatment, and this difference corresponded to the amount 
of water lost. Eight replicates of each genotype were harvested at 
flowering time and eight replicates at the end of their lifecycle. 
 

 
Morphological measured traits 
 
Twenty three morphological traits related to aerial and root growth 
were measured for the 10 lines of M. truncatula at flowering and 
end of lifecycle stages (Table 1). These traits showed high levels of 
polymorphism and broad-sense heritability (H2) as observed in 
previous studies (Badri et al., 2007, 2011; Arraouadi et al., 2011). 
Plants were harvested at flowering stage and at the end of their 
lifecycle; plants were divided into leaves, stems and roots. Dry 
weight was obtained after oven-drying leaf, stem and root samples 
at 60ºC for 48 h. For each water regime, the leaf water content 
(LWC), the aerial water content (AWC), and the root water content 
(RWC) were estimated as follows: 
 

LWC = 100(FWL-LDW)/FWL 
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Figure 1. Scheme of crosses performed between lines of Medicago 
truncatula in the Centre of Biotechnology of Borj Cedria (CBBC), Tunisia 
and Institut National Polytechnique-Ecole Nationale Supérieure 
Agronomique de Toulouse, France. 

 
 
 
AWC = 100(AFW-ADW)/AFW 
RWC = 100(RFW-RDW)/RFW 
 
Where FWL, AFW and RWC are the fresh weights of leaves, aerial 
part and roots, respectively, while LDW, ADW and RDW are the dry 
weights of leaves, aerial part and roots, respectively. The aerial part 
is the leaves plus stems. 

The leaf water potential (Ψh) was measured using a pressure 
chamber (Soil Moisture Equipment, Santa Barbara, CA, USA) 
(Scholander et al., 1965). 
 
 
Photosynthesis measurements 
 
Gas exchange measurements (net CO2 assimilation rate (A), 
transpiration rate (E), stomatal conductance (gs), and 
instantaneous water-use efficiency (WUEi) as the ratio A/E were 
done on mature leaves using a CO2 and H2O infrared gas analyzer 
(Li-Cor 6200, Li-Cor Nebraska, USA). Measurements were 
performed between 10 and 12 am on the leaves of plants subjected 
to various treatments as described by Hessini et al. (2013).  
 
 
Statistical analyses 
 
A three-way analysis of variance was used to test for line, drought 
treatment differences, and line x treatment interaction effects. Only 
characters that showed a significant line x treatment interaction 
were used for further analysis. Means were compared using 
Duncan's multiple range test at 5%. Correlations between 
parameters were calculated using Pearson’s correlation method. 
The significance level of associations between morphological traits 
and photosynthetic parameters was set to 0.05, and adjusted for 
multiple comparisons by Bonferroni corrections. All analyses were 
performed using SPSS software (SPSS Inc. Released  2007  SPSS 

for Windows, Version 16.0. Chicago, SPSS Inc.). Drought response 
index (DRI) is considered as an indicator of tolerance to water 
deficit (Chen et al., 2007) and is estimated as the ratio between the 
values observed under water deficit conditions and those obtained 
in the control treatment. 
 
Broad-sense heritability (H²) for each trait was estimated as: 
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Where, σ²g is the genetic variance observed between the lines and 
σ²e is the environmental variance corresponding to the residual 
error between the eight replicates of the same genotype (=line). 

Drought response indices (DRI) for measured traits in lines of M. 
truncatula grown under 50 and 30% of field capacity were subjected 
to principal component analysis (PCA). This analysis was carried 
out using the XLSTAT software version 7.5 (Addinsoft, 2007, New 
York, USA). 

 
 
RESULTS 
 
Morph-physiological variation among lines 
 

Results from ANOVA showed that variation of morph-
physiological traits was explained by the effects of line, 
treatment and their interaction (Table 1). The parameters 
were mostly influenced by the treatment factor. Out of the 
27 measured characters, 14 were significantly explained 
by   the   line  x  treatment  interaction.  They  include  the
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Table 1. Contribution of line, treatment, and line x treatment interaction to the total variance of measured traits for lines of M. truncatula. 

 

Trait 
Line (L) Treatment (T) L x T 

F P F P F P 

†FLOR 67.36 0.000 6.89 0.001 2.29 0.003 

LS 6.41 0.000 557.47 0.000 0.90 0.582 

LR  2.38 0.014 64.22 0.000 0.96 0.512 

NL 41.66 0.000 390.83 0.000 3.00 0.000 

LA 12.90 0.000 197.28 0.000 5.15 0.000 

AFW 4.60 0.000 464.14 0.000 1.27 0.211 

ADW 1.68 0.097 191.07 0.000 0.49 0.960 

AWC 2.88 0.003 163.46 0.000 0.69 0.823 

FWL 6.33 0.000 344.87 0.000 1.76 0.032 

DWL 7.94 0.000 390.08 0.000 1.48 0.101 

LWC 5.26 0.000 31.76 0.000 0.97 0.495 

RFW 20.62 0.000 402.97 0.000 3.20 0.000 

RDW 10.44 0.000 145.52 0.000 2.80 0.000 

RWC 1.52 0.141 30.08 0.000 1.02 0.441 

RDW/ADW 8.65 0.000 1.57 0.211 1.14 0.315 

NbNOD 10.69 0.000 227.70 0.000 2.30 0.003 

Ψh 4.30 0.000 369.87 0.000 1.16 0.295 

ADWh2 3647.00 0.000 892504.00 0.000 1538.00 0.080 

NPOD 41244.00 0.000 239446.00 0.000 10581.00 0.000 

NbSD/POD 44.74 0.000 24.70 0.000 1.06 0.411 

WPOD 2461.00 0.011 283721.00 0.000 1784.00 0.029 

W100P 133622.00 0.000 9711.00 0.000 1832.00 0.024 

HI 3442.00 0.001 16787.00 0.000 1679.00 0.045 

A 23.96 0.000 169.50 0.000 4.31 0.000 

E 15.07 0.000 68.23 0.000 3.62 0.000 

gs 9.72 0.000 60.52 0.000 1.85 0.028 

WUEi (A/E) 2.92 0.004 2.59 0.079 1.64 0.063 
 

F: Coefficient of Snedecor-Fisher, not significant (P>0.05), significant (P≤0.05). FLOR, Date of the first stem flower bud stage (days); LS, length 
of stems (cm); LR, length of roots (cm); NL, number of leaves; LA, leaf area (cm

2
); AFW, aerial fresh weight (g); ADW, aerial dry weight (g); 

AWC, aerial water content (%); FWL, fresh weight of leaves (g); DWL, dry weight of leaves (g); LWC, leaf water content (%); RFW, root fresh 
weight (g); RDW, root dry weight (g);RWC, root water content (%); RDW/ADW, root dry weight and aerial dry weight ratio; NbNOD, number of 
nodules; Ψh, osmotic potential (MPa); ADWh2, aerial dry weight at harvest 2; NPOD, number of pods;NbSD/POD, mean number of seeds per 
pod;  WPOD, weight of pods; W100P, weight of 100 pods; HI, harvest index; A, μmol CO2 m

−2
s

−1
, photosynthetic rate; E, mmol H2O m

−2
s

−1
, 

transpiration rate;  gs, stomatal conductance; WUEi, mol CO2 m
−2

s
−1

 instantaneous water use efficiency 
 
 
 

flowering time (FLOR), number of leaves (NL), leaf area 
(LA), leaf fresh weight (FWL), root fresh weight (RFW), 
root dry weight (RDW), number of nodules (NbNOD), 
number of pods (NPOD), weight of pods (WPOD), weight 
of 100 pods (W100P), harvest index (HI), net CO2 
assimilation (A) and transpiration (E), and stomatal 
conductance (gs). 

In the control treatment, all the 14 parameters showed 
significant difference between lines (Table 2). The A20 
line was the earliest flowering genotype while DZA45.5 
was the latest flowering genotype. The largest number of 
pods (NPOD) was observed for TN6.18 while the lowest 
value was registered for A20. The net CO2 assimilation 
(A), transpiration (E), and stomatal conductance (gs) 
showed significant difference between lines. The highest 
net CO2 assimilation (A) and transpiration (T) were  noted 

for the F83005.5 line while the lowest values were 
observed for DZA45.5. 

Of the 14 parameters, 11 and 12 showed significant 
reductions between lines in 50 and 30% FC respectively. 
Reductions were more significant for most traits in lines 
under severe (30% FC) than moderate (50% FC) water 
deficit. In 50% FC, the TN6.18 line showed the greatest 
reduction for NPOD and WPOD while TN1.11 and 
TN8.20 exhibited the highest levels for leaf area (LA). 
Furthermore, the largest reductions for A, E and gs were 
recorded for the A20 line. In 30% FC, the highest 
reductions for A and E were registered for DZA315.16 
and F83005.5. 

The broad-sense heritability (H
2
) of traits ranged from 

0.13 to 0.93, from 0 to 0.92, and from 0.09 to 0.97 under 
the  control  treatment  as well  as  for  50  and  30%   FC
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Table 2. Mean values of measured traits and drought indices (DRI) for lines of M. truncatula cultivated under control treatment (100% FC) and water deficit (50% and 30% FC). 
 

Control treatment (100% FC) 

Trait\line FLOR NL LA FWL RFW RDW NbNOD NPOD WPOD W100P HI A E gs 

A20 71.75
e
 135.50f 38.22

bcd
 5.76

c
 18.46

c
 1.30

c
 113.12

d
 40.88

e
 9.61

a
 23.44

a
 0.64

a
 44.13

ab
 5.36

bc
 0.40

a
 

DZA315 83.19
c
 315.87

cd
 48.66

bc
 9.55

a
 41.87

a
 3.38

a
 213.00

ab
 119.62

b
 9.51

ab
 7.98

e
 0.55

ab
 29.47

c
 4.48

bc
 0.27

a
 

DZA45 94.94
a
 352.00

bc
 27.23

d
 6.22

bc
 21.50

bc
 1.40

c
 223.12

a
 46.00

de
 10.53

a
 22.64

a
 0.57

ab
 10.45

d
 1.92

d
 0.10

b
 

F83 83.88
c
 242.88

e
 47.22

bc
 9.31

a
 24.27

bc
 1.62

c
 133.62

cd
 74.00

cd
 8.57

ab
 11.72

d
 0.54

ab
 46.48

a
 8.72

a
 0.42

a
 

JA17 86.12
c
 281.75

cde
 42.86

bcd
 7.49

abc
 24.50

bc
 1.57

c
 234.12

a
 41.25

e
 6.25

b
 14.18

c
 0.41

c
 27.54

c
 5.39

bc
 0.33

a
 

TN1.11 77.69
d
 225.00

e
 52.53

ab
 8.39

ab
 22.64

bc
 1.68

c
 131.50

cd
 61.88

cde
 10.84

a
 17.31

b
 0.60

ab
 42.04

ab
 5.10

bc
 0.34

a
 

TN1.21 77.00
d
 296.00

cde
 43.81

bcd
 8.28

abc
 21.35

bc
 1.60

c
 184.50

abc
 62.25

cde
 8.34

ab
 13.44

c
 0.49

bc
 36.77

abc
 5.28

bc
 0.35

a
 

TN6.18 83.69
c
 423.25

a
 39.70

bcd
 8.01

abc
 26.21

b
 1.91

bc
 178.75

abc
 191.62

a
 11.90

a
 6.27f 0.60

ab
 39.46

ab
 6.94

ab
 0.35

a
 

TN8.20 90.56
b
 389.62

ab
 33.77

cd
 8.69

ab
 27.75

b
 2.51

b
 236.62

a
 69.75

cde
 8.80

ab
 13.04

cd
 0.53

a
 28.52

c
 4.00

cd
 0.29

a
 

TN8.3 75.25
d
 271.62

de
 66.39

a
 7.95

abc
 21.93

bc
 1.46

c
 157.12

bcd
 74.88

c
 10.87

a
 14.64

c
 0.61

a
 34.67

bc
 4.90

bc
 0.35

a
 

DRI 50% FC 

Trait\line FLOR NL LA FWL RFW RDW NbNOD NPOD WPOD W100P HI A E gs 

A20 102.28
a
 66.70

a
 89.88

a
 69.53

ab
 56.33

a
 63.22

a
 60.78

a
 62.07

abc
 52.88

abc
 86.46

b
 82.68

bc
 53.30

c
 53.63

e
 39.70

c
 

DZA315 103.44
a
 72.18

ab
 83.77

ab
 67.99

abc
 64.17

a
 55.18

a
 82.69

a
 58.62

abc
 61.28

abc
 103.24

a
 88.96

bc
 71.76

b
 66.49

cde
 75.46

bc
 

DZA45 99.18
ab

 55.86
b
 57.70

cd
 58.16

bc
 62.46

a
 63.40

a
 62.07

a
 61.41

abc
 54.71

abc
 88.96

ab
 92.27

abc
 74.24

b
 74.22

bcde
 66.25

b
 

F83 99.90
a
 64.28

ab
 83.10

ab
 58.23

abc
 70.45

a
 73.19

a
 76.34

a
 72.13

ab
 72.29

a
 100.71

ab
 99.26

ab
 61.89

bc
 103.15

a
 76.67

ab
 

JA17 97.56
ab

 67.28
ab

 65.45
c
 71.06

abc
 79.36

a
 81.10

a
 79.23

a
 76.36

abc
 69.13

ab
 95.80

ab
 107.60

a
 75.39

b
 60.58

de
 58.73

b
 

TN1.11 99.58
a
 63.33

ab
 50.04

de
 56.78

abc
 56.15

a
 54.47

a
 73.10

a
 54.34

abc
 50.83

abc
 96.80

ab
 87.00

bc
 79.96

ab
 95.74

ab
 80.12

ab
 

TN1.21 102.68
a
 53.29

ab
 77.84

b
 49.17

c
 54.48

a
 51.26

a
 77.57

a
 68.88

ab
 61.33

abc
 89.94

ab
 90.37

abc
 83.05

ab
 90.44

abc
 81.18

ab
 

TN6.18 102.38
a
 76.99

a
 77.41

b
 86.92

a
 74.04

a
 66.40

a
 66.36

a
 41.36

c
 40.82

c
 98.57

ab
 76.77

c
 67.58

bc
 96.88

ab
 101.98

a
 

TN8.20 98.92
b
 69.43

ab
 45.68

e
 51.16

abc
 57.15

a
 47.21

a
 61.86

a
 66.85

ab
 68.08

ab
 99.69

ab
 95.75

ab
 98.01

a
 101.30

ab
 75.09

ab
 

TN8.3 102.09
ab

 64.11
a
 51.18

de
 51.14

abc
 64.48

a
 69.07

a
 70.09

a
 49.75

bc
 46.49

bc
 93.31

ab
 76.60

c
 68.60

bc
 83.55

abcd
 68.10

b
 

DRI 30% FC 

Trait\line FLOR NL LA FWL RFW RDW NbNOD NPOD WPOD W100P HI A E gs 

A20 106.29
ab

 25.18
abc

 62.54
a
 18.76

abc
 19.19

a
 29.10

ab
 23.65

a
 22.63

b
 16.71

bc
 76.10

c
 93.32

d
 40.77

ab
 41.27

c
 34.67

bc
 

DZA315 105.62
abc

 35.18
abc

 42.43
cd

 24.05
abc

 20.11
a
 20.47

abc
 22.01

a
 19.44

b
 18.98

bc
 98.52

ab
 92.47

d
 17.67

c
 16.89

d
 15.18

c
 

DZA45 96.22
d
 22.08

c
 58.61

a
 21.58

bcd
 27.19

a
 39.53

a
 10.48

a
 26.36

ab
 22.06

bc
 84.75

bc
 108.13

bcd
 42.97

a
 52.28

abc
 40.00

ab
 

F83 99.00
c
 23.93

bc
 50.87

b
 13.47

d
 17.11

a
 22.67

bc
 20.39

a
 24.16

ab
 23.16

ab
 98.38

ab
 107.56

bc
 14.29

c
 7.68

d
 18.25

c
 

JA17 101.70
bcd

 31.50
ab

 27.35fg 27.59
a
 23.38

a
 38.80

abc
 26.43

a
 32.12

a
 30.27

a
 101.99

a
 146.37

a
 43.21

ab
 36.46

c
 43.17

ab
 

TN1.11 103.44
abc

 26.28
abc

 32.73
e
f 15.61

bcd
 20.25

a
 26.02

abc
 29.37

a
 25.65

ab
 24.41

abc
 98.34

ab
 107.50

bcd
 33.80

bc
 45.37

ab
 32.64

b
 

TN1.21 109.98
a
 21.58

c
 44.98

bc
 15.62

d
 15.25

a
 20.24

bc
 17.89

a
 18.47

b
 17.92

bc
 96.46

ab
 103.46

bcd
 46.67

ab
 55.92

a
 39.40

ab
 

TN6.18 104.99
abc

 42.91
abc

 22.18gh 28.97
ab

 21.20
a
 19.67

bc
 23.29

a
 18.33

b
 17.12

bc
 92.69

ab
 97.76

cd
 35.25

ab
 41.62

bc
 42.49

ab
 

TN8.20 97.34
d
 25.12

abc
 37.52

de
 14.41

bcd
 16.65

a
 16.42

c
 10.20

a
 23.84

ab
 21.96

bc
 90.51

abc
 119.73

b
 45.32

a
 48.61

abc
 47.78

ab
 

TN8.3 103.01
bcd

 26.60
abc

 16.36h 11.88
cd

 16.25
a
 26.81

abc
 22.36

a
 16.36

b
 14.30

c
 85.27

bc
 88.38

cd
 43.92

a
 46.27

abc
 52.57

a
 

 

FLOR, Date of the first stem flower bud stage (days); NL, number of leaves; LA, leaf area (cm
2
); FWL, fresh weight of leaves (g); RFW, root fresh weight (g); RDW, root dry weight NbNOD 

(number of nodules, NPOD number of pods; WPOD, weight of pods; W100P, weight of 100 pods; HI, harvest index; A, photosynthetic rate (μmol CO2 m
−2

s
−1

); E, transpiration rate (mmol 
H2O m

−2
s

−1
); gs, stomatal conductance. Means of each trait followed by the same letters are not significantly different between lines of M. truncatula at P = 0.05 based on Duncan’s 

multiple range test. DZA315.16 (DZA315), DZA45.5 (DZA45), F83005.5 (F83), Jemalong A17 (JA17). 
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Table 3. Genetic (σ2
g) and environmental (σ2

e) variances, and heritabilities (H2) for measured traits in lines of M. 
truncatula under control treatment (100% FC) and drought stress (50 and 30% FC). 
 

Treatment/trait 
Control (100% FC) 50% FC 30% FC 

σ²g σ²e H
2
 σ²g σ²e H

2
 σ²g σ²e H

2
 

FLOR 49.30 12.76 0.79 39.07 9.26 0.81 23.43 13.83 0.63 

NL 6440.01 4337.46 0.60 4362.95 1829.53 0.70 1589.72 465.32 0.77 

LA 87.85 84.95 0.51 74.21 6.49 0.92 29.46 1.00 0.97 

FWL 0.82 5.26 0.13 1.06 1.56 0.40 0.23 0.25 0.48 

RFW 37.03 39.63 0.48 22.21 12.54 0.64 2.04 2.73 0.43 

RDW 0.34 0.56 0.37 0.09 0.11 0.45 0.01 0.04 0.22 

NbNOD 1838.22 1829.23 0.50 1144.82 1424.67 0.45 65.10 633.36 0.09 

NPOD 2020.00 724.88 0.74 293.06 249.97 0.54 54.03 29.67 0.65 

WPOD 1.48 9.33 0.14 0.00 3.32 0.00 0.07 0.43 0.15 

W100P 30.29 2.38 0.93 20.21 4.28 0.83 17.47 4.06 0.81 

HI 0.00 0.01 0.23 0.00 0.01 0.00 0.00 0.01 0.10 

A 110.305 55.951 0.66 49.793 19.436 0.72 24.963 10.434 0.71 

E 2.262 2.748 0.45 3.716 1.044 0.78 0.675 0.191 0.78 

gs 0.007 0.013 0.35 0.007 0.004 0.64 0.002 0.001 0.67 
 

FLOR, Date of the first stem flower bud stage (days); NL, number of leaves; LA, leaf area (cm
2
); FWL, fresh weight of leaves 

(g); RFW, root fresh weight (g); RDW, root dry weight; NbNOD, number of nodules; NPOD, number of pods; WPOD, weight of 
pods; W100P, weight of 100 pods; HI, harvest index; A, photosynthetic rate (μmol CO2 m

−2
s

−1
); E, transpiration rate (mmol 

H2O m
−2

s
−1

); gs, stomatal conductance.  

 
 
 
respectively (Table 3). Of the 14 traits, 9, 11 and 10 
showed high heritability values under control treatment, 
50 and 30% FC respectively. In the control treatment, 
high heritability (H

2
>0.4) values were recorded for FLOR, 

NL, LA, RFW, NbNOD, NPOD, W100P, A, and E. 
Moderate values (0.2≤H

2
≤0.4) were recorded for RDW, 

HI and gs, and low levels of heritability (H²<0.2) were 
registered for FWL and WPOD.  

On the other hand, high broad-sense heritability 
(H²>0.4) under moderate water deficit (50% FC) were 
observed for FLOR, NL, LA, RFW, RDW, NbNOD, 
NPOD, W100P, A, E, and gs. Moderate value was 
recorded for FWL while low levels of heritability were 
registered for WPOD and HI characters. Lastly, under 
severe water stress (30% FC), high heritability levels 
were observed for FLOR, NL, LA, FWL, RFW, NPOD, 
W100P, A, E, and gs. Moderate value was recorded for 
RDW while low values were registered for NbNOD, 
WPOD and HI traits. 

Of the 252 possible correlations between measured 
parameters, 34, 41 and 33 were significant for the control 
treatment, as well as for 50 and 30% FC respectively 
(Table 4). Among these correlations, 23, 30, and 23 are 
positive in control treatment, 50 and 30% FC, 
respectively. Flowering time is positively correlated with 
NL and NbNOD, while it is negatively correlated with LA 
and A. The NL is positively correlated with root growth 
and pods production. Photosynthetic parameters (A, E 
and gs) are positively correlated with LA in 50% FC while 
they are negatively correlated with RFW in 30% FC. 
Comparison   between   the    three    matrices    between 

parameters measured in lines of M. truncatula under 
control treatment, 50% FC and 30% FC (Table 4) showed 
specific correlations. In the control treatment, the NbNOD 
is negatively correlated with HI and A. In 50% FC, the LA 
is negatively correlated with NbNOD and W100P while 
the NPOD is positively correlated with E and gs, and the 
W100P is negatively correlated with A and gs. In 30% 
FC, the FLOR is positively correlated with FWL and RDW 
while NL is negatively correlated with LA as well as the 
RFW is negatively correlated with A and gs. Furthermore, 
the RDW is negatively correlated with HI.  
 
 
Principal component analysis (PCA) 
 
Principal component analysis showed that the first three 
principal components with eigenvalues >1 explained 
72.40 and 71.31% of the total variability among genotypes 
grown under 50 and 30% FC, respectively, for the 15 
measured parameters (Table 5). In 50% FC, the relative 
magnitude of the eigenvectors from the first principal 
component (28.15%) indicated that the flowering time, 
the number and weight of pods and the harvest index 
were the most important contributing traits. For the 
second principal component which explained 24.01% of 
the total variation, the most contributing characters were 
the root fresh and dry weight. The third principal 
component explained 20.25% of the total variation with 
weight of 100 pods and stomata conductance as the 
major contributing characters. In PCA three-dimensional 
graph,  the  10  lines  were  clustered  into  three   groups



 

Badri et al.          1345 
 
 
 

Table 4. Matrices of correlations between measured traits for lines of M. truncatula grown under control treatment (100% FC), 50% and 30% of 
field capacity (FC). 
 

Trait FLOR NL LA FWL RFW RDW NbNOD NPOD WPOD W100P HI A E gs 

FLOR 1.00 
             

NL 0.48* 1.00 
            

LA -0.55* -0.06 1.00 
           

FWL 0.02 0.41* 0.38* 1.00 
          

RFW 0.20 0.43* -0.06 0.47* 1.00 
         

RDW 0.16 0.44* 0.02 0.45* 0.89* 1.00 
        

NbNOD 0.45* 0.45* -0.22 0.22 0.27* 0.21 1.00 
       

NPOD 0.05 0.43* 0.02 0.13 0.34* 0.26* 0.01 1.00 
      

WPOD -0.07 0.11 0.02 -0.08 0.06 0.01 -0.17 0.58* 1.00 
     

W100P -0.11 -0.40* -0.22 -0.36* -0.41* -0.35* -0.18 -0.66* 0.09 1.00 
    

HI -0.20 -0.11 0.03 -0.15 -0.05 -0.01 -0.27* 0.34* 0.73* 0.23* 1.00 
   

A -0.68** -0.21 0.61** 0.29 0.00 -0.00 -0.42** 0.09 -0.06 -0.17 0.08 1.00 
  

E -0.21 -0.10 0.46** 0.32 0.27 -0.04 -0.20 0.20 -0.05 -0.28 0.07 0.66** 1.00 
 

gs -0.51** -0.16 0.52** 0.15 -0.02 -0.01 -0.21 0.05 -0.06 -0.14 0.02 0.79** 0.59** 1.00 

               

 
FLOR NL LA FWL RFW RDW NbNOD NPOD WPOD W100P HI A E gs 

FLOR 1.00 0.45* -0.37* 0.08 0.24* 0.15 0.30* 0.09 -0.04 -0.16 -0.07 -0.56** -0.21 -0.38 

NL 0.34* 1.00 -0.14 0.49* 0.48* 0.44* 0.27* 0.47* 0.01 -0.53* -0.13 -0.03 0.04 0.19 

LA -0.18 -0.64* 1.00 0.34* 0.15 0.22 -0.31* 0.17 -0.03 -0.39* -0.09 0.42** 0.62** 0.56** 

FWL 0.26* 0.71* -0.17 1.00 0.51* 0.47* 0.23* 0.40* 0.00 -0.47* -0.00 0.17 0.19 0.26 

RFW 0.29* 0.54* -0.12 0.58* 1.00 0.83* 0.41* 0.43* 0.04 -0.54* -0.03 -0.01 0.10 0.15 

RDW 0.28* 0.24* -0.02 0.34* 0.69* 1.00 0.30* 0.42* 0.11 -0.45* 0.00 0.01 -0.01 0.05 

NbNOD -0.07 0.34* -0.17 0.52* 0.34* 0.24* 1.00 0.16 0.04 -0.22 -0.05 -0.11 -0.21 -0.13 

NPOD 0.14 0.62* -0.15 0.46* 0.25* -0.00 0.08 1.00 0.59* -0.66* 0.30* 0.21 0.46** 0.48** 

WPOD -0.07 0.04 -0.06 0.14 0.09 -0.07 -0.03 0.54* 1.00 0.09 0.79* -0.05 -0.04 -0.04 

W100P -0.19 -0.61* 0.12 -0.39* -0.28* -0.07 -0.16 -0.65* 0.15 1.00 0.32* -0.41 -0.54** -0.58** 

HI -0.09 -0.08 -0.14 -0.19 -0.14 -0.23* -0.18 0.12 0.43* 0.25* 1.00 -0.10 -0.09 -0.08 

A -0.46** -0.15 0.05 -0.14 -0.48** -0.30 0.11 -0.11 -0.09 -0.05 -0.14 1.00 0.66** 0.82** 

E -0.31 0.03 -0.16 -0.15 -0.43** -0.28 0.17 -0.03 0.00 0.03 0.04 0.81** 1.00 0.77** 

gs -0.41 -0.01 -0.21 -0.29 -0.42** -0.23 0.11 -0.11 -0.19 -0.14 -0.04 0.84** 0.79** 1.00 
 

*Significant (P≤0.05), **significant after using Bonferroni correction at α=(0.05/33=0.00151). FLOR, Date of the first stem flower bud stage (days); NL, 
number of leaves; LA, leaf area (cm2); FWL, fresh weight of leaves (g); RFW, root fresh weight (g); RDW, root dry weight NbNOD (number of nodules, 
NPOD number of pods; WPOD, weight of pods; W100P, weight of 100 pods; HI, harvest index; A, photosynthetic rate (μmol CO2 m−2s−1); E, transpiration 
rate (mmol H2O m−2s−1); gs, stomatal conductance. 

 
 
 
(Figure 2). The first group consisted of TN8.20, TN1.21, 
TN1.11, TN8.3 and DZA45.5. The second group was 
formed by Jemalong A17, A20, and F83005.5. The third 
group composed of DZA315.16 and TN6.18. The A20, 
TN6.18 and TN8.3 are positively associated with PC1 
(Table 5). Jemalong A17, TN8.20 and F83005.5 are 
negatively correlated with PC1. TN1.11, TN1.21 and 
TN8.20 are positively correlated with PC2. A20 and 
DZA45.5 are positively associated with PC3. F83005.5 is 
negatively correlated with PC1 and PC2, Jemalong A17 
is negatively associated with PC2, and TN6.18 and 
TN8.20 are negatively associated with PC3. 

In 30% FC, the first component accounted for 29.58% 
of the total variation between studied lines while the most 
contributing  parameters  are   the   root   fresh   and   dry 

weights, the number of pods and the harvest index. The 
second component explained 24.47% of the total 
variation among the 10 lines while the most contributing 
parameters are the photosynthetic rate, the transpiration 
rate and the stomata conductance. The third component 
accounted for 17.26% of the total variation among lines 
with the number and area of leaves being the most 
contributing characters. The scatter diagram of studied 
lines defined by the three first principal components 
shows three groups (Figure 2). The first group consisted 
of Jemalong A17 while the second group was formed by 
DZA45.5 and F83005.5, and the third group was 
composed by the remaining lines. The lines DZA45.5 and 
Jemalong A17 are negatively associated with PC1 while 
TN1.21  and  TN8.3  are  positively  associated  with PC1  
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Table 5. Eigenvalues, percentage of total variance and cumulative percentage of variance for the first three principal components (F1, F2 
and F3), and the coordinates of 14 measured parameters for lines of M. truncatula. 
 

 Factor\parameter 
DRI 50% FC DRI 30% FC 

F1 F2 F3 F1 F2 F3 

 Eigenvalue 3.94 3.36 2.83 4.14 3.43 2.42 

Percentage of total variance 28.15 24.01 20.25 29.58 24.47 17.26 

Cumulative percentage of variance 28.15 52.15 72.40 29.58 54.05 71.31 

FLOR 0.71 0.13 0.13 0.54 -0.24 0.42 

NL 0.48 -0.38 -0.53 0.00 -0.52 0.71 

LA 0.31 -0.57 0.21 -0.08 0.08 -0.79 

FWL 0.59 -0.64 -0.20 -0.46 -0.29 0.55 

RFW 0.04 -0.80 -0.43 -0.72 0.08 0.11 

RDW 0.00 -0.81 0.06 -0.70 0.32 0.00 

NBNOD -0.26 -0.37 -0.35 -0.03 -0.52 0.47 

NPOD -0.89 -0.30 0.20 -0.95 0.05 -0.16 

WPOD -0.87 -0.27 -0.12 -0.92 -0.15 -0.06 

W100P -0.06 -0.17 -0.89 -0.36 -0.62 0.19 

HI -0.90 -0.38 -0.13 -0.86 0.10 0.12 

A -0.52 0.60 -0.42 -0.04 0.90 0.37 

E -0.07 0.51 -0.65 0.08 0.86 0.34 

gs 0.27 0.29 -0.82 0.01 0.81 0.50 
 

FLOR, Date of the first stem flower bud stage (days); NL, number of leaves; LA, leaf area (cm2); FWL, fresh weight of leaves (g); RFW, root fresh 
weight (g); RDW, root dry weight NbNOD (number of nodules, NPOD number of pods; WPOD, weight of pods; W100P, weight of 100 pods; HI, 
harvest index; A, photosynthetic rate (μmol CO2 m−2s−1); E, transpiration rate (mmol H2O m−2s−1); gs, stomatal conductance. 

 
 
 
(Table 5). DZA45.5, TN8.20 and TN8.3 are positively 
correlated with PC2 while DZA315.15, F83005.5 are 
negatively associated with PC2. Jemalong A17 and 
TN6.18 are positively associated with PC3 while DZA45.5 
and F83005.5 are negatively correlated with PC3. 
Overall, our results showed that similarities between lines 
of M. truncatula were dependent on the treatment effects 
(50 and 30% FC). 
 
 
DISCUSSION 
 
Lines of M. truncatula are potentially subjected to 
different selection pressures (Badri et al., 2007; Lazrek et 
al., 2009) in their natural areas of distribution therefore 
variability is expected in response to water deficit in the 
different genotypes used in this study. Lines may have 
developed an adaptive response to drought that can be 
exploited later to identify the genetic bases of tolerance to 
drought. The analysis of 27 morph-physiological characters 
showed significant variation among the 10 lines of M. 
truncatula. The treatment factor explains the maximum of 
variation of measured traits. Out of the 27 characters, 14 
were explained by the interaction treatment x line 
indicating an involvement of these parameters in the 
adaptation of lines to water stress. 

Positive    correlations   between   flowering   time   and 

growth traits showed that late flowering lines have well-
developed vegetative organs. The same observation was 
noted in chickpea (Soltani et al., 2006) and populations of 
M. laciniata and M. truncatula (Badri et al., 2007). Indeed, 
it has been shown that the genotype of plants, 
temperature and photoperiod factors affect flowering time 
in chickpea (Berger et al., 2006; Soltani et al., 2006) and 
rice (Ouk et al., 2006). For some accessions of M. 
truncatula, vernalization is a significant factor in reducing 
time to flowering when days are long and temperatures 
are moderate (e.g. 16 h/8 h and 21-25°C) (Chabaud et 
al., 2006). Under greenhouse condition, with seasonal 
changes in day-length and temperature, the effect of 
vernalization on time to flowering is secondary to the 
photoperiodic response. Annual Medicago grow best 
under long days and warm temperatures (De Ruiter and 
Taylor, 1979) and on neutral to alkaline soils (Nichols et 
al., 2010). Early flowering is an adaptation to escape 
adverse conditions, as observed in populations of 
chickpea in India (Berger et al., 2006). This adaptive 
characteristic allows lines of M. truncatula to survive in 
unfavorable regions for growth by restricting their 
development to short rainy periods of the year. This result 
is consistent with results observed in Algerian 
populations of M. truncatula (Si Ziani and Abdelguerfi, 
1995), where flowering time was correlated with altitude 
and annual  rainfall  of collection sites. A high growth rate 
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Figure 2. Three-dimensional diagram showing the 
relationships among the 10 lines of M. truncatula based on 
the first three principal components (F1, F2 and F3) under 
50% FC (A) and 30% FC (B). 

 
 
 
can potentially compensate for low plant vigor at 
flowering, but this reduces their tolerance to drought 
(Mitchell-Olds, 1996).Our results showed that DZA315.16 
line allocates more effort to root growth under both 
irrigation regimes (50 and 30% FC). The importance of 
the root system in the acquisition of water has long been 
recognized (Lynch et al., 2014). The development of the 
root system increases the water absorption and 
maintains the osmotic pressure. An increase in the root 
system under water stress has been reported in sunflower 
(Tahir et al., 2002), and in Sesuvium portulacastrum 
(Slama et al., 2007). Water deficit reduces the growth of 
leaves more compared to roots because the growth of 
roots and leaves exhibits different sensitivities to reduced  
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water availability (Verslues et al., 2006). This implies a 
reallocation of carbon (C) to the roots, even if the rate of 
net assimilation of C is reduced due to the low diffusion of 
CO2 caused by the limited stomata opening under 
impeding water loss (Cornic, 2000). The water deficit 
potentially increased availability of C for roots (Hummel et 
al., 2010). 

In the current study, the reduction of growth is 
associated with a decrease in the number of leaves. 
Strong positive correlations were recorded between the 
biomass of whole plant and number of leaves (NL) for 
studied lines under control treatment and drought stress. 
Indeed, plants reduce water loss by restricting their leaf 
area transpiration. 

The decrease of plants growth under water deficit is 
also due to an inhibition of photosynthesis (Cornic, 2000). 
In this study, lines of M. truncatula showed a decrease in 
net CO2 assimilation under water deficit, which is the 
highest value recorded for F83005.05. This decrease is 
mainly due to the closure of stomata and fewer leaves 
and/or leaf area as part of a strategy adopted by plants to 
reduce their transpiring surface. The reduction in the 
number as well as the biomass of leaves suggest that net 
CO2 assimilation (A) per unit of leaf area is higher in 
plants subjected to drought stress than those grown in 
non-limiting conditions. Accordingly, Slama et al. (2007) 
reported a decrease of number and size of leaves and an 
increase in net CO2 assimilation in leaf growth rate per 
unit under water deficit in S. portulacastrum. This 
reduction saves water for the plant and is therefore 
considered as a criterion for adaptation to drought. Our 
results showed negative correlations between net CO2 

assimilation (A) and flowering time (FLOR), indicating 
that plant growth was affected under water deficit due to 
reduced capacity of photosynthetic organs (that is, the 
amount of assimilates). This reduction can be harmful, 
from an agronomic point of view, because it is irreversible 
when the water conditions become favorable after 
droughts (Flexas and Medrano, 2002). According to 
Chaves et al. (2003), most plants tend to increase their 
water use efficiency (WUE) when they are subjected to 
moderate drought stress. This increase is due to a non-
linear relationship between carbon assimilation and 
stomata conductance. Stomata conductance is one of the 
main factors affecting photosynthesis of plants (Medrano 
et al., 2002). It appears that plants use efficient 
mechanisms to limit the loss of water before the inhibition 
photosynthesis. 

High to moderate values of heritability (H
2
) were 

registered for most measured parameters in the control 
treatment, 50 and 30% FC, indicating that much of the 
variation of these traits is under genetic control. The 
spatial structure of studied lines in the three first principal 
component based on their responses to water deficit in 
50 and 30% FC showed that lines were differently 
affected  by  drought  stress   (Figure   2).   In   30%   FC,  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4775148/#bib97
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Jemalong A17 exhibited the lowest reductions for FWL, 
NPOD, W100P, and HI while it showed the highest 
reduction for LA. Hence, all populations of recombinant 
inbred lines derived from crosses between Jemalong A17 
and the remaining lines (TN1.21, TN1.11, A20, DZA315, 
DZA45 and F83) (Figure 1) are useful for the identification 
of the genetic determinants for tolerance to water deficit 
in M. truncatula. 

Overall, the variability of measured parameters was 
mainly explained by the treatment factor. High to 
moderate broad-sense heritability (H²) were registered for 
most traits under control treatment and drought stress. 
The high heritability of most traits indicates that genetic 
factors are most likely controlling these characteristics 
even in water deficit conditions. Further genetic studies 
will be required to dissect the specific genetic factors that 
are responsible for these traits. Most of the correlations 
between the characters are positive under the three water 
regimes. The tolerance of lines to water deficit seems to 
depend, in particular, on their aptitude to maintain a good 
photosynthetic activity. Knowledge obtained by studying 
this model plant can be transferred to other crop and 
forage legumes. 
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Transformation of a tropical maize inbred genotype (CML144) with the Xerophyta viscosa 
peroxiredoxin2 (XvPrx2) gene was reported. The protective role of peroxiredoxin2 against the damage 
resulting from reactive oxygen species (ROS) under dehydration stress was further determined. 
Successful integration of XvPrx2 gene into maize we achieved and recovered 10 independent 
transgenic events. Transformation and regeneration frequencies were 12.9 and 31.3%, respectively. 
Reverse transcription polymerase chain reaction (PCR) revealed the expression of the XvPrx2 gene in 
transformed plants under dehydration. Stressed transgenic plants had higher relative water content 
(RWC) as compared to the conventional plants. Recovery irrigation showed higher RWC in transgenics 
than in conventional plants. Unlike in conventional plants, rapid morphogenic recovery was observed in 
transgenics within 24 h. Chlorophyll contents decreased faster in conventional plants than in 
transgenics with prolonged drought. Generally, transgenic plants were more tolerant to dehydration 
stress than conventional plants. This tolerance may be associated with the over expression of 
peroxiredoxin2 playing a role in managing ROS generated in plant cells. 
 
Key words: Xerophyta viscosa, reactive oxygen species (ROS), transgenic drought tolerant maize, plant 
breeding. 

 
 
INTRODUCTION 
 
Drought is one of the leading environmental stresses that 
accounts for severe losses of grain  yield  in  the  Eastern 

and Central Africa sub regions. Relative water content 
(RWC) has been reported to be  a  relevant  physiological  

 

*Corresponding author. E-mail: micahgunah@yahoo.co.uk. 

 

Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

 

 

 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


 
 
 
 
measure for plant water loss due to drought (Blum et al., 
1998; Rodriguez-Maribona et al., 1992). RWC gives the 
current status of water content in the tissue of a leaf 
relative to its optimum amount of water that can be held 
at full turgidity. Ideal values of RWC when the cells are 
turgid have been estimated to range between 98% in 
transpiring leaves to about 40% in severely desiccated 
and dying leaves. Further, RWCs of most crop species at 
wilting have been estimated to be about 60 to 70% 
(Lugojan and Ciulca, 2011). 

Under mild desiccations, the internal leaf CO2 
concentration is reduced due to stomatal closure, which 
results in reduction in photosynthetic activity (Cornic, 
2000; Flexas et al., 2004). Severe drought on the other 
hand results in reduction of chlorophyll content and 
thereby destruction of the photosynthetic apparatus.  

Chlorophyll content is one of the key indicators of the 
availability of nitrogen in crop plants and plays an 
important role as light harvesting machinery essential for 
carbon assimilation. Severe dehydration decreases 
photosynthetic pigments resulting in increased levels of 
carotenoids (xanthophylls and carotene). Carotenoids are 
important in plants because they tend to reflect back the 
heavy surge of light thereby protecting chlorophylls from 
further destruction. The reduction in chlorophylls (a, b 
and total) is reported to be caused mainly by oxidative 
stress due to excessive accumulation of reactive oxygen 
species (ROS) under drought stress (Smirnoff, 1995).  

Plants can protect themselves against harmful ROS by 
undergoing a variety of biochemical and physiological 
responses. One of such response is the generation of 
antioxidant enzymes, such as peroxiredoxin2, which 
plays a fundamental role in scavenging ROS and 
converting them to harmless molecules, thereby 
protecting plant cell membranes and DNA from damage. 
Peroxiredoxins are post-translationally targeted to 
chloroplasts where they protect the photosynthetic 
membrane from photo-oxidative destruction (Baier and 
Dietz, 1997, 1999).  

Xerophyta viscosa is a resurrection plant, native to 
South Africa, which has evolved mechanisms of 
withstanding prolonged drought stresses. This plant can 
be dehydrated to an air dry state, but upon rewatering, 
can rehydrate within 24 to 80 h (Mundree et al., 2002). 
This phenomenon has been predicted to be controlled by 
a number of genes, including the XvPrx2 which 
encodes peroxiredoxin2 (Govender, 2006). 

A type II peroxiredoxin gene (XvPrx2)  polypeptide has 
been shown to display significant similarity with other 
plant type II peroxiredoxins, with the conserved amino 
acid motif (PGAFTPTCS) proposed to constitute the 
active site of the enzyme (Govender et al., 2016). The 
XvPrx2 gene is stress-inducible in response to abiotic 
stresses and it has been revealed that XvPrx2 
homologues exist within the X. viscosa proteome 
(Govender et al., 2016). In vitro DNA protection assay 
has shown that, in the presence of XvPrx2,  protection  of  
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DNA occurs. In vitro assays have also revealed 
maximum activity of the XvPrx2 with DTT as electron 
donor and H2O2 as substrate (Govender et al., 2016), 
implying that the gene is responsible for managing the 
ROS generated by plants under stress. 

Thus, the objective of the present study was to 
transform CML 144 inbred maize lines using XvPrx2 
gene construct and evaluate the performance of 
transformed maize lines against their non- transgenic 
counterparts under drought stress condition. Hence, the 
relative water content (RWC), chlorophylls (a, b and total 
chlorophyll) contents, and the chlorophyll a/b ratio in the 
transgenic and conventional maize plants were measured 
to determine the ability of the former to overcome the 
effects of dehydration stress. 
 
 
MATERIALS AND METHODS 
 
Vector development and Agrobacterium strain  
 
The XvPrx2 gene and the drought inducible promoter XvPsap1 
were kindly obtained from the Department of Molecular and Cell 
Biology, UCT, Cape Town. The gene was previously isolated and 
cloned into the pTF101.1 vector. The construct harbours an 
herbicide resistant bar gene for selection of transformed plant cells. 
Given the rising concern about the use of antibiotics and herbicides 
to generate transgenics, the expression cassette of the gene was 
sub-cloned into the plant expression vector, pNOV2819 to take 
advantage of the manA gene as a plant selectable marker and 
allow the use of mannose as a selective agent. The construct 
contains the right and left T-DNA borders from nopaline strains of 
the A. tumefaciens, a broad host origin of replication (pVS1) and a 
spectinomycin-resistant marker gene (aadA) for bacterial selection 
(Figure 1). The XvPsap1promoter (Oduor et al., 2009, WIPO patent 
No.WO/2009/060402) was used to drive the expression of the 
XvPrx2 and terminated by the nopaline synthase (nosT), whereas 
the expression of the PMI (manA) selectable marker gene was 
under the CMPS promoter from cestrum yellow leaf curling virus 
and terminated by the nosT. The resulting gene construct was 
transformed into Agrobacterium tumefaciens strain EHA101 (Hood 
et al., 1986) and used to transform immature zygotic embryos of 
tropical CML 144 maize adapted to East and Central African 
countries.  
 
 
Bacterial growth and maintenance media 
 
The EHA101 carrying the gene construct was maintained in Luria-
Bertani, LB (10 g Bacto-Tryptone; 5 g yeast extract; 5 g sodium 
chloride NaCl and 10 g Bacto-Agar) medium supplemented with 
100 mg/L spectinomycin (for plasmid), 100 mg/L kanamycin and 25 
mg/L chloramphenicol (for EHA101) [pH 6.8].  
 
 
Plant transformation and regeneration media 
 
All media and vitamin composition used in this study are shown in 
Table 1. Infection medium (LS-Inf), co-cultivation (LSAc), resting 
(RM) and selection (SEM) were prepared based on Linsmaier and 
Skoog (1965) salts and regeneration (REGI) for embryo maturation, 
REGII for shoot induction and REGIII (for root induction) media 
were prepared based on Murashige and Skoog (1962) basal salts. 
Except for infection medium  whose  pH  was  adjusted  to  5.2  and  
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Figure 1. A T-DNA region of pNOV2819 vector harbouring XvPrx2 gene; LB: Left border, RB: Right border, 
NosT: Termination sequence of the nopaline synthase gene, isolated from Agrobacterium tumefaciens. The 
function of this sequence is to signal the termination of the gene expression. CMPS: A strong constitutive 
promoter from cestrum yellow leaf curling virus which can be used for regulating transgene expression in a 
wide variety of plant species. Here, it was used to drive the PMI gene, Xvpsap1 a promoter sequence 
native to Xerophyta viscosa used to drive the XvPrx2 gene. 

 
 
 

Table 1. Media composition for transformation and regeneration. 
  

Medium Composition 

LS-Inf 
Macro- and micro-salts (Linsmaier and Skoog, 1965), LS-vitamins

a
, 1.5 mg/L 2,4-D, 1 g/L 

casein hydrolysate, 34.25 g/L sucrose, 18 g/L glucose, 100 μM acetosyringone (As), pH 5.2  
  

LSAc 
Macro- and micro-salts, LS-vitamins

a
, 1.5 mg/L 2, 4-D, 700 mg/L proline, 500 mg/L MES, 100 

μM As, 30 g/L sucrose, 10g/L glucose, 8 g/L agar, pH 5.8    
  

RM 
Macro- and micro-salts, LS vitamins

a
, 2 mg/L 2, 4-D, 700 mg/L praline, 500 mg/L MES, 30 g/L 

sucrose, 1.6 mg/L silver nitrate, 8 g/L agar, 250 mg/L Carbenicillin, pH 5.8  
  

SEM RM with 2 mg/L 2, 4-D, 5 g/L mannose, 25 g/L sucrose, no silver nitrate 

REG I 
MS macro- and micro- salts, vitamins

β
, 0.5 mg/L kinetin,700 mg/L proline, 500 mg/L MES, 25 

g/L sucrose, 2.5 g/L mannose, 8 g/L agar, 250 mg/L carbenicillin, pH 5.8 
  

REG II 
MS macro- and micro- salts, vitamins

β
, 25 g/L sucrose, 2.5 g/L mannose, 8 g/L agar, 250 

mg/L carbenicillin, pH 5.8 
  

REG III 
½ strength MS macro- and micro- salts, vitamins

β
, 20 g/L sucrose, 5 g/L mannose, 8 g/L 

agar, 250 mg/L carbenicillin, pH 5.8 
 
a
LS Vitamins contains: 100 mg myo-Inositol and 0.1 mg Thiamine HCl; 

β
Vitamins: 0.5 mg/L nicotinic acid, 0.5 mg/L 

pyridoxine HCl, 0.1 mg/L thiamine HCl, 100 mg/L mayo-inostol, 2 mg/L glycine†; †Glycine is an amino acid but it was 
included in vitamin preparations. 

 
 
 

filter sterilized, the pH of all media were adjusted to 5.8 before 
autoclaving. 
 
 
Source of seeds and plant establishment 
 

Maize seeds of CML144 (QPM) were provided by Dr. Dan Makumbi 
(CIMMYT, Nairobi). CML 144 was chosen based on consultation 
with Kenya Agricultural Research Institute (KARI) and CIMMYT 
breeders where it was agreed that besides being quality protein 
maize (QPM), it is also sensitive to drought, therefore it should be 
easy to see the improvement. Maize plants were grown in pots (150 
mm radius with 330 mm depth) containing sterile forest loam soils 
mixed with manure and sands in the ratio of 2:2:1 and bulked in the 
greenhouse at Plant Transformation Laboratory (PTL), Kenyatta 
University, Nairobi, Kenya.  
 
 

Surface sterilization and immature embryo excision 
 

Ears harvested 12-15 days post pollination were surface sterilized 
in 3% (v/v) commercial bleach (JIK) with 2 drops of Tween®20 for 
15 to 20 min and rinsed three times with sterile distilled water. 
Immature zygotic embryos (1-1.5 mm) were aseptically excised 
from kernels and placed in Petri-plates containing infection  medium 

Agrobacterium pre-induction procedures 
 
A. tumefaciens (EHA 101) containing the single gene construct 
pNOV2819-XvPsap1-XvPrx2-nosT was cultured at 28°C for 2 days 
in darkness on LB agar supplemented with the same antibiotics 
used for bacterial maintenance. One loop of bacteria was scooped 
from a freshly grown plate and suspended in 10 mL LB broth 
supplemented with 100 mg/L spectinomycin, 100 mg/L kanamycin 
and 25 mg/L chloramphenicol and shaken at 75 rpm overnight at 
28°C. The overnight grown culture was centrifuged and the medium 
discarded. Agrobacterium cells were then resuspended in a fresh 
LB broth (without antibiotics) and centrifuged to remove any 
remaining antibiotics. Thereafter, the Agrobacterium cells were 
resuspended in 5 mL of liquid infection medium (LS-Inf) 

supplemented with 100 M acetosyringone, AS (LS-Inf + AS) in 
sterile 50 ml falcon tube. The bacterial cell densities were then 
adjusted to an optical density (OD550) of 0.3 to 0.4 using 722 N 
Visible spectrophotometer (EVERICH MEDCARE IMPORT AND 
EXPORT Co. LTD, Nanjing, China) before infecting embryos. The 
pre-induction step was carried out for all experiments. 
 
 

Infection, co-cultivation and resting 
 

The infection medium (LS-Inf) was drained off from  the  Petri-plates  

 

 

 

 

 

 

XvPsap1 XvPrx2 NosT CMPS PMI NosT 

LB LB 



 
 
 
 
before the pre-induced A. tumefaciens was poured onto the plates 
containing excised embryos and incubated for 5 min in darkness. 
The infected embryos were then poured onto the co-cultivation 
medium (LSAc) and the excess infection medium drained off using 
a micropipette. Embryos were then aligned in such a way that the 
axis faced the medium. The plates were wrapped with parafilm and 
incubated at 20±2°C for 3 days in darkness. Thereafter, embryos 
were transferred to resting medium (RM) and incubated at 28±2°C 
in the dark for 10 days. 
 
 

Selection for transformed events 
 

From RM, all the embryos were transferred to selection medium 
(SEM) containing 5 g/L mannose.  Embryos (35 embryos per plate) 
were incubated on this medium for 4 weeks in darkness with 
fortnightly sub-culturing onto fresh medium. 
 
 
Regeneration of shoots from calli 
 
Embryogenic calli that survived selection were regenerated by 
maturing them for 1-2 weeks on REGI medium in darkness followed 
by transfer to light for shoot induction on REGII as described by 
Negrotto et al. (2000). Putative transgenic maize plantlets with well-
developed root systems were removed from culture bottles and 
washed with sterile distilled water to remove adhering agar from the 
roots. The plantlets were then hardened in small pots (100 x 100 x 
100 mm) containing peat moss (KEKKILA Co. Ltd, Tuusula, 
Finland). Plantlets were covered with transparent polyethylene bags 
for 2 - 3 days and allowed to grow in these pots to about 3 leaves 
prior to transplanting to bigger pots (150 mm radius with 330 mm 
depth) containing sterile forest loam soils mixed with manure and 
sands in the ratio of 2:2:1. The putative transgenic maize plants 
were allowed to grow to full maturity and self-pollinated at the 
flowering stage to give T0 seeds. 

 
 
DNA extraction and polymerase chain reaction (PCR) 
 
Genomic DNA was extracted from the transgenic CML144 and non-
transformed control maize lines as per the CTAB method (Allen et 
al., 2006). The PCR amplification was performed in 50 μL reaction 
volume containing 100 ng of genomic DNA, 1X PCR buffer 
(supplied with the Taq polymerase enzyme) with 1.5 mM MgCl2, 20 
pmoles primers each of either (PMI-U-1:5'-ACA GCC ACT CTC 
CAT TCA-3'; PMI-L: 5' GTT TGC CAT CAC TTC CAG-3') or 
promoter specific (XvPsap1-F1 5’-GGA CTT CAT GGC ATC CAT 
GTG C-3’; XvPsap1-R1 5’-ATT TGC CCC ATG GAA AGT GAC G-
3’), 200 μM each of dNTPs, and 1 unit of Taq DNA polymerase 
enzyme. The reaction was carried out using Eppendorf Vapo 
Protect thermal cycler (EPPENDORF AG 22331 Hamburg 
Germany). The following reaction condition was used: initial 
denaturation step for 10 min at 95°C followed by 45 cycles of 95°C 
for 30 s; 55°C for 45 s; 72°C for 50 s, and a final elongation step at 
72°C for 7 min. The amplification product (550 bp for PMI and 395 
bp for XvPsap1 promoter) was resolved on 1% TAE agarose gel 
and photo was captured (SYNGENE BIOIMAGING model No. 
55000, SYNOPTICS LTD, Cambridge, UK). 

 
 
RNA isolation from drought stressed plants  
 
Total RNA was isolated using the Trizol reagent (Gibco-BRL). 
Maize leaves (200 mg) from stressed plants were ground in liquid 
nitrogen and homogenized in 0.75 mL of the reagent. Following 
incubation for 5 min at room temperature, 0.2 mL chloroform was 
added followed by a further incubation at room  temperature  for  10  
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min. Samples were centrifuged at 12000 rpm for 10 min at 4°C and 
the RNA was precipitated using isopropanol. The RNA was treated 
with RNaseA free-DNase I (Invitrogen, USA). RNA was separated 
on a 1.2% agarose formaldehyde gel and stained with cyber green 
to verify the quantity. 
 
 
cDNA synthesis using RT-PCR 
 
cDNA was synthesized using a cDNA synthesis kit (Invitrogen, 
USA) according to the manufacturer’s instruction. Standard PCR 
was carried out using either XvPrx2 gene (XvPrx2-F 5’-ACG  ATC 
CCA GAC GGA ACG CT-3’ and XvPrx2-R 5’-CTT CAA GAT CTC 
ATC GGC ACC-3’) along with an internal control maize actin (Zm-
actin) gene primers (GenBank accession no: AY107106) (ZmAct-F 
5’-ACC CAA AGG CTA ACC GTG AG-3’ and ZmAct-R 5’-TAG TCC 
AGG GCA ATG TAG GC-3’). The PCR machine was programmed 
as follows, initial denaturation step of 5 min at 94°C followed by 45 
cycles of denaturation at 94°C for 30 s, annealing at 55°C for 45 s, 
elongation at 72ºC for 50 s, and a final elongation step at 72°C for 7 
min. The XvPrx2gene and maize actin gene transcripts were 
detected by amplifying a 458 and 426 bp fragment, respectively.  
 
 
Drought stress experiments 
 
From single transformation event T0 maize seeds (2 seeds per pot) 
were planted in pots (17 cm diameter and 21 cm height) containing 
3 kg of forest soil mixed with manure and sand at the ratio of 2:2:1. 
Although, the study was in response to drought, it was envisaged 
that in nature, plants face multiple stresses. Hence the glasshouse 
temperature was maintained at 43±2°C and relative humidity of 
55%. After getting T1 seeds, they were planted in pots as described 
earlier. Germinated T1 plants were thinned and transplanted into 
other pots such that the number remaining one plant per pot. Eight 
transgenic T1CML144 maize plants and 8 conventional controls at 
the age of 6 weeks were selected for the experiment. From 
germination, plants were watered with half a litre of water once 
(every morning) daily before dehydration stress was imposed. From 
each group (transgenic and conventional plants) of maize plants, 4 
maize plants were used for dehydration stress treatment while 4 
were watered with half a litre once daily throughout the experiment. 
The experiment was arranged in 2 x 4 x 3 factorial (2 genotypes 
(transgenic and conventional maize) with 4 observation points 
under drought stress (days and recovery) and 3 replications) in a 
complete randomised design. 
 
 
Determination of watering regime for plants during drought 
stress assays 
 

Plant water requirement for daily irrigation was determined 
empirically as the difference between the wet soil and dry soil. This 
was done by first weighing the empty pot (W1). The pot was filled 
with 3 kg of oven dry soil and weighed again (W2). The soil was 
watered slowly until the first drip of water was seen at the bottom of 
the pot and then the soil was left until there was no more dripping. 
Thereafter, the weight of the pot containing wet soil (W3) was 
recorded. The difference between the weight of wet soil (W3-W1) 
and the weight of oven dry soil (W2-W1) was used as the volume of 
water required to water plants considering the density of water to be 
1 g/cm3. 

 
 
Drought stress assay procedures 
 

Before commencement of dehydration stress experiment, plants 
were equally watered at mid-day (at around 12 noon) to standardize  
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on a particular point the water content and metabolic fluctuation on 
their circadian rhythm. The following morning at 6 am, pieces of leaf 
samples representing day 0 were taken in triplicate for RWC and 
chlorophylls content determination from both transgenic and 
conventional plants. Plant photos were taken to mark as a 
reference for comparison of maize responses to dehydration stress. 
Thereafter, sampling was done from same plants at mid-day on 
days 7, 14 and 21 after withholding water in transgenic and 
conventional plants. Sampling was also done after 24 h following 
one time re-watering of plants at the end of dehydration treatment 
to determine the rate of plant recovery. Plant photos were also 
taken in each sampling day to compare the morphogenic response 
between the transgenic and the conventional plants. 
 
 
Determination of leaf relative water content   
 
To determine leaf relative water content (RWC), 3 pieces of leaf 
samples (3 x 4 cm) were cut from each experimental plant and 
weighed to obtain leaf fresh weight (FW). The leaves were 
immediately immersed in sterile distilled water and incubated 
overnight at 4°C to re-hydrate to full turgor. The following morning, 
leaves were drained and weighed to obtain saturation or leaf turgor 
weight (SW). The leaves were then dried at 80°C in the oven for 24 
h or until a constant weight was repeatedly recorded. This weight 
was recorded as leaf dry weight (DW). The RWC was then 
calculated using the following formula by Turner (1981): 
 
RWC = (FW – DW/SW – DW) x 100  
 
 

Determination of total chlorophyll, chlorophyll a, b and 
chlorophyll ratios 
 

Photosynthetic pigments were extracted using 2 ml of 100% (v/v) of 
acetone per sample as described by Lichtenthaler and Wellburn 
(1983). Ten leaf discs of paper punch size from the upper part of 
same leaf were prepared from each plant in triplicate and crushed 
separately with pestle in a motor. The 2 ml acetone leaf extract was 
placed into 2 ml Eppendorf tubes and centrifuged for 10 min at 
14000 rpm. Then the supernatant (1.5 ml) was transferred to a new 
clean 2 ml Eppendorf tubes. Chlorophyll extracts were transferred 
into cuvettes for OD reading at A662nm and A645nm. One cuvette with 
acetone served as a blank. Maximum absorbance for chlorophylls 
(Chl) a and b were recorded at A662nm and A645nm, respectively. The 
respective pigments were calculated using the formula by 
Lichtenthaler and Wellburn (1983): 
 
Chla (μg/gfw) = 11.75A662 - 2.350A645; Chlb (μg/gfw) = 18.61A645 - 
3.960A662; Total Chl (μg/gfw) = Chla(μg/gfw) + Chlb (μg/gfw). 
Chlorophyll ratio was simply obtained by dividing Chla (μg/gfw) by 
Chlb(μg/gfw). 
 
 

Data management and analysis 
 

Transformation frequencies (TF%) was calculated as number of 
mannose resistant calli events recovered per 100 embryos infected 
and transformation efficiencies (TE%) as number of PCR positive 
plant events per total numbers of embryos co-cultivated. The 
regeneration frequency (RF%) was computed as number of shoots 
regenerated per 100 embryogenic calli transferred to REGII 
medium. Data recorded on the leaf fresh weight, leaf 
turgor/saturated weight, and leaf dry weight were used to compute 
leaf relative water content (RWC) on each sampling days. Optical 
density (OD) of chlorophyll extract determined by reading 
absorbance at A662nm and A645nm, were used to compute the 
amount/content of chlorophyll a, and chlorophyll b, respectively.  

 
 
 
 

Analysis of variance (ANOVA) was carried out using GenStat 
Discovery Edition 4 (VSN International software for biosciences, 
(www.vsni.co.uk/software/genstat/) to test the statistical significance 
of differences among the transgenic and conventional plants and 
the days of exposure to dehydration stress. Pair wise comparison of 
means (for RWC, chlorophylls a content, chlorophylls b content, 
total chlorophylls content and chlorophyll a/b ratio) was carried out 
using least significance difference (LSD) test at 5% probability level.  
 
 
RESULTS 
 
Transformation of CML144 maize 
 
The infected but untransformed cells (Figure 2A) grew 
slowly before turning necrotic and finally died. In contrast 
to this, putatively transformed cells grew quickly and 
increased in size forming white or creamy white friable 
embryogenic calli, which developed somatic embryos 
(Figure 2A). 
 
 
Regeneration of putative transgenic plants 
 

On regeneration I(REG I) medium, embryogenic calli were 
seen to develop somatic embryos (Figure 2B). Upon 
transfer to regeneration II (REG II) medium under 16 h 
light and 8 h dark photoperiods, the embryogenic calli 
turned green and formed shoot buds (Figure 2C), which 
continued photosynthesizing and grew into distinct 
shoots, and later developed roots. Shoots which did not 
form roots in REGII medium were transferred to 
regeneration III (REG III) for rooting (Figure 2D). Shoots 
with good root systems were hardened successfully in 
peat moss (Figure 2E). Plants transplanted into soil in 
buckets grew further developing to maturity (Figure 2F). 
Pollinated T0 plants formed cobs with T0 seed (Figure 
2G). All putative transgenic T0 events presented in (Table 
2) were screened by PCR using PMI specific primers and 
results were presented in Figure 3. Transgenic (T1) plants 
were also screened by PCR using the Psap1 specific 
primers and results were presented in Figure 4. Primers 
for XvPrx2 gene specific was not used for PCR to avoid 
possible amplifying a native Prx2. RT-PCR (Figure 5) 
revealed the expression of the XvPrx2 gene transcripts in 
transgenic maize. 
 

 
Effect of drought stress on morphological response 
of CML144 maize 
 

Upon commencement of drought stress, leaf wilting was 
observed within three to five days in conventional and 
transgenic plants, respectively. However, photo documen-
tation was taken on the seventh day after withholding 
water (Figure 6A and B). On day 14, transgenic maize 
plants were still morphologically active and up right 
whereas conventional maize plants had folded their 
leaves  (Figure  6C).  On  day  21,  both   transgenic   and  
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Figure 2. Transformation and regeneration profile of putative transgenic maize. A: 
Transformed embryos 6 weeks on SEM medium, (red arrows indicate transformed calli 
surviving on SEM and black arrows indicates untransformed calli dying on SEM), bar = 10 
mm; B: Embryogenic callus with somatic embryos 7 days on REGI ready to be transferred to 
REGII, bar = 10 mm; C: Shooting transformed calli on  REG II, bar = 10 mm; D: Putatively 
transformed T0 plantlets with good root system ready for hardening, bar = 20 mm; E: Putative 
transformants undergoing hardening process, bar = 40 mm; H: Putative T0 regenerants 
growing in the glass house, bar = 300 mm; G: Harvested T0 cobs with seeds bar = 10 mm. 

 
 
 

Table 2. Putative CML144 transformed with XvPrx2 gene and recovered T0 events 
 

Exp E.I MRC Event T0 Plants ** PCR+ plants ** No. Cobs  (seeds) TF (%) RF (%) TE (%) 

1 224 22 22 5(3) 2(2) 3(~200) 9.8 22.7 0.89 

2 295 45 45 16(8) 16(8) 22(~2000) 15.3 35.5 5.42 

Total 519 67 67 21(11) 18(10) 25(~2200) 12.9 31.3 3.46 
 

**In brackets represent number of events, Exp: Independent experiment; E. I: Embryos infected and co-cultivated; MRC: 
mannose resistant callus; T0 PCR+: number of putative maize plants tested positive by PCR, TF (%): transformation frequency- 
obtained as a percentage of mannose resistant calli over the total number of immature zygotic embryos infected and co-
cultivated, RF (%): Regeneration frequency-obtained as a percentage of number of T0 plantlets per number of total number of 
calli events transferred to REGII medium, TE (%): Transformation efficiency-obtained as a percentage of PCR positive plants over 
the total number of immature zygotic embryos infected and co-cultivated. 
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Figure 3. PCR detection of transgenic CML144 maize plants using PMI gene specific primers. M: 1 kb 
ladder, P: positive control (Plasmid construct used for transformation), N: negative control (DNA from 
conventional CML144 maize), Lanes 1-9 PCR product from DNA of putative transgenic CML144 maize. 
Expected band size for manA gene (positive control) was 0.550 kb. 

 
 
 

 
 

Figure 4. PCR detection of transgenic T1 CML144 plants using XvPsap1 
promoter specific primers. M: 1 kb ladder, P: Positive control (plasmid construct 
used for transformation, N: negative control (DNA of conventional CML144 
maize), 1-7: PCR product from T1 transgenic CML144 plants transformed with 
XvPrx2 gene construct. Expected band size of 0.395 kb was observed (positive 
control). 

 
 
 

 
 

Figure 5. RT-PCR on transgenic and conventional CML144 maize. Panel A: 
Results obtained using XvPrx2 specific primers, Panel B: The same substrates 
amplified with maize actin gene primers for loading control. M: 1 Kb ladder (New 
England Biolab, UK); P: Positive control (PCR on plasmid of the construct used 
for maize transformation, N: Negative control (RNA untreated with superscript 
reverse transcriptase), Lanes 1-7: RT-PCR product from transgenic maize plants 
cDNA under dehydration, 8: cDNA from conventional maize under dehydration. 
Expected band size for XvPrx2 and Zm-actin gene was 458 and 426 bp, 
respectively. 
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Figure 6. Six week old transgenic and conventional CML144 maize genotypes under different stages of drought stress. A: 
Transgenic maize after 7 days of drought stress, bar = 150 mm, B: Non transgenic maize after 7days of drought stress, bar 
= 150 mm, C: Transgenic (T) and non-transgenic (WT) 14 days after drought stress, bar = 150 mm, D: Transgenic and non-
transgenic maize plants 21 days after stress just before re-watering, bar = 150 mm, E: Recovery irrigation of transgenic and 
non-transgenic plants 6 h after re-watering, bar = 150 mm, F: Recovery irrigation of transgenic and non-transgenic maize 
plants after 4 days of re-watering, bar = 150 mm. T: Transgenic (CML144-XvPrx2), WT: Conventional CML144. 

 
 
 
conventional maize plants had wilted. However, 
conventional maize showed bleached leaf colour and 
almost collapsing (Figure 6D). Upon rewatering, recovery 
in transgenic CML144 maize genotype was noted within 
6 to 24 h (Figure 6E) as compared to over 4 days in the 
conventional CML144 maize counterparts (Figure 6F). 
 
 
Effect of drought stress on relative water content 
 
RWC (%) of transgenic and conventional maize plants 
were found to be significantly different from each other at 
p<0.05 (Table 3). Pairwise comparison of RWC between 
transgenic and conventional maize also revealed 
significant difference according to LSD at p<0.05 in all the 
sampling points. Generally, there was a decrease in 
RWC in both conventional and transgenic maize plants 
upon  exposure  to  drought  stress.  However,  the  effect 

was more pronounced in conventional maize plants than 
in the transgenic plants (Figure 7). RWC decreased from 
85.2 (day 0) to 78.2 (day 7), 73.1 (day 14) and 62.1% 
(day 21) in conventional maize plants, whereas in 
transgenic maize the RWC decreased from 85.5% on day 
0 to 82.3% on day 7, 78.7% on day 14 and 72.3% on day 
21, respectively. Conventional maize plants lost a total of 
23.2% of their water within three weeks of drought stress 
as compared to transgenic maize plants, which lost only 
13.3% under similar conditions. RWC determined 24 h 
after rewatering increased from 62.06 to 74.9% in 
conventional plants whereas in transgenic plants, the 
increase ranged from 72.3 to 82.4%.  
 
 
Effect of drought stress on total chlorophyll content 
 
According   to   analysis   of   variance    (Table  3),    total 
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Table 3. Analysis of variance for chlorophyll a, b, TChl, carotenoids content, Chla/b ratio and RWC of transgenic CML144 and 
non transgenic CML144 maize plants as affected by drought stress. 
 

Source of variation Df 
Mean square 

Chla Chlb TChl Chl a/b ratio Carotenoids content RWC 

Genotypes (G) 1 5.01982** 15.9036** 38.7933** 0.244247** 0.63704** 228.682** 

Days on stress (D) 4 11.90134** 96.4891** 171.7673** 0.528486** 2.20529** 270.197** 

GxD 4 2.76271** 19.6947** 31.6174** 0.135938** 0.73507** 20.766* 

Residual (E) 20 0.07617 0.3923 0.5760 0.002689 0.01977 5.250 

CV (%)  1.6 4.2 2.4 4.0 8.6 3.0 
 

*Significant differences and **highly significant differences at p<0.05 and p<0.01, respectively. Df: Degrees of freedom, GxD: Interaction 
of genotype by days under stress, E: Residual (Error), CV (%): Coefficient of variation, Chla: Chlorophyll a, Chlb: Chlorophyll b, TChl: 
Total chlorophyll, Chl a/b: The ratio of chlorophyll a to that of b, RWC (%): Leaf relative water content. 

 
 
 

 
 

Figure 7. Leaf RWC as affected by drought stress and recovery after re-watering in transgenic 
maize and conventional CML144 maize plants. Bar graphs followed by different letters indicate 
that their means are statistically different from each other according to LSD at p<0.05.  

 
 
 
chlorophyll (TChl) content was significantly different 
between the transgenic and conventional plants and 
between the days on which drought was imposed. Total 
chlorophyll was also significantly influenced by the 
interaction between the genotype and days of drought 
stress treatment (p<0.05). Pairwise comparison of TChl 
between transgenic and conventional maize was 
significantly different according to LSD at p<0.05 in all the 
sampling points. The TChl content in conventional plants 
decreased from 39.2 μg/gfw on day 0 to 35.8 μg/gfw on 
day 7, 28.9 μg/gfw on day 14 and 22.1 μg/gfw on day 21. 
In transgenics, the TChl content increased from 35.9 
μg/gfw on day 0 to 37.9 μg/gfw on day 7 and thereafter it 
decreased to 35.7 μg/gfw and 28.9 μg/gfw on day 14 and 
day 21, respectively (Figure 8). Twenty four hours after 
rewatering, the total chlorophyll  increased  from  22.1 μg/ 

to 28.4 μg/gfw in conventional plants, whereas in 
transgenics, it decreased to 27.3 μg/gfw.    
 
 
Effect of drought stress on chlorophyll a content  
 
The Chla contents were significantly different (p<0.001) 
among the genotypes, days of exposure to drought and 
the interaction between the genotypes by days of 
exposure to drought (Table 3). Pairwise comparison of 
Chla between transgenic and conventional maize also 
revealed significant difference according to LSD at 
p<0.05 in all sampling points. Under drought stress, Chla 
in conventional plants decreased from 18.5 to 18.3, 17.2 
and 13.6 μg/gfw on day 0, day 7, day 14 and day 21, 
respectively. In transgenic  plants,  Chla  decreased  from  
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Figure 8. Effect of drought stress and recovery re-watering on chlorophyll content in 
transgenic and conventional CML144 maize plants. Bar graphs followed by different 
letters indicate that their means are statistically different from each other according to 
LSD at p<0.05.  

 
 
 
18.5 μg/gfw on  day 0 to 18.3 and 16.65 μg/gfw on day 7, 
and day 21, respectively (Figure 8). During recovery 
watering, Chla increased from 13.6 to 16.6 μg/gfw after 
24 h in conventional plants, whereas in transgenics, Chla 
slightly decreased further from 16.7 to 16.5 μg/gfw. 
 
 
Effect of drought stress on chlorophyll b content 
 
Pairwise comparison of chlorophyll b (Chlb) between 
transgenic and conventional maize revealed significant 
difference according to LSD at p<0.05 in all the sampling 
points. The Chlb content in conventional CML144 maize 
plants decreased from 20.7 μg/gfw on day 0 to 17.5 
μg/gfw on day 7, 11.7 μg/gfw on day 14 and 8.5 μg/gfw 
on day 21. For transformed (CML144-XvPrx2) plants, the 
content of Chlb increased from 17.4 μg/gfw on day 0 to 
19.6 μg/gfw on day 7, followed by a steady decrease to 
17.4 and 12.3 μg/gfw on D14 and day 21, respectively. 
After 24 h of rewatering, the content of Chlb in 
conventional plants increased from 8.5 to 11.8 μg/gfw, 
whereas in transgenic maize, Chlb content slightly 
decreased from 12.3 to 10.8 μg/gfw (Figure 8). 
 
 
Effect of drought stress to Chlorophyll a/b ratio 
 
Chlorophyll (Chla/b) ratios were significantly different 
(p<0.05) between the transgenic and conventional maize 
genotypes and  days  under  drought  stress.  There  was 

also a significant interaction (p<0.05) between genotypes 
and days under exposure to drought stress (Table 3). 
Pairwise comparison of Chla/b ratio between transgenic 
and conventional maize also revealed significant 
difference according to LSD at p<0.05 in all sampling 
points. The Chla/b ratios increased with increase in 
severity of drought stress across the days for conventional 
plants. The transgenic plants also showed a relative 
increase in the Chla/b ratios as compared to conventional 
plants (Figure 9). Upon rewatering, the chlorophyll ratio 
decreased in conventional plants whereas a slight 
increase was observed in the transgenic plants (Figure 
9). 
 
 
DISCUSSION 
 
Genetic engineering has become an integral strategy in 
crop improvement particularly for polygenic traits like 
drought stress tolerance. In this study, the authors’ 
successfully introgressed XvPrx2 gene into CML144 
maize, a tropical breeding line. Successful over 
expression of XvPrx2 gene transcripts was revealed by 
RT-PCR. However, conventional control also gave a faint 
signal revealing that Prx2 is conserved in maize. Hence, 
the reason to use PMI and XvPsap1 primers is to confirm 
the integration of the transgenes in the maize plant 
genome. 

The transgenic plants showed higher RWC than the 
conventional   plants.   The   amount   of   water   lost   by  
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Figure 9. Effect of drought stress on chlorophyll  a/b ratio in transgenic and 
conventional CML144 maize plants. Bar graphs followed by different letters 
indicate that their means are statistically different from each other according to 
LSD at p<0.05.  

 
 
 
conventional plants after 21 days of stress was twice that 
lost by transgenic plants. The latter showed considerable 
ability to conserve cell water content which sustained the 
plants to conduct normal physiological activities efficiently 
under dehydration stress for long time. 

The high RWC observed in transgenic maize plants 
under dehydration stress might have been due to a build 
up of peroxiredoxin2, the antioxidant product of the 
XvPrx2 gene. Peroxiredoxin2 might be involved in ROS 
scavenging thereby maintaining integrity of the cell 
membrane by preventing shrinkage of the plasma 
membrane away from the cell wall and subsequence 
cytorhesis. Reduced RWC in drought stressed plants has 
also been reported by other researchers (Arjenaki et al., 
2012; Najafinezhad et al., 2014). The more rapid 
recovery of transgenic plants than in their conventional 
counterparts in the present study might have been as a 
result of the higher RWC delaying the onset of wilting. 
Several authors have reported similar findings in which 
drought tolerant genotypes exhibit higher RWC in 
different species such as Macrotyloma uniflorum 
(Bhadwaj and Yadav, 2012), Phaseolus vulgaris (Turkan 
et al., 2005), barley (Kocheva and Georgiev, 2003), 
triticum (Sairam and Srivastava, 2001) and Vicia faba (El-
Tyeb, 2006). 

Peroxiredoxin2 is likely to be involved in the 
detoxification of free radicals. The excessive accumulation 
of ROS under drought stress might have caused injury to 
cells in drought sensitive conventional plants. Injuries 
caused by ROS include lipid peroxidation, degradation of 
membrane protein and inactivation of enzymes such as 
those responsible for photorespiration (example RUBiSco, 
PEP carboxylase) which are important components in the 

electron transport chain (Sairam et al., 2005; Zlatev and 
Lidon, 2012). 

Under dehydration stress stomatal conductance is 
reduced to allow more water conservation which results 
in reduced CO2 fixation thereby decreasing the rate of 
photosynthesis as noted by Flexas et al. (2004). Inflicting 
dehydration stress during vegetative growth stage, 
decreased substantially the content of TChl, Chla and b 
in both the transgenic and conventional plants. This 
reduction in photosynthetic pigments might have resulted 
due to reduced RWC. These findings are similar to report 
by Terzi and Kadioglu (2006) who noted reduction in 
photosynthetic pigments while studying drought stress 
tolerance and the antioxidant enzyme system in 
Ctenanthesetosa. However, the reduction of TChl, Chla 
and Chlb was less in transgenics than in conventional 
maize. Transgenic maize maintained a relatively higher 
content of chlorophylls than the conventional plants. 
These results complement the reports by Pastori and 
Trippi (1992) and Zaeifyzadeh and Goliov (2009) who 
revealed that resistant genotypes of wheat and corn had 
higher chlorophyll content than sensitive genotypes under 
the oxidative stress. Lamkemeyer et al. (2006) reported 
that the absence or presence of Prx Q gene (member of 
peroxiredoxin gene family) in transgenic A. thaliana 
affected chlorophyll a fluorescence parameters 
suggesting a role in maintaining photosynthesis.  

Energy absorption in the photosynthetic apparatus acts 
as the main cause of excessive generation of ROS and 
plants tend to avoid this through degradation of 
photosynthetic pigments (Herbinger et al., 2002). The 
high  resistance  in  degrading  chlorophylls  observed   in 
transgenic plants in the present study might be attributed  
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to the presence of peroxiredoxin 2 which protects 
chlorophylls by quenching of ROS.  

The increase in Chla/b ratio in the dehydrated 
transgenic plants in this study suggests that Chla was 
relatively stable. These results are in agreement with 
Ashraf et al. (1994) who reported that drought stress 
reduced the concentration of chlorophyll b more than 
chlorophyll a. This means that the Chla/b ratio may be 
used as an indicator of plant response to environmental 
stress such as drought. Therefore, lower Chla/b ratio 
observed in transgenic maize plants in the present study 
may indicate better adaptation to drought stress. 
However, different results were reported by Mafakheri et 
al. (2010) who worked on chickpea and observed that 
there was no effect on the chlorophyll a/b ratio. 
 
 

Conclusion 
 
The expression of the XvPrx2 gene has revealed 
considerable tolerance to drought stress in transgenic 
maize as compared to conventional plants. In transgenic 
maize, RWC, Chla, b, a/b ratios were higher than in 
conventional CML144 maize plants implying a functional 
role of XvPrx2 gene. Thus, the X. viscosa peroxiredoxin2 
gene could be used as a strategy for drought stress 
improvement of maize. 
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The genetic variability of 28 sorghum genotypes of known senescence phenotype was investigated 
using 66 SSR markers well-distributed across the sorghum genome. The genotypes of a number of 
lines from breeding programmes for stay-green were also determined. This included lines selected 
phenotypically for stay-green and also RSG 03123, a marker-assisted backcross progeny of R16 
(recurrent parent) and B35 (stay-green donor). A total of 419 alleles were detected with a mean of 6.2 
per locus. The number of alleles ranged from one for Xtxp94 to 14 for Xtxp88. Chromosome SBI-10 had 
the highest mean number of alleles (8.33), while SBI-05 had the lowest (4.17). The PIC values obtained 
ranged from zero to 0.89 in Xtxp94 and Xtxp88, respectively, with a mean of 0.68. On a chromosome 
basis, mean PIC values were highest in SBI-10 (0.81) and lowest in SBI-05 (0.53). Most of the alleles 
from B35 in RSG 03123 were found on chromosomes SBI-01, SBI-02 and SBI-03, confirming the 
successful introgression of quantitative trait loci associated with stay-green from B35 into the 
senescent background R16. However, the alternative stay-green genetic sources were found to be 
distinct based on either all the SSRs employed or using only those associated with the stay-green trait 
in B35. Therefore, the physiological and biochemical basis of each stay-green source should be 
evaluated in order to enhance the understanding of the functioning of the trait in the various 
backgrounds. These genetic sources of stay-green could provide a valuable resource for improving this 
trait in sorghum breeding programmes. 
 
Keywords: Simple sequence repeats, sorghum, stay-green, genetic diversity. 

 
 
INTRODUCTION  
 
The stay-green trait has been used for years by breeders 
as   a   measure   of   post-flowering   drought    tolerance 

 
 (Rosenow and Clark, 1981; Borrell et al., 2001) and is a 
mechanism that prevents  premature  senescence  under
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low soil moisture stress during grain-filling (Sanchez et 
al., 2002). The trait is characterised by green stems and 
green upper leaves when water is limiting during grain 
filling, which enables the stay-green genotypes to 
continue to fill their grain under drought conditions 
(Subudhi et al., 2000; Tao et al., 2000; Borrell et al., 2000 
a, b, Borrell et al., 2001). Understanding the inheritance 
of traits, such as stay-green, is important for its 
successful application in plant breeding programmes. 
Markers associated with regions of the genome 
controlling stay-green can be used in the breeding 
programme to assist in the precise introgression of those 
regions into novel varieties. Alleles of simple sequence 
repeats (SSR) associated with stay-green quantitative 
trait loci (QTL) have been identified in a number of 
genetic sources (Borrell et al., 2000ab; Bhattramakki et 
al., 2000; Kebede et al., 2001; Kong et al., 2000; 
Haussmann et al., 2002), which might influence their 
tolerance on post-flowering drought stress. However, 
different genetic sources of stay-green may employ 
different genes and display different inheritance 
characteristics. 

Analysis of genetic diversity is important for crop 
improvement and provides essential information to 
enable more efficient use of available genetic resources 
and a platform for stratified sampling of breeding 
populations (Mohammadi and Prasanna, 2003). Accurate 
assessment of the levels and patterns of diversity can be 
invaluable in the analysis of genetic variability in cultivars 
(Smith, 1984; Cox et al., 1986), identification of diverse 
parental combinations to create segregating progenies 
with maximum genetic variability for further selection 
(Barrett and Kidwell, 1998) and in introgressing desirable 
genes from diverse germplasm into the available genetic 
base (Thompson et al., 1998). Genetic relationships can 
be useful for the planning of crosses, assigning lines to 
specific heterotic groups and for precise identification 
with respect to plant varietal protection (Mohammadi and 
Prasanna, 2003).  

Molecular markers have many advantages over 
phenotypic characters as they are unaffected by the 
environment. DNA-based markers, such as simple-
sequence repeats (SSRs), have been or are being 
utilised in cultivar development, quality control of seed 
production, measurement of genetic diversity for 
conservation management, varietal identification and 
intellectual property protection (Smith et al., 2000; 
McIntyre et al., 2001) and are powerful tools in genetic 
similarity studies (Pejic et al., 1998). Furthermore, these 
markers can be used to obtain information on the genes 
that influence agriculturally important traits and to follow 
the introgression of these genes, thus facilitating the 
breeding process.  

SSRs are highly useful as genetic markers as they are 
codominant, occur in high frequency and appear to be 
distributed well throughout the genomes of higher plants 
and  animals  (Bhattramakki  et  al.,   2000)   with   simple 

 
  
 
 
Mendelian segregation (Brown et al., 1996). SSRs have 
higher information content, as measured by expected 
heterozygosity and number of alleles and polymorphism, 
as compared to amplified fragment length polymorphisms 
(AFLPs), random amplified polymorphic DNA (RAPDs) 
and restriction fragment length polymorphism (RFLPs) 
(Smith et al., 1997; Pejic et al., 1998; Uptmoor et al., 
2003), indicating that SSRs are more discriminating. The 
high information content and favourable characteristics of 
SSRs make them excellent genetic markers for many 
types of investigations, including marker-assisted 
selection (MAS) and finger-printing of germplasm 
collections (Kong et al., 2000). Comparative studies in 
crop plants have shown that they provide a powerful tool 
for discriminating between genotypes and for MAS (Djè 
et al., 2000; Asare et al., 2010; Asare et al., 2011; 
Faustine et al., 2015).  

In sorghum, SSRs are well distributed
 

across the 
sorghum genome (Kong et al., 2000). It is thus possible

 
to 

avoid overrepresentation of certain regions of the genetic
 

map that can produce inaccurate estimates of genetic 
similarities

 
among individuals.

 
SSRs have revealed high 

levels of polymorphism to allow the vast majority of 
Sorghum bicolor accessions, including those within 
working groups, to be distinguished by using a relatively 
small number of SSR loci (Taramino et al., 1997; Kong et 
al., 2000 Smith et al., 2000; Xu et al., 2000; Uptmoor et 
al., 2003; Menz et al., 2004). Indeed, 10 SSRs were able 
to distinguish 324 individuals across 27 sorghum 
accessions (Ng’uni et al., 2011). In addition to their use in 
genetic diversity analysis, SSRs have been widely used 
in genetic mapping and QTL analysis in sorghum.  

For the study of stay-green, the line B35 or its 
derivative QL41 has been employed as one of the 
parents in the development of mapping populations 
(Tuinstra et al., 1997; Crasta et al., 1999; Subudhi et al., 
2000; Tao et al., 2000; Xu et al., 2000) and some of the 
QTL identified (stg1, stg2, stg3 and stg4) from B35 have 
been introgressed into the senescent R16 background 
using marker-assisted backcrossing (Hash et al., 2003, 
Harris et al., 2007; Kassahun et al., 2010; Vadez et al., 
2011). Relatively, few studies have used different stay-
green sources, such as SC56 (Kebede et al., 2001) and 
E36-1 (Haussmann et al., 2002). Although, the B35 and 
KS19 sources of stay-green have been employed in 
breeding programmes in the USA and Australia (Borrell 
et al., 2000a, b) little is known about the genetic basis of 
the stay-green trait in KS19. There may be other sources 
of stay-green genotypes yet untapped. It is important that 
breeding programmes should not rely on one or a few 
sources of any trait in order to reduce the risk of genetic 
vulnerability. Furthermore, the genetic and physiological 
determinants of the trait are varied (Thomas and 
Howarth, 2000). Therefore, it would be good to widen the 
base of the stay-green sources to avoid any future 
vulnerability yet unknown. In addition, as shown in 
studies by Borrell et al. (2000a, b) and Haussmann  et  al. 



Galyuon et al.          1365 
 
 
 
Table 1. Races, origins and senescence phenotypes of sorghum genotypes investigated. 
 

Line Race, country of origin, and breeding programmes  
Senescence 
phenotype 

2077-B Durra, breeding line from India Senescent 

296B Breeders’ material from India  Stay-green 

B35 
Bred in Texas from a Durra line originally from Ethiopia. Employed in breeding programmes 
in Australia and the USA. Also referred to as BTx642 

Stay-green 

BTx623 Kafir x Zera-zera, Texas A & M, source 90C510 Senescent 

DJ1195 Durra, breeding line from India Senescent 

E36-1 Widely-adapted zere-zera line from Ethiopia; high-yielding, Guinea-caudatum Stay-green 

#66 Guinea-caudatum, derived from a cross between E36-1 and R16 from ICRISAT Stay-green 

#68 Guinea-caudatum, derived from a cross between E36-1 and R16 from ICRISAT Stay-green 

ICSV112 
Guinea-caudatum, bred at ICRISAT Centre and originally released as a variety in 
Zimbabwe 

Stay-green 

IS13441 Caudatum, landrace from Zimbabwe Senescent 

IS18530 Durra, breeding material from Egypt Senescent 

IS18551 Durra, breeding material from Ethiopia Stay-green 

IS2146 Durra, landrace from Nigeria Senescent 

IS22830 Caudatum, landrace from Sudan Stay-green 

IS3260C Guinea/Margaritiferum, landrace from Nigeria Stay-green 

IS3762 Bicolor, landrace from China Senescent 

IS4845 Durra, landrace from India Senescent 

IS9302 Kafir, advanced cultivar from South Africa Stay-green 

IS9830 Caudatum, advanced cultivar from Sudan Senescent 

KS19 
Derived from a cross between a Short Kaura (a landrace from Nigeria) and Combined Kafir 
60. Used for breeding in Australia and the USA for the stay-green trait. 

Stay-green 

QL12 Dwarf genotype with a KS19 pedigree bred in Australia Stay-green 

QL39 Dwarf genotype with SC170C and KS4 pedigree bred in Australia Senescent 

QL41 A hybrid from a cross between B35 and QL33 bred in Australia Stay-green 

R16 
High-yielding post-rainy season variety from Maharashta; a Guinea-caudatum of Ethiopian 
origin 

Senescent 

R9188 Texas A & M, Source 90C66 Stay-green 

RSG 03123 A BC1F5 R16 introgression line with Stg 1, 2, 3, and 4 QTL from B35 developed at ICRISAT Stay-green 

SC56 Caudatum-nigricans, breeding material from Sudan Stay-green 

SPV386 Caudatum from India Senescent 
 
 
 

(2002), the senescent parents of the mapping 
populations used (QL39 and N13) contributed major QTL 
for stay-green to the hybrids. Therefore, this study was 
designed to examine the genetic variability among 
sorghum germplasm normally grown in the semi-arid 
regions, determine the genetic variability using SSRs 
associated with the stay-green trait in B35 and to assess 
the genotypes of stay-green derivatives of B35, KS19 
and E36-1 sources of stay-green which have been 
developed either using phenotypic or marker-assisted 
selection. The stay-green trait, as a post-flowering 
drought resistance mechanism, has great potential for 
use in breeding and selection of sorghum lines for 
drought-prone agro-ecological zones. Therefore, such 
studies should enhance our understanding of the genetic 
relatedness   of   sorghum    germplasm    and    enhance 

breeding for elite cultivars of sorghum for the semi-arid 
and arid regions.  
 
 
MATERIALS AND METHODS 

 
Plant material and DNA extraction  

 
The races, origins and senescence phenotypes of the sorghum 
genotypes employed in the study are described in Table 1. Leaves 
were harvested at the 3-4 leaf stage from 20 seedlings of each line 
and stored at -80°C prior to DNA extraction using the Nucleon 
PhytoPure Plant and Fungal DNA Extraction Kit RPN 8511 
(Amersham Life Science, Little Chalfont, England) according to the 
manufacturer's instructions. DNA was quantified using a UV-VIS 
PU8720 spectrophotometer (Philips) and its integrity checked by 
running on 1% agarose gels stained with ethidium bromide. Each 
well contained a mixture of loading  buffer  (5 µl)  and  sample  DNA 
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(10 µl). The gels were run with 1x TAE buffer from the cathode to 
the anode with a constant voltage of 70mV for 1.5 h. DNA samples 
were diluted with sterile nano-pure water to a final concentration of 
10 ng/µl. 
 
 
PCR amplification of SSRs 
 
Seventy-four SSR primer pairs were chosen by initially selecting at 
least five SSR loci from each of the 10 sorghum genetic 
chromosomes to uniformly represent the entire mapped nuclear 
genome (Bhattramakki et al., 2000; Kong et al, 2000). Of these, 
only sixty-eight displayed polymorphism in a preliminary study and 
these were used with all genotypes tested (Table 2). PCR reactions 
were conducted in GeneAmp® PCR System 2700 (Applied 
BioSystems) in a 25 µl reaction mixture in 96-well plates. The 25-µl 
reaction mix consisted of 1× PCR buffer, 50 ng genomic DNA 
template, 4 μl of dNTP (5 mM equimolar solution of each dATP, 
dCTP, dGTP and dTTP), 1.25 μl each of forward and reverse 
primers (10 μM solution) and 0.65 U Taq DNA polymerase (Roche 
Applied Sciences). The PCR programme consisted of an initial 
denaturation for 2 min at 94°C and then 30 cycles of denaturation 
for 30 s at 94°C, primer specific annealing for 30 s (Table 2) and 
extension at 72°C for 90 s. After 30 cycles, there was a final 
extension step of 7 min at 72°C. Amplification products were 
separated on a 4.5% polyacrylamide, 8.5 M Urea denaturing gel 
(BIO-RAD Sequi-GenGT) and visualised by silver staining 
(Promega Silver Sequencing system) along with a 50 bp ladder 
(Gibco).  
 
 
Analysis of data, genotyping and determination of genetic 
diversity 
 
Bands for the same SSR locus with different molecular weights 
were scored as alleles. Presence or absence of each amplified 
band was scored as 1 and 0, respectively, for all markers to 
generate a binary data matrix. The genetic diversity for each 
microsatellite locus was calculated according to the following 
formula of Nei (1973): 
 

Genetic diversity = 1- Pij
2, 

 

where Pij is the frequency of jth allele for the ith locus summed 
across all the alleles of the locus. Calculated in this manner, the 
genetic diversity is synonymous with the term polymorphic 
information content (PIC) described by Anderson et al. (1993).  
The binary data matrix generated from this scoring was used to 
calculate a similarity matrix using the Nei and Li (1979) coefficient. 
Cluster analysis was conducted using the unweighted paired group 
method using arithmetic averages (UPGMA) as defined by Sneath 
and Sokal (1973) to produce dendrograms of genetic similarities 
using the Numerical Taxonomy and Multivariate Analysis System 
software (NTSTSpc) version 2.1 (Exeter Software, New York). The 
correlation coefficient between the similarity matrix and the 
cophenetic values matrix was computed to test the goodness of fit 
of the cluster analysis. The binary data matrix was also analysed 
using only the data for 15 loci (as highlighted in Table 2) associated 
with the published B35 QTL for stay-green.  

 
 
RESULTS 
 
Size of SSRs, number of alleles and polymorphism 
information content (PIC) 
 
The estimated sizes  of  SSR  alleles,  number  of  alleles 

 
 
 
 
produced and the PIC values of the 68 SSR loci 
examined are presented in Table 2. A total of 419 alleles 
were detected among the 28 genotypes assessed. The 
number of alleles per locus ranged from one (Xtxp94) to 
14 (Xtxp88) with an overall mean of 6.2. Thus, only one 
locus (Xtxp94) was non-polymorphic. This marker was 
included in an attempt to increase genome coverage on 
chromosome SBI-05. SBI-02 and SBI-03 had the highest 
number of loci, while SBI-10 had the smallest number. 
The mean number of alleles was highest in SBI-10 (8.3) 
followed by SBI-09 and SBI-06 (7), SBI-01 and SBI-04 
(6.8), SBI-02 (6.6) SBI-08 (6.4) SBI-07 (5.5), SBI-03 (5.3) 
and SBI-05 with the least (3.7). These markers had all 
been assessed previously in a set of 18 relatively diverse 
sorghum genotypes (Kong et al., 2000; Bhattramakki et 
al., 2000). In the set of 28 genotypes examined in this 
study, 49 (72%) loci had, at least, one allele more than 
previously reported, while 10 (15%) loci had at least one 
less allele and 9 (13%) loci had the same number. The 
mean number of alleles for SSR loci associated with the 
stay-green trait in the various published studies was 6.2, 
which was the same for all 68 SSR loci. Loci Xtxp88, 
Xtxp285, Xtxp56, Xtxp298, Xtxp207, Xtxp230, Xtxp217 
and Xtxp67 associated with the stay-green trait were the 
most polymorphic with alleles varying from 14 in Xtxp88 
to 7 in Xtxp67. 

PIC values ranged from zero (Xtxp94) to 0.89 (Xtxp88 
and Xtxp285) with a mean of 0.68. PIC values for these 
loci have not been reported before. Xtxp88 in 
chromosome SBI-01 had 14 alleles (highest), while 
Xtxp285 had 12 in chromosome SBI-03 (second highest). 
Chromosome SBI-10 again had the highest mean PIC 
value of 0.81. This was followed by chromosome SBI-06 
(LG I) (0.78), SBI-04 (0.74), SBI-09 and SBI-08 (0.71), 
SBI-02 (0.70), SBI-01 (0.68), SBI-03 (0.64), SBI-07 (0.60) 
and SBI-05 again with the lowest PIC value of 0.53. The 
proportion of loci with PIC values equal to or more than 
0.5 was 85%, while 82% had PIC values from 0.6 and 
PIC values in 69% were equal to or more than 0.7. The 
mean PIC value for SSR loci associated with the stay-
green trait was 0.64, lower than the overall mean.  
 
 
Genetic diversity among the 28 sorghum genotypes 
 

PCR products from these 68 SSR primers were used to 
evaluate genetic diversity in 28 sorghum lines. 
Associations between the lines studied based on the 
cluster analysis of their genetic similarities are presented 
in a dendrogram (Figure 1). The set of markers used was 
able to uniquely classify the 28 lines included in this study 
and showed that considerable genetic diversity was 
present. Five distinct groups were identified in the 
resulting dendrogram. The most genetically distinct 
genotype of those examined was IS3620C, which did not 
cluster with any other line. This is the only Guinea-
Margaritiferum line included in the study and was 
included  (along  with  BTx623)  as  it  is  a  parent  in  the  
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Table 2. Size, number of alleles and polymorphic information content (PIC) of SSR markers used in genetic diversity 
analyses.  
 

Locus 

1
Chromosome 

no. 

Annealing 
temperature (°C) 

2
No. of 

alleles 
Size range in 

this study 
No. of alleles 
in this study 

PIC in this 
study 

Xtxp58 SBI-01 55 7 145 161 6 0.79 

Xtxp61 SBI-01 55 3 121 190 8 0.80 

Xtxp88 SBI-01 53 6 106 150 14 0.89 

Xtxp208 SBI-01 55 3 227 231 2 0.44 

Xtxp229 SBI-01 55 2 153 157 3 0.43 

Xtxp316 SBI-01 55 6 279 362 9 0.75 

Xtxp335 SBI-01 55 5 133 220 9 0.80 

Xtxp357 SBI-01 55 3 238 244 3 0.57 

Xtxp8 SBI-02 60 6 115 155 9 0.84 

Xtxp56 SBI-02 55 5 268 497 10 0.82 

Xtxp96 SBI-02 52 5 140 174 7 0.77 

Xtxp100 SBI-02 55 2 125 127 2 0.33 

Xtxp207 SBI-02 55 4 149 172 5 0.79 

Xtxp211 SBI-02 55 6 180 250 10 0.91 

Xtxp283 SBI-02 55 6 203 205 2 0.32 

Xtxp286 SBI-02 55 2 179 201 4 0.57 

Xtxp296 SBI-02 55 5 165 177 5 0.70 

Xtxp298 SBI-02 55 5 151 196 10 0.86 

Xtxp348 SBI-02 55 4 226 350 9 0.80 

Xtxp38 SBI-03 60 4 406 446 5 0.72 

Xtxp69 SBI-03 50 4 186 270 9 0.84 

Xtxp114 SBI-03 50 2 200 208 3 0.43 

Xtxp183 SBI-03 55 3 165 170 3 0.65 

Xtxp205 SBI-03 55 4 198 210 6 0.69 

Xtxp215 SBI-03 50 3 172 182 4 0.66 

Xtxp218 SBI-03 55 2 190 260 5 0.55 

Xtxp228 SBI-03 55 4 205 228 4 0.66 

Xtxp231 SBI-03 55 2 188 210 3 0.45 

Xtxp285 SBI-03 55 5 215 258 12 0.89 

Xtxp336 SBI-03 55 3 146 154 4 0.56 

Xtxp12 SBI-04 55 4 164 210 6 0.77 

Xtxp21 SBI-04 60 5 145 163 7 0.72 

Xtxp177 SBI-04 55 4 150 160 4 0.61 

Xtxp343 SBI-04 55 5 120 220 10 0.84 

Xtxp94 SBI-05 50 2 220 220 1 0.00 

Xtxp30 SBI-05 60 7 147 161 4 0.72 
 
1
Chromosome number based on Bhattramakki et al. (2000) as published by Kim et al. (2005); 

2
Number of alleles detected 

among 18 diverse sorghum strains listed in Table 1 of Kong et al. (2000). SSRs markers associated with the stay-green QTL in 
B35 are highlighted (bold). 

 
 
 
production of the most complete microsatellite map of 
sorghum (Bhattramakki et al., 2000) on which all the 
markers used here are mapped. This line also was the 
most genetically distinct in the study of Menz et al. 
(2004).  

The largest group consisted  of  twelve  genotypes  with  

B35 at one end and IS9302 at the other. This group was 
subdivided into five, with the first subgroup containing 
B35 and QL41. QL41 is an inbred line derived from a 
cross in which B35 was a parent. The second subgroup 
contained KS19 and QL12, which had many alleles in 
common. Indeed these two lines were the most similar  of  
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Table 2. Contd. 
 

Locus 
1
Chromosome no. 

Annealing 
temperature 

2
No. of 

Alleles 
Size range in 

this study 
No. of alleles 
in this study 

PIC in this 
study 

Xtxp115 SBI-05 60 2 201 207 3 0.56 

Xtxp299 SBI-05 50 5 190 212 5 0.69 

Xtxp123 SBI-05 55 ND 260 280 3 0.56 

Xtxp136 SBI-05 55 ND 221 229 3 0.36 

Xtxp225 SBI-05 55 4 159 178 7 0.80 

Xtxp6 SBI-06 50 9 340 398 5 0.77 

Xtxp17 SBI-06 55 3 148 177 7 0.81 

Xtxp57 SBI-06 55 3 240 252 6 0.75 

Xtxp145 SBI-06 55 5 184 210 8 0.77 

Xtxp265 SBI-06 55 8 160 199 11 0.82 

Xtxp274 SBI-06 55 6 305 350 5 0.77 

Xtxp40 SBI-07 55 2 124 134 4 0.52 

Xtxp92 SBI-07 50 2 148 162 2 0.32 

Xtxp168 SBI-07 55 3 158 164 4 0.69 

Xtxp278 SBI-07 50 3 246 254 3 0.43 

Xtxp295 SBI-07 55 5 134 162 10 0.78 

Xtxp312 SBI-07 55 9 130 194 10 0.85 

Xtxp47 SBI-08 55 3 229 236 4 0.66 

Xtxp105 SBI-08 55 3 265 274 4 0.60 

Xtxp210 SBI-08 55 4 167 190 8 0.70 

Xtxp273 SBI-08 55 5 180 207 7 0.76 

Xtxp321 SBI-08 55 4 170 230 9 0.83 

Xtxp67 SBI-09 55 8 145 172 7 0.83 

Xtxp230 SBI-09 55 10 220 270 8 0.83 

Xtxp258 SBI-09 55 5 162 199 8 0.77 

Xtxp287 SBI-09 55 5 345 353 3 0.59 

Xtxp289 SBI-09 55 5 227 282 10 0.84 

Xtxp339 SBI-09 55 2 150 186 4 0.20 

Xtxp358 SBI-09 55 4 220 299 9 0.88 

Xtxp141 SBI-10 55 5 126 150 8 0.78 

Xtxp217 SBI-10 55 5 152 168 8 0.82 

Xtxp270 SBI-10 55 6 208 273 9 0.84 
 
1
Chromosome number based on Bhattramakki et al. (2000) as published by Kim et al. (2005); 

2
Number of alleles detected 

among 18 diverse sorghum strains listed in Table 1 of Kong et al. (2000). SSRs markers associated with the stay-green QTL in 
B35 are highlighted (bold). 

 
 
 
any of the genotypes examined. BTx623 also clustered 
with KS19 and QL12. The third sub-group included seven 
genotypes, but there was considerable diversity between 
these lines. R9188, which is a stay-green line from the 
Rio source of stay-green (Borrell, personal 
communication), was found in this sub-cluster as was 
QL39, the senescent parent used in the QTL analysis of 
Tao et al. (2000). This study found that unexpectedly, 
QL39 contributed a number of stay-green alleles.  The 
next largest  group  comprised  of  nine   genotypes   with 

E36-1 and #68 at one end and IS18530 at the other. The 
group had four subgroups; the first included E36-1 and 
the 2 lines derived from it #66 and #68. The second 
subgroup consisted of IS22380, DJ1195 and IS13441. 
The third subgroup had ISCV112 and SPV386 with 
IS18530 alone in the fourth subgroup. E36-1, IS22380, 
IS13441, ICSV112 and SPV386 are all caudatum type 
sorghums. Clustering however did not always follow the 
sorghum race classification (or country of origin) 
particularly as a number of the  advanced  breeding  lines 
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Figure 1. Dendrogram constructed with unweighted paired group 
method using the arithmetic average (UPGMA) clustering algorithm 
from pairwise matrix of genetic similarities of 28 sorghum lines 
using 68 microsatellite markers. 

 
 
 
examined have more than one race in their genetic 
background. This has also been found in other studies of 
genetic diversity in sorghum (Menz et al., 2004). 

The fourth major group consisted of four genotypes, 
with R16 and RSG 03123 in a subgroup, and IS18551 
and IS4845 in another subgroup. R16 and RSG 03123 
are guinea-caudatum race sorghums, but RSG 03123 
has genes from the Durra sorghum B35; IS18551 and 
IS4845 are Durra race sorghums. The fifth major group 
had only two genotypes SC56 and IS9830, which both 
originate from Sudan and were about 40% similar. 

Genetic similarities based on SSRs associated with 
the B35 stay-green QTL only 
 
A dendrogram of genetic similarity based on 15 SSRs 
associated with the four major B35 stay-green QTL 
identified three major groups (Figure 2). The first distinct 
group had IS3762 and B35 at either end, with three 
subgroups. The largest subgroup comprised B35, RSG 
03123, QL41, IS4845 and IS3620C. B35 and RSG 03123 
were most related with a coefficient of more than 0.8 and 
were more similar to QL41 than the other genotypes. This 
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Figure 2. Genetic similarity among sorghum cultivars based on 15 
SSRs associated with the B35 stay-green QTL only using UPGMA. 

 
 
 
was not surprising as RSG 03123 was developed by 
marker-assisted backcrossing of B35 alleles associated 
with the stay-green QTL. The second subgroup had R16 
and #66, while SC56 and IS3762 were in the third. The 
stay-green line SC56 was much more genetically similar  
to B35 when only regions of the genome comprising B35 
stay-green QTL were considered. Kebede et al. (2001) 
found that a number of stay-green QTL were common 
between SC56 and B35, suggesting that common genes 
were involved in these otherwise genetically distinct lines.  
The second distinct group had 13 genotypes with 
IS18530 and E36-1 at each end. This indicates that, as 
with the overall genetic diversity, E36-1 shares little in 
common with B35 at the B35 stay-green regions. The 
stay-green line R9188 also clustered in this group as did 
IS22380. This latter line was found to have a high 
expression of  stay-green  in  the  study  of  Mahalakshmi 

and Bidinger (2002). The third major group included five 
genotypes, with KS19, QL12 and BTx623 in one 
subgroup, as well as 296B and QL39 in another. KS19 
and QL12 were much more similar to B35 when their 
overall genetic similarity was examined. IS18551 which 
fell into the same group with IS4845 in Figure 1, this time 
stood alone with only 18% similarity with all other 
genotypes.  
 
 
Genotypes of derivatives in relation to the parental 
lines 
 
Five of the accessions studied (RSG 03123, #66, #68, 
QL12 and QL41) are known to be derived from 
accessions also included in this study. RSG 03123 is the 
product    of    marker-assisted    backcrossing     (MABC) 



 

 

 
 
 
 
conducted at ICRISAT in which the target was to transfer 
genomic regions on chromosomes BSI-01, SBI-02, SBI-
03 and SBI-05 from B35 where stay-green QTL have 
been identified in a wide range of studies (Kong et al., 
2000; Bhattramakki et al., 2000; Huassmann et al., 
2002).  

For 31 loci, RSG 03123 was homozygous for the R16 
parental allele whereas for 18 loci it was homozygous for 
the B35 allele. Ten SSR loci were non-polymorphic, one 
was heterozygous and 3 loci did not produce PCR 
products. Most of the alleles from B35 were found on 
chromosomes SBI-01, SBI-02 and SBI-03. Out of nine 
loci on chromosome SBI-01, alleles of four SSRs came 
from each parent while the remaining one was not 
polymorphic. The alleles from R16, however, were 
associated with the position of the B35 QTL stgA 
indicating that this QTL was not transferred from B35 into 
R16. In chromosome SBI-02 one locus was heterozygous 
for both parents; six of the rest were from B35 and three 
from R16. All the SSRs associated with stg3 from B35 
were present in RSG 03123, while the SSRs associated 
with stgB originated from R16. In chromosome SBI-03, 
four SSRs were from B35; three of them are associated 
with stg1, while three SSRs were of R16 origin. In the 
genomic region where stg2 is located, there was no 
polymorphism detected in the markers used between B35 
and R16. Chromosomes SBI-04, SBI-06, SBI-08 and 
SBI-09 were entirely made up of alleles from R16. In 
chromosomes SBI-05, SBI-07 and SBI-10, one allele 
from B35 was found in each of them. stg4 is in 
chromosome SBI05 and although for one marker 
associated with this QTL, the B35 allele was found in 
RSG 03123, again lack of polymorphism meant that it 
was not possible to determine whether this QTL had 
been transferred from B35 to RSG 03123 or not. 

Two regions of the genome corresponding to QTL for 
stay-green (stg1 and stg3) were homozygous for B35 
alleles confirming that stg1 and stg3 were successfully 
transferred from B35 to R16. The non-polymorphism 
between R16 and B35 in the other major regions 
containing stay-green QTL makes it impossible to confirm 
the transfer of stg2 and stg4 from B35 to R16. The minor 
QTL from B35 (stgA and stgB) would appear not to have 
been transferred to RSG 03123 as its genomic 
composition in these regions were homozygous for the 
R16 allele. As the majority of the genome of RSG 03123 
is R16, these results indicate that this material is ideal for 
the study of the functioning of stay-green QTL in a novel 
or senescent background.  

Genotypes #66 and #68 are phenotypic selections from 
a cross between E36-1 and R16. E36-1 is described as a 
stay-green line (van Oosterom et al., 1996) although its 
stay-green nature is dependent on the environment in 
which it is grown. In the phenotypic study of Mahalakshmi 
and Bidinger (2002), E36-1 was not described as stay- 
green, but it was used as the  stay-green  parent  in  both  
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(2) populations used in the QTL analysis of stay-green of 
Haussmann et al. (2002). QTL in which E36-1 provided 
the positive alleles for stay-green were found on 
chromosomes SBI-01, SBI-03, SBI-07 SBI-08 and SBI-
10. The hybrids #66 and #68 showed a different stay-
green response in the field study of Mahalakshmi and 
Bidinger (2002) but no genetic analyses have been 
conducted previously with this material. #66 and #68 had 
the same alleles at 22 SSR loci. They both shared four 
alleles with R16 and 14 alleles with E36-1. However, #66 
had 21 SSR alleles in which the parental allele came 
from E36-1 and 26 from R16, while in #68 35 SSR alleles 
originated from E36-1 and only 9 originated from R16. On 
chromosome SBI-10, #66 and #68 were 100% similar 
with all SSR alleles being of E36-1 origin. These alleles 
are also associated with the stay-green QTL from E36-1. 
Other SSR alleles associated with stay-green QTL from 
E36-1 on chromosomes SBI-01, SBI-07 and SBI-08 were 
found in #68 whereas #66 only contained stay-green 
alleles from E36-1 on SBI-03 in addition to those on SBI-
10. QL12 is a sugarcane mosaic virus resistant BC1 
derivative of the stay-green line KS19 (Jordan et al., 
2004). It was thus interesting to examine the genomic 
composition of QL12 as compared to KS19. Only six SSR 
alleles identified were unique to QL12; three of them 
occurred in chromosome SBI-03 with one each in SBI-02, 
SBI-07 and SBI-08. On chromosomes SBI-01, SBI-04, 
SBI-05, SBI-06, SBI-09 and SBI-10, all the SSR alleles 
on QL12 were common to KS19 and in chromosome SBI-
02, nine out 10 SSRs were also observed in KS19. 
Neither KS19 nor QL12 have been included in any 
published mapping studies for stay-green, so it is not 
known, which regions of the genome control stay-green 
expression in these genotypes or whether there is any 
similarity to those found for other stay-green lines such 
as B35. 

QL41 is a stay-green line derived from a cross between 
B35 and QL33 (Jordan et al., 2004) and has been used 
as a parent to identify QTL associated with stay-green in 
a cross with QL39 (Tao et al., 2000). Twelve SSR alleles 
were unique to QL41 and another 11 were common to 
B35 and QL41 as well as many other cultivars. SSR 
alleles from B35 were found in SBI-02 and these were 
associated with the stay-green QTL mapped in QL41 as 
well as stg3 and stgB in B35 suggesting that this stay-
green QTL in QL41 originates from B35. QL41 did not 
have the same alleles as B35 at the position of the other 
B35 stay-green QTL. Furthermore, there were 13 SSR 
alleles found in QL41, which were common to KS19 but 
not B35.  
 
 

DISCUSSION  
 

Scoring of SSRs 
 

The 68 SSR markers used  in  this  study  generated  416 
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alleles with 1 to 14 alleles per locus with an average of 
6.2. Similarly, Shehzad et al. (2009) used 38 polymorphic 
SSR markers to generate 146 alleles which were able to 
uniquely classify 320 sorghum accessions of diverse 
origin and the number of alleles revealed per locus 
ranged from two to nine with average of 3.84. A study of 
27 sorghum accessions from a gene bank in Zambia 
using only 10 SSR loci found a total of 44 alleles from 
324 individuals across accessions, a range of 2 to 9 
alleles per locus and an average of 4.4 alleles per locus. 
In the current study, average number of alleles per locus 
was higher than that in the studies of Shehzad et al. 
(2009) and Ng’uni et al. (2011).  

SSRs are highly polymorphic and useful genetic 
markers that have been used in genetic similarities 
studies in wheat (Plaschke et al., 1995; Rӧder et al., 
1995), maize (Smith et al., 1997) as well as sorghum 
(Taramino et al., 1997; Uptmoor et al., 2003; Menz et al., 
2004). The results of Taramino et al. (1997) showed that 
SSRs have great potential for discriminating among 
sorghum inbred lines and one SSR locus alone could 
allow all nine inbred lines to be identified. Polymorphic 
information content (PIC), a measure of the 
discrimination ability of a locus, has been found to be 
comparable between SSRs and RFLPs (Smith et al., 
1997) or AFLPs (Menz et al., 2004) or even higher for 
SSRs (Pejic et al., 1998). The mean PIC and the mean 
number of alleles per locus for this study were higher 
than those found by Smith et al. (1997) among 58 maize 
inbred lines using 131 SSRs and Smith et al. (2000) 
among 50 elite sorghum lines and similar to that found of 
Menz et al. (2004). Eight SSR loci with number of alleles 
from 7 to 14 also had high PIC values (0.79 to 0.89). SSR 
allele sizes were also similar to those previously reported 
(Kong et al., 2000; Bhattramakki et al., 2000).  
 
 
Genetic similarities based on 68 SSRs 
 
All 28 sorghum lines were distinguished and the clusters 
obtained consisted of the derivatives in close association 
with their parental lines (Figures 1 and 2). QL41 was in 
the same cluster with B35, #66 and #68 with E36-1, and 
RSG 03123 was closely associated with R16. KS19 and 
QL12 were highly related with a coefficient of more than 
0.8, while all other similarities were below this value. In 
previous studies (Taramino et al., 1997; Smith et al., 
2000; Uptmoor et al., 2003; Menz et al., 2004), 
comparisons were made between R-lines and B-lines or 
were based on region of origin. The current study was not 
based on any of these classifications; however, clusters 
were not always made up of only lines from the same 
region or race. For example, IS22830 (Sudan, 
caudatum), DJ1195 (India, Durra), IS13441 (Zimbabwe, 
caudatum) from different geographical regions or races 
belonged to the same cluster. Similarly,  ICSV112  (India,  

 
 
 
 
guinea-caudatum) and SPV386 (India, caudatum) also 
belonged to same cluster (Figure 1), while IS3620C and 
KS19 did not cluster together even though both 
originated from Nigeria. The advantage of using markers 
with

 
known map positions instead of a random sample is 

that there
 
is control over the coverage of the genome and 

although there were a few gaps, the markers used in his 
study provided extensive marker coverage of the 
sorghum genome. 
 
 
Genetic diversity based on SSRs associated with the 
B35 stay-green QTL 
 
Genetic diversity is vital in the success of any breeding 
programme (Ali et al., 2007) and molecular markers are 
an excellent tool for assessment of genetic relationships 
(Ritter et al., 2007). Initial inheritance studies of the stay-
green trait in B35 suggested that it is influenced by a 
major gene that exhibits varied levels of dominant gene 
action depending on the environment in which 
evaluations are made (Tenkouano et al., 1993; Walulu et 
al., 1994). Subsequent QTL analysis studies indicated at 
least 4 regions of the genome controlling the trait. A 
number of clusters were obtained based on differences in 
allelic sizes of the SSRs associated with the stay-green 
trait (Figure 2). Derivatives of B35 and KS19 were always 
in the same clusters with the parental lines, #68 was 
grouped with E36-1, while #66 was grouped with R16. 
These associations were consistent with the data 
information on the data matrix (Table 2). In RSG 03123 
stg1 and stg3 were polymorphic between R16 and B35 
and RSG 03123 had the same alleles as B35, while stg2 
and stg4 were non-polymorphic, hence the close 
association of RSG 03123 with B35. Similarly, for QL12, 
apart from a few loci, the SSR alleles were same as in 
KS19, thus their close relationship. The clustering of #66 
with R16 is not surprising since #66 shared 26 SSR 
alleles of the same size with R16, and 21 with E36-1. 
#68, which had 35 SSRs of the same size as in E36-1 
and only 7 of the same size in R16, was clustered with 
E36-1, as expected. Panicle shape and size were also 
similar between E36-1 and #68, and also for #66 and 
R16 (data not shown). Since R16 has not been involved 
in any mapping, it is impossible to tell whether it has 
genomic regions associated with stay-green or not, even 
though some alleles of SSRs associated with stay-green 
in B35 were revealed in it. 

 A mapping population of a cross between B35 and 
R16 could enhance the understanding of the genetic 
basis of the trait. KS19 has not been reported as a parent 
in any mapping population even though it is being used in 
breeding programmes in the USA and Australia. QTL 
determined with KS19 as a parent would reveal those 
contributed by this line and what phenotypic attributes 
they are associated with. 



 

 

 
 
 
 
Conclusions 
 
The 28 sorghum lines were highly variable genetically 
and clustered into groups not necessarily based on 
country of origin or race. Derivatives of B35, KS19 and 
E36-1 clustered together with their parental lines based 
on all 68 SSRs, while IS3620C was the least related with 
any other genotype. 

Clusters based on the SSRs associated with QTL from 
B35 alone were similar to those observed with all 68 
SSRs for B35, KS19 and E36-1 and their derivatives, 
except #66 which was in the same cluster with R16 and 
RSG 03123 clustered with B35. This confirms the 
introgression of the QTL from B35 into R16. The stay-
green line SC56 was much more genetically similar to 
B35 when only regions of the genome comprising B35 
stay-green QTL were considered, suggesting that 
common genes were involved in these otherwise 
genetically distinct lines. The stay-green lines KS19, E36-
1, R9188 and IS22380 clustered distinctly from B35 
indicating that these lines share little in common with B35 
at the B35 stay-green regions. This might be so with 
other sources of stay-green. Hence, there is the need to 
investigate the physiological and biochemical basis of the 
trait in these lines and other sources of stay-green as 
well. These stay-green lines have considerable potential 
to increase the genetic diversity of the stay-green trait 
within sorghum breeding programmes. This study also 
shows how it is possible to follow, through a breeding 
programme, alleles associated with key agronomic QTL 
of interest.  
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Lecythis pisonis Cambess is commonly known as “sapucaia” nut. Previous studies show that it is rich 
in unsaturated fatty acids and in antioxidant minerals. The aim of the present study was to assess the 
antioxidant and anti-inflamatory effects of this nut after its introduction into a control (AIN-93G) or high-
fat diet in Wistar rats. The animals were divided into four groups: a control diet, the same control diet 
supplemented with sapucaia nuts, a high-fat diet or the high-fat diet supplemented with sapucaia nuts 
and were fed with these diets for 14 or 28 days. The gene expression of the markers tumor necrosis 
factor (TNF)-α NFκB (p65) zinc superoxide dismutase (ZnSOD) and heat shock protein 72 (HSP72) was 
determined by the chain reaction to the quantitative reverse transcription-polymerase chain reaction (q-
PCR). The antioxidant activity was also measured as thiobarbituric acid reactive substances (TBARS) 
through the activity of the SOD enzyme. The groups treated with “sapucaia” nuts presented reduced 
lipid peroxidation values and increased ZnSOD and HSP72 gene expression, as well as decreased TNF-
α and NFκB (p65) gene expression levels. The significant results showed that “sapucaia” could serve 
as a potential source of antioxidants and as a protector agent for the examined animals. 
 
Key words: Sapucaia nuts, inflammation, oxidative stress, gene expression. 

 
 

INTRODUCTION 
 
Excessive consumption of food associated or not with 
sedentary lifestyle contributes to the onset of metabolic 
disorders linked to increased body weight and systemic 
insulin resistance due to chronic inflammatory condition 
(Carobbio et al., 2011). Experimental data demonstrates 
that Wistar rats can develop obesity when they are fed 
with high-fat diets (Burneiko et al., 2006; Estadella  et  al., 

2004; Kretschmer et al., 2005). The intake of these high-
fat diets increases the total amount of body lipids, and 
thus, raises the oxidative stress, which is strongly related 
with inflammation (Brunetti et al., 2009; Pérez-Echarri et 
al., 2009). The increase of body fat reserves stimulates 
the macrophage infiltration into adipose tissue that could 
activate  a  chronic  inflammation   cascade,   which   may  
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expand to other tissues and cause several health 
disorders (Alemany, 2013). 

High-fat diets can affect the redox balance in the body 
Fispecies (ROS) (Vial et al., 2011). On the other hand, 
human and animal organisms have developed a very 
effective antioxidant defense system, which mainly 
consist of catalase (CAT), superoxide dismutase (SOD), 
glutathione peroxidase (GPX), and glutathione-S-
transferase (GST) enzymes. These enzymes co-operate 
to protect cells from free radicals (Domínguez-Avila et al., 
2015). 

In addition to the enzymatic antioxidant defense, there 
are also highly conserved proteins that help in protecting 
the body, such as heat shock proteins (HSP). Different 
stimuli can interfere with the gene expression of these 
proteins and could result in the intracellular accumulation 
of denatured proteins. An increased gene expression of 
the HSP 70 protein family generates an anti-inflammatory 
effect, since these proteins down-regulate the Kappa 
Beta Transcription Factor (NFκB). Consequently, some 
inflammatory expression markers such as the tumor 
necrosis factor alpha (TNF-α) and the interleukin 1 beta 
(IL 1β) are inhibited (De la Fuente et al., 2015; Kim et al., 
2015). 

Literature shows that the consumption of nuts has 
beneficial effects on human health due to their nutritional 
components. Nuts are rich in unsaturated fatty acids, 
sulfur amino acids and minerals, such as selenium, 
magnesium, manganese, zinc, iron and copper. At the 
same time, they contain satisfactory levels of vitamin C 
and E (Dominguez-Avila et al., 2015; Sabaté et al., 2010; 
Serrano et al., 2007). The combined effects of these 
acids, minerals and vitamins may influence specific 
processes related to the regulation of cell differentiation, 
DNA protection and inflammatory responses due to their 
protective role in oxidative stress (Casas-Agustench et 
al., 2009; Cassidy et al., 2014; Domínguez-Avila et al., 
2015; González and Salas-Salvadó, 2006; Ross, 2010; 
Sabaté et al., 2010). 

The vast Brazilian biome remains almost untouched 
when it comes to nut extraction. Only the cashew and the 
Pará nuts are commercially available. The “sapucaia” nut 
(Lecythis pisonis Cambess) for human consumption 
remains commercially unexplored, although some local 
citizens consider it as the best Amazon nut (Clay et al., 
2000). revious studies using “sapucaia” nuts conducted in 
our laboratory have shown that their use in diets can 
favor health. The composition of this nut makes it a 
significant source of unsaturated fatty acids, proteins and 
minerals such as manganese, magnesium, iron and 
calcium. Besides, “sapucaia” serves as a potential 
protective agent against different metabolic disorders 
(Carvalho et al., 2012). Thus, the aim of the current study 
is to verify the sapucaia nut ability to reduce oxidizing 
agent production and to modulate the gene expression of 
pro and anti-inflammatory molecules in the liver tissue of 
Wistar rats fed with a high-fat diet. 

 
 
 
 
MATERIALS AND METHODS 
 
Plant  
 
The “sapucaia” nuts used in the present study were collected from 
five trees at the Federal University of Viçosa campus, which is 
located in the Zona da Mata Mineira region (20°76’S and -
42°86’W), Southeastern of Minas Gerais State. Five fruits were 
collected from each tree and ten nuts were taken from each of 
them. The current study uses information about the chemical 
composition of these nuts indicated by Carvalho et al. (2012). 
 
 
Animals and diets 
 
The experiment followed the standards established by Law 11.794 
and the CONCEA/MCTI Regulatory Resolutions, 2008. The study 
was approved by the Ethics Committee for Animal Experimentation 
of Federal University of Viçosa (CEUA-UFV) (Protocol 77/2014). 
Forty eight male albino rats (Rattus norvegicus, Wistar) were used 
in the present experiment. The newly weaned animals were 
obtained from the Central Animal Laboratory of the Biological 
Sciences Center (CCB) at Federal University of Viçosa, Minas 
Gerais State - Brazil. The weight of the animals was recorded and 
they were, then, randomly allocated to eight groups, each with six 
animals, and housed in individual cages with a controlled 
environment under temperatures between 22 and 25°C and light-
dark cycle of 12 h per day. Experimental diets and water were 
offered ad libitum either for 14 or 28 days. Calculations were 
performed to simulate the human standard consumption of three 
nuts a day. The nutritional information of the “Sapucaia” nut (SAP) 
was obtained by the study of Carvalho et al. (2012). A reference 
intake of 2000 kcal per day, which corresponds to 4.65% of the total 
calories of three Sapucaia nuts (93.08 kcal for three nuts), was 
adopted; thus, the diets contained 4.65% of sapucaia nut. 

The animals were fed with four different diets for 14 or 28 days, 
as follows: Group 1, was fed with a standard diet (AIN-93G) 
(Reeves et al., 1993); Group 2, was fed with the standard diet 
supplemented with sapucaia nuts (24 g/kg; 4.65% of total calories) 
(AIN-93G + SAP), although caloric density (3.95 kcal/g) remained 
the same (Table 1); Group 3, was fed with a high-fat diet (HFD); 
and Group 4, was fed with the high-fat diet supplemented with 
sapucaia nuts (HFD + SAP) (52.2 g/kg; 4.65% of total calories), 
although again the caloric density remained unaffected (6.92 kcal/g) 
(Table 2). The rats had ad libitum access to the diets and water. 
The diets were prepared weekly and stored at 4°C to prevent 
oxidation. The animals were euthanized with ketamine (25 mg/kg 
IM) and xylazine (2 mg/kg IM) at the end of each study period (14 or 
28 days), after fasting for 12 h. The liver tissue of the euthanized 
animals was collected, frozen in liquid nitrogen and stored in an 
Ultrafreezer (-80°C). 
 
 
Gene expression 
 
The total RNA extraction was performed in Trizol reagent 
(Invitrogen, CA, USA) using 100 mg of liver tissue, according to the 
recommendation of the manufacturer. The concentration and purity 
were assessed in a spectrophotometer (Multiskan Go, Thermo 
Scientific DE, USA) and the integrity of the mRNAs was checked 
through agarose gel electrophoresis. The recovered mRNA was 
treated with RNase-free DNase (Promega). The cDNA synthesis 
was performed using the M-MLV Reverse Transcriptase kit 
(Invitrogen, CA, USA), according to the protocol of the manufacturer. 
cDNA was used to determine the expression of mRNAs for the 
markers TNF-α, NFκB, ZnSOD, HSP72 and the reference house 
keeping   glyceraldehyde-3-phosphate   dehydrogenase    (GAPDH) 
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Table 1. Diet compositions (g/1000 g of diet). 

 

Ingredient AIN93G (g) AIN93G+Sapucaia 

Caseine (81.50%) 200 192.2 

Dextrinized starch 132 123 

Saccharose 100 100 

Soy oil 70 54 

Microcrystalline cellulose 50 50 

Mineral mixture 35 35 

Vitamin mix 10 10 

L-cystine 3 3 

Coline 2.5 2.5 

Sapucaia nuts - 29.4 

Corn starch 397.5 400.9 

Caloric density (kcal/g) 3.95 3.96 

 
 
 

Table 2. High hat diet (HFD) compositions with sapucaia nuts (g/1000 g of diet). 
 

Ingredient AIN93G (g) [HFD] AIN93G+Sapucaia (g) [HFD+SAP] 

Ham pâté 222.22 215.7 

Potato sticks 111.11 104.61 

Bacon 111.11 104.61 

Bologna 111.11 104.61 

Sweet biscuit cornstarch 111.11 104.61 

Chocolate powder 111.11 104.61 

whole milk powder 111.11 104.61 

Commercial Diet 111.11 104.61 

Sapucaia nuts - 52.2 

Caloric density (kcal/g) 6.94 6.92 

 
 
 
gene.  

The relative quantification of the gene expression was performed 
through real-time polymerase chain reaction (qPCR) using the Sybr 
Green Reagent 2X Master Mix (Applied Biosystems, CA, USA). The 
final volume of each reaction was 10 µl: 2 µl of the cDNA, 0.8 µl of 
the primers mixture (2.5 µM) (sense and antisense), 5.0 µl of 2X 
Master Mix Sybr Green reagent and 2.2 µl of ultrapure water in 
each tested gene. The used qPCR reaction protocol was: 15 min at 
95°C, then 40 cycles at 95°C (15 s), 60°C (30 s) and 72°C (30 s) 
followed by melting curve analysis. Samples were analyzed in four 
biological repetitions and two technical repetitions and quantified in 
independent runs. 

The negative controls (NTC) were made in two technical 
repetitions by replacing the cDNA samples by the same water 
volume in the reaction. "AB Step One Real Time PCR System" 
(Applied Biosystems) equipment was used to run the experiment. 
The relative quantification of the gene expression was analyzed 
through the 2−ΔΔCT method (Livak and Schmittgen, 2001). 
The pairs of oligonucleotides used to amplify the genes of interest 
were: NFκB (p65) (Fw 5’-CTTCTGGGCCATATGTGGAGA-3’) and 
(Rw 5’-TCGCACTTGTAACGGAAACG-3’), TNF-α (Fw5′-
GCCGATTTGCCATTTCATACC-3′) and (Rw 5′-
GGACTCCGTGATGTCTAAGTAG-3′), HSP 72 (Fw 5’-
AGGCCAACAAGATCACCATC-3’) and (Rw 5’-
TAGGACTCGAGCGCATTCTT-3’), ZnSOD (Fw 5’-

GAGCAGAAGGCAAGCGGTGAA-3’) and (Rw 5’-
CCACATTGCCCAGGTCTC-3’), GAPDH (Fw 5’-
GGTTGTCTCCTGTCACTTC-3’) and (Rw 5’-
CTGTTGCTGTAGCCATATTC-3’). The oligonucleotides were 
designed based on the gene sequences of the Wistar Rattus 
norvegicus found in the GenBank, using Primer 3 plus software. 
The experiment followed the MIQE guidelines established for 
studies that use the qPCR technique in real time (Bustin et al., 
2009).  

 
 
Preparation of liver homogenate 
 

Liver samples (200 mg) were collected from each rat and after their 
thawing, were homogenized in Tris-HCl 0.01 M buffer, pH 7.4 at the 
ratio of 5 ml buffer per 500 mg of tissue and finally, centrifuged at 
10.000 g for 15 min at 4°C. The supernatants were used to 
determine the total protein content, the superoxide anion dismutase 
antioxidant activity, and hepatic lipid peroxidation. 
 

 
Enzymatic activity of the hepatic SOD 
 

Superoxide dismutase (SOD) activity was determined in relative 
units. Each SOD unit was defined by the amount of enzyme able  to  
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Table 3. Mean body weight gain, daily diet consumption and hepatosomatic index in the initial and final stages 
of the treatment. 
 

Group/Treatment Weight gain (g) Daily diet consumption (g) Hepatossomatic Index 

14 days    

AIN-93G 95.10±19.89ª 26.60±7.02
b
 4.9±0.44ª 

AIN-93G+SAP 96.85±16.46ª 29.54±4.36
b
 4.7±0.51ª 

HFD 97.82±14.46ª 32.73±6.05ª 4.7±0.62ª 

HFD+SAP 94.32±11.86ª 25.40±5.12
 b
 4.6±0.71ª 

    

28 days    

AIN-93G 152.27±12.49
b
 26.56± 6.24

b
 4.8±0.63ª 

AIN-93G+SAP 160.89±8.14
b
 30.21± 7.23ª 4.6±0.48ª 

HFD 186.67±26.88ª 32.62±9.39ª 4.6±0.52ª 

HFD+SAP 187.38±11.54ª 32.21±5.06ª 4.7±0.73ª 
 

Means (n = 6) followed by different letters in the same column are statistically different (Tukey test, p <0.05). AIN-93G, AIN-
93G diet; AIN-93G + SAP, AIN-93G + sapucaia nuts diet; HFD, high-fat diet; HFD + SAP, high-fat diet + sapucaia nuts diet, 
liver somatic index (liver's relative weight = liver weight / body weight). 

 
 
 
inhibit 50% of the pyrogallol oxidation rate. The used reaction 
medium contained 30 µl of liver homogenate and 15 μl of pyrogallol 
24 mmol/L and 15 µl of catalase prepared with 2.4 mg in 2 ml of 
distilled water. The volume was completed with Tris-HCl buffer 50 
mM 270 µl up to 300 µl, pH 8.2 and 1 mM of EDTA. A standard 
100% pyrogallol oxidation was conducted in 15 µl of catalase and 
15 µl of pyrogallol 24 mmol/L. The blank solution contained 15 µl of 
catalase and 285 µl of the buffer. Initially, the readings were 
performed at 420 nm absorbance. The reaction was then incubated 
at 37°C for 5 min and the readings were performed again at 420 
nm. The absorbance found before and after the 5 min incubation 
was subtracted to minimize the presence of interferents. The results 
were expressed as U SOD/mg of protein (Marklund, 1985). 
Calculations were made based on the standard absorbance value, 
by considering that such value had zero SOD units. Protein 
quantification was performed according to Bradford (1976) using a 
standard curve, which was based on bovine serum albumin 
callibration. 

 
 
Hepatic lipid peroxidation analysis 

 
This was conducted through the measurement of malondialdehyde 
(MDA), which is produced by the oxidation of fatty acids through the 
reaction of thiobarbituric acid reactive substances (TBARS) (Kohn 
and Liversedge, 1944). The lipid peroxidation was measured by 
means of a reaction containing 400 µl liver homogenate, 1 ml 
trichloroacetic acid (20%) and 400 µl thiobarbituric acid (1.6%). The 
mixture was incubated at 95°C for 1 h, 1.6 ml n-butanol was added 
and it was then centrifuged at 3000 rpm/10 min. The reading was 
performed at 510, 532, and 560 nm. Equation proposed by Pyles et 
al. (1993) was used to calculate the final values in order to minimize 
interferences from pigments of heme in the hemoglobin in the MDA 
dosage: 

 
MDA532=1.22[(A532) – (0.56) (A510) + (0.44) (A560)] 

 
Malondialdehyde concentration was determined through the 
coefficient of molar absorptivity E 0 = 1.56 × 105 L mol-1 cm-1 
(Buege and Aust, 1978) and the results were expressed in nmoles 
of MDA per mg of protein. 

Statistical analysis 
 
ANOVA analysis was performed to assess the distribution of 
variables in the experiments. It was followed by the Tukey test 
(Graphpad Prism 5) in all treatments. The significance level was 
95%, p <0.05. The results were expressed as mean ± standard 
deviation. The comparisons were conducted between the AIN-93G 
and AIN-93G groups + SAP and between HFD and HFD + SAP 
groups by considering the caloric density difference between the 
administered diets. 

 
 
RESULTS 
 
Weight gain and diet consumption 
 
Weight assessments comparing animals subjected to 
HFD/HFD + SAP and those fed with AIN-93G/AIN-93G + 
SAP showed that the weight gain of animals was 
significantly different after 28 days of treatment. Daily 
feed intake per animal was higher in the HFD group at 
day 14 and lower in the AIN-93G group at day 28 of the 
experiment compared to the other groups (Table 3). 
 
 
Lipid peroxidation values and antioxidant activity 
 
Lipid peroxidation (MDA) values and the antioxidant 
activity expressed in SOD units (Table 4) were 
determined with the intention to assess the impact of the 
high-fat diet on the oxidative stress in the liver of rats and 
to discover the possible protective effect of sapucaia nut 
supplementation. All groups treated with “sapucaia” nut-
enriched diets showed lower MDA concentration 
compared to the other groups in both tested diets (HFD 
and AIN-93G).MDA level measurements showed that the 
AIN-93G diet had similar values at days 14 and 28 of  the 



 
 

Martins et al.          1379 
 
 
 

Table 4. Means of the hepatic malondialdehyde (MDA) concentrations (nmol MDA / mg STP)   and 
superoxide dismutase units (SOD) (U SOD/mg LWA) at the 14th and 28th day in each diet (AIN-93G, AIN-
93G + SAP, HFD, HFD + SAP) administered to the animals. 
 

Group 
MDA  SOD 

14 days 28 days  14 days 28 days 

AIN-93G 1.10 ± 0.04
aA

 1.16 ± 0.02
aA

  8.10 ± 0.44
bA 

8.45 ± 0.72
bA 

AIN-93G+SAP 0.62 ± 0.05
bB 

1.03 ± 0.03
cB 

 11.78 ± 1.14
aB 

13.65 ± 0.50
aB 

HFD 1.39 ± 0.01
aC

 1.72 ± 0.05
bC

  6.30 ± 0.48
aA 

10.35 ± 0.47
bC 

HFD+SAP 0.65 ± 0.05
bB

 0.96 ± 0.02
aB

  14.28 ± 0.81
bB 

14.86 ± 0.62
bB 

 

Means (n=6) followed by different letters in the same column are statistically different (Tukey test, p <0.05). AIN-
93G, AIN-93G diet; AIN-93G + SAP, AIN-93G + sapucaia nuts diet; HFD, high-fat Diet; HFD + SAP, HFD + 
sapucaia nuts diet, PTN - Proteins. 

 
 
 
experiment, although a significant increase in the MDA 
levels was observed in the other groups. The antioxidant 
enzyme activity expressed in SOD units was significantly 
higher in the sapucaia supplemented groups both at days 
14 and 28. 
 
 
Antiinflamatory and antioxidant hepatic gene 
expressions  
 
Relative mRNAs gene expression was determined to 
help understand the effects caused by the inclusion of the 
“sapucaia” nuts in the diets. The experiment compared 
the diets with or without sapucaia nuts to find the genes 
involved in the inflammatory process and the hepatic 
antioxidant activity by real time RT qPCR (Figure 1). The 
gene expression of TNF-α was lower in animals fed with 
the sapucaia nuts than in those of the controls. There 
were no significant differences in both AIN-93G + SAP 
and HFD + SAP in the TNF-α gene expression in all 
treatment periods. 

It was also observed that the gene expression of the 
NFkB (p65) was significantly lower in the group of rats 
that consumed the diets supplemented with “sapucaia” 
nuts. The gene expression of ZnSOD, in turn, was 
relatively higher in sapucaia supplemented groups than in 
the controls.  

There was also an increased gene expression in the 
hepatic HSP72 gene in both diets. However, the HFD + 
SAP showed more significant amounts.  
 
 
DISCUSSION 
 
High-fat diets administered to rats can induce 
inflammation and oxidative stress (Burneiko et al., 2006; 
Brunetti et al., 2009; Estadella et al., 2004; Kretschmer et 
al., 2005; Pérez-Echarri et al., 2009; Scoaris et al., 2010). 
Rats fed with the hyperlipidic diet (HFD) did not show a 
significantly higher hepatosomatic index (HIS; relative 
liver  weight)  compared  to  the  other  groups.  Sapucaia 

dietary supplementation and the duration of the 
experiment appeared not to affect HIS value. Although, 
diets enriched with “sapucaia” nuts did not have any 
effect on weight gain and on HSI, our findings showed 
that sapucaia enrichment contributed in the prevention of 
the redox imbalance caused by high-fat diets due to its 
interference in both the MDA concentrations and in the 
SOD enzyme activity. As it was expected, more oxidizing 
agents in animals fed with high-fat diet were observed. 
However, this negative effect was diminished after 
sapucaia supplementation as shown by the significant 
increase in the SOD activity and of the decrease in MDA 
values. 

Carvalho et al. (2012) showed that 100 g of sapucaia 
nuts cover the daily needs for manganese and 
magnesium and the half of them for iron, according to the 
reference values. Other studies using “sapucaia” nuts 
found high magnesium, iron, selenium and phosphorus 
concentration levels (Kerdell-Vargas, 1966; Souza et al., 
1996; Vallilo et al., 1999), as well as a desired protein 
digestibility (Denadai et al., 2007). Such findings about 
the nutritional value of the the sapucaia nut (L. pisonis), 
reinforce the hypothesis that are several benefits in the 
metabolism of animals fed with the sapucaia enriched 
diets. 

The enzyme system is the first line of antioxidant 
defense of the organism. The constituents of the nuts 
associated with the gene stimulation of the enzymes can 
play an important role as exogenous antioxidants, such 
as tocopherol, ascorbate, carotenoids, and phenolic 
compounds, due to their mineral components. This set of 
nutrients can cause many benefitial health effects against 
metabolic disorders such as obesity and diabetes 
(Borges and Lessa, 2015; Casas-Agustench et al., 2009; 
Cassidy et al., 2014; Dominguez-Avila et al., 2015; 
Fernandes et al., 2015; Shahidi and Ambigaipalan, 
2015). 

The liver has multiple functions and is directly involved 
in the oxidative processes (Rodríguez-Hernández et al., 
2013; Stadler et al., 2004). Changes in the hepatic redox 
balance  can  interfere  in  the  translocation   of   proteins  
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Figure 1. Averages of the mRNA relative gene expression (calibrator sample, y=1) of TNF-α (A), ZnSOD (B), NFkB (p65) (C) and 
HSP-72 (D) byqPCR for the animals fed with AIN-93G + SAP and HFD + SAP for 14 and 28 days. Means followed by different letters 
(lowercase for AIN-93G and capital to HFD) are significantly different according to the Tukey’s test (p<0.05). 

 
 
 
sensitive to oxidative stress from the cytoplasm to the cell 
nucleus (Cassidy et al., 2014; Maritim et al., 2003; Sadi 
et al., 2008). Thus, the oxidative stress induced by high-
fat diets tends to increase the gene expression of TNF-α 
and NFkB (p65), as a response to the process triggered 
by the oxidative imbalance associated to the high content 
of saturated fatty acids. In addition, the HSP70 HSP 
family is also affected by the oxidative stress caused by 
dietary fats (Jangale et al., 2013; Lightfoot et al., 2015; 
Yaglom et al., 2003; Gabai and Sherman, 2002). 

There has been a significant difference in the HSP-72 
gene expression between rats treated with both HFD and 
HFD + SAP and those fed with AIN-93G and AIN-93G + 
SAP. Rats treated with the sapucaia nut-enriched diets 
showed significantly higher HSP-72 gene expression 
than those fed just with the control diets (HFD and AIN-
93G), except AIN-93G at day 28. As it is concluded, 
“sapucaia” nut could play an important role in the 
modulation of this gene expression. The HSP-72 is part 
of the HSP-70 proteins family, which inhibits NFkB (p65) 
activation by reducing the production of pro-inflammatory 
cytokines (Dokladny et al., 2010; Shi et al., 2006; Tanaka 

et al., 2014). Therefore, increased HSP-72 expression 
seen in groups fed with the sapucaia nuts-enriched diets 
(HFD + SAP and AIN-93G + SAP) could be correlated 
with the decrease in the NFkB activation cascade activity 
(p65). 

There is an interaction of NFkB signaling cascade (p65) 
with the TNF-α gene expression, since TNF-α is a pro 
inflammatory agent and can be activated by the NFkB 
(p65)  protein (Dokladny et al., 2010; Tanaka et al., 
2014). As it was shown in the present study, there was a 
decrease in the TNF-α gene in animals fed with HFD + 
SAP compared to the HFD group. Higher ZnSOD gene 
expression was observed in all groups treated with 
sapucaia nuts-enriched diets, in addition to all the 
aforementioned findings. It allows inferring that the 
presence of these nuts in the diets played an important 
role, since the gene expression of this enzyme was 
higher in the HFD + SAP than in the HFD. 

The correlation between saturated fat acids 
consumption and oxidative stress is not simple, because 
there are many biochemical mechanisms involved. Thus, 
saturated  fat  acids  consumption  can  increase   oxygen  



 
 

 
 
 
 
consumption and generate other oxidizing molecules 
(Dandekar et al., 2015; Hybertson et al., 2011; Seifert et 
al., 2009). However, our results showed increased 
antioxidant and anti-inflammatory capacity due to the 
lower gene expressions of TNF-α and NFκB. These 
findings reinforce the hypothesis that dietary antioxidants 
are particularly important for protection against chronic 
diseases. Finally, the sapucaia nuts could serve as a 
potential antioxidant source and their protection is 
profound even in animals fed with high-fat diets.  
 
 
Conclusion 
 
The sapucaia nut dietary supplementation stimulated the 
enzymatic activity of SOD and reduced lipid peroxidation 
values in the hepatic tissue of rats fed with high-fat diets. 
These results were confirmed by the observed 
differencies in the expression of genes directly involved in 
the metabolic processes. ZnSOD enzyme and HSP72 
protein expressions were significantly higher in rats fed 
with the sapucaia nuts-enriched diets. Diet enriched with 
sapucaia nuts was found to influence the gene 
expression of the inflammation markers TNF-α and 
NFκB; reduction in their expression levels can be linked 
with the increased antioxidant activity, since these 
parameters are related. Further studies on sapucaia must 
be conducted in order to assess the impacts of its 
consecutive use as food, since is rich in nutrients and 
could have beneficial effects on health status. 
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