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A bract is a non-inflorescence structure that exists in many plant species. In daylilies, the bract is 
biologically functional and is the object of the present tissue culture study. After sterilization, bract 
explants were treated with 6-benzylaminopurine (BA) and thidiazuron (TDZ) that were used individually 
or in combination in Murashige and Skoog (MS) nutrients medium, under room environmental 
conditions, to study its capacity to induce shoots in vitro. The results were successful. Both direct and 
indirect shoot organogenesis were observed. Although variably, all nineteen cultivars that were 
investigated induced multiple shoots. TDZ was the most potent chemical stimulus for shoot 
organogenesis. The results also showed no significant correlation between shoot conversion potential 
and genotype or treatment. 
 
Key words: Daylily, tissue culture, plant organogenesis, bract, Hemerocallis, plant regeneration, thidiazuron. 

 
 
INTRODUCTION 
 
Daylilies are a monocot of great socio-economic and 
research values that thrive primarily because of its floral 
beauty and landscaping applications (Hansen, 2007; 
Rodriguez-Enriquez and Grant-Downton, 2013; Cui et al., 
2019; Li et al., 2020). They are also increasingly justified 
for medicinal usage and pharmaceutical studies (Du et 
al., 2014; Farcas et al., 2019).  Like many other crops of 
economic value, daylilies are explored for consistent in 
vitro mass multiplication for functional purposes. The 
application of in vitro micropropagation approaches is of 
a special consideration in daylilies, because the crop’s 
most economically valued aspect (floral  beauty)  requires 

faithful reproduction of the parental phenotype that 
usually guides customers’ choice. Accordingly, in vitro 
tissue culture is among the most effective approaches to 
reliably deliver customers’ expectation in a timely manner 
and in large-scale. Despite some progress (Matand et al., 
2020), daylilies remain very challenging for in vitro 
micropropagation, especially, de novo plant regeneration. 
Unfortunately, there is an incorrect perception that in vitro 
plant organogenesis is easily attainable in daylilies. This 
idea is often promoted by sporadic reports of protocols 
that are frequently inconsistent or difficult to reproduce. 
Consequently, it  has hindered efforts to improve the crop 
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Figure 1. Inflorescences on the field experiment plants. It also shows a cluster of flower buds with a display of 
bract samples.*Identifies non-sterile bract units. 

 
 
 
utilizing contemporary technologies like genetic 
transformation and/or CRSPR/Cas9 editing. Therefore, it 
is important to expand efforts broadening the studies of 
various tissues or cell types for totipotency until efficient 
and convenient reproducible protocols are available for 
broad applications across Hemerocallis species.  

This study evaluates bract cells’ totipotency. The bract 
is a genetically inherent, non-floral structure that exists in 
many plant species (Bowman and Jones, 1982; Whipple 
et al., 2010; Chuck et al., 2010; Chandler, 2014). It 
performs vital functions ranging from attracting pollinators 
to protecting inflorescences (Luke, 1968; Rose, 2016). Its 
prominence in daylilies lends it the suitability of a 
potentially reliable explant for in vitro tissue culture 
applications. The understanding of its cellular totipotency 
could also lead to developing an alternative plant 
regeneration protocol via protoplasts, considering that 
bract tissues are soft and amenable to protoplasts 
generation which would be compatible, for example, with 
CRSPR/Case 9 technology. 
 
 

MATERIALS AND METHODS  
 

Plant genotypes  
 

The cultivars that were studied included ‘Atlanta Dove Child’, ‘Dark 
Star’, ‘Water Birds’, ‘Realms of Glory’, ‘Look’, ‘Atlanta Full House’, 
‘Intricate Art’, ‘Empire State’, ‘Tail Feather’, ‘Creepy Crawlers’, 
‘Siloam Virginia Henson’, ‘Orange Slices’, ‘Coyote Moon’, ‘Rococo’, 
‘Grape Velvet’, ‘Gay Hearted’, ‘Science Stealer’, ‘Bright Banner’, and  

‘Alias’. 
 
 
Explant preparation and cultural conditions  
 
Young inflorescences were freshly collected from 19 cultivars of 
daylilies in the Langston University (Oklahoma, U.S.A) collection 
(Figure 1). These were sectioned into subunits and surface-
sterilized with 35% sodium hypochlorite solution (commercial Clorox 
bleach) for 8 min; then, rinsed with sterile distilled water three times.  
The whole bract was used as explant and cultured individually in 
test tubes, one unit per test tube containing 5 ml of culture medium. 
When needed, the tip of the bract tissue was trimmed to ensure that 
the explant fits properly in the recipient tube. It was previously 
determined that trimming tips in this manner did not affect the 
explant response.  

Overall, five test tubes with explants (five replicates) were 
randomly assigned to individual treatments. Each tube was applied 
as an experimental unit for observations. Three levels of 6-
Benzylaminopurine (BA) (0, 1, and 3 mg/l) defined treatment 
groups, while 1 mg/l thidiazuron (TDZ) and 0 mg/l growth regulator 
culture media were used as a positive and negative control 
treatments, respectively. In total, the experiment applied 5 
treatments. Treatments were used alone or in combination in the 
Murashige and Skoog (MS) nutrients medium. The MS medium 
consisted of MS salts and vitamins (Murashige and Skoog, 1962), 
20 g/l sucrose, and 4 g/l phytagel. Cultures were transferred to 
fresh media monthly. After at least 45 days of culture, responding 
explants grew bigger and were sub-cultured into Magenta 7 (GA7) 
containers with corresponding treatments. All containers were 
wrapped with parafilm and incubated at 8-h photoperiod at room 
environmental conditions. During the culture, the room temperature 
varied from 18.3 to 35.5°C, and the humidity from 21 to 55%. The 
light  sources  were  regular  fluorescent tubes (GE 10773, 60 Watt,  
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Figure 2. Bract morphogenesis showing variable callus and indirect shoot organogenesis. 

 
 
 
48 Inch, T12 Linear Fluorescent, 4100K, 60 CRI) Base, High Output 
Tube (F48T12/CW/HO/GE)). The final pH of the medium was 
adjusted to 5.8 - 6.0. The media were autoclaved at 121°C for 20 
min. All chemicals were purchased from Sigma Co. (St. Louis, MO, 
USA).     
 
 
Data observations and collections   
 
Observations and data collections were conducted daily on 
individual explants (experimental units) starting from the first week 
of culturing, for a ninety day-period. Observations included callus, 
shoot primordium, bud and shoot, and root inductions. Primordia 
and buds and shoots were counted on individual explants using a 
binocular light microscope (Stereomaster microscope, Fisher 
Scientific, U S A). However, global morphogenic responses were 
pictured using an AT&T GoPhone photo camera. For convenience, 
only morphogenic responses observed directly from original 
explants were recorded for statistical analysis. Repetitive 
organogenic responses following the splitting of responding original 
explants were not included in the analysis. Shootlets of at least 2.5 
cm long were split and transferred onto MS medium without growth 
regulators for root induction. 
 
 
Experimental design and statistical analysis  
 
The study used the randomized factorial design. Data were 
analyzed using linear models with interactions among factors. The 
analyses were performed with R and R Studio software (version 
3.6.0, 2019). The statistical package used for  analysis  of  variance 

was emmeans (Searle et al., 1980) and plotting and graphing were 
achieved with the software ggplot2 (Wickham, 2016). The statistical 
significance of differences among sample means was tested with 
the Tukey test at 5% level.  

 
 
RESULTS 
 
The present report pioneers successful shoot 
organogenesis in daylily bract tissue, demonstrating that 
it can be reliably applied as a primary explant for in vitro 
propagation. The results of callus, bud and shoot, and 
root inductions are presented in Figures 1 to 6.  
 
 
Callus and indirect shoot formation 
 
Within five days of culture, differential cell divisions were 
observed in cut wound of explants cultured. However, 
within ten days and thereafter, treated explants 
developed greater mitotic activities with significant callus 
formation than negative control explants (Figure 2). 
Overall, explants cultured on control medium without 
growth regulators did neither induce organogenesis 
(shoots or roots) nor callus and subsequently necrotized 
(Figure 2A). Callus was variably colored, friable, and 
shoot    organogenic     (Figure    2B).      Indirect     shoot  



46         Afr. J. Biotechnol. 
 
 
 

 
 

Figure 3. Direct shoot organogenesis and development. A: 21-day-old early multiple shoot bud formation at the bract 
cut base; A2: 33-day-old mid multiple shoot development, across the wounded area (A2i) or in partial wounded area 
(A2ii); A3: 45-day-old multiple shoots, ready for splitting to root; A4: 47-day-old freshly split shoots on full-strength basal 
MS medium for rooting; A5: Rooted shoots ready for greenhouse acclimatization. 

 
 
 

 
 

Figure 4. Interactive responses of shoot primordia (Primordia) to growth regulators (T0=0 mg/L TDZ, T1=1mg/L TDZ, 
BA0=0=mg/L, BAI=1 mg/L BA, and BA3=3 mg/L BA), explant and varieties; five replicates per treatment; bars are mean 
standard error; and mean differences were tested at 5% level of significance with Tukey test using R and R studio software. 
Because of the lack of response to T0 and BA0, no related data are presented in Figure 4. 

 
 
 
organogenesis occurred within at least 40 days of culture. 
Callus splitting and sub-culturing speed up multiple shoot 
formation (Figure 2C) and could potentially extend 
repetitive multiple shoot induction, indefinitely.  
 
 
Direct shoot organogenesis 
 
Induction of shoot primordia  
 
Direct shoot organogenesis occurred without callus 
intervening phase (Figure 3A1) and was more prominent 
than indirect shoot organogenesis that overall occurred 
only in less than 5% of explants cultured. Direct shoot 
formation was typically preceded by the  protuberance  of 

a group of cells that bulged in the basal wounded area of 
the bract explant. Those cellular bulges are termed shoot 
primordia that characteristically developed across (Figure 
3 A2i) or partially (Figure 3 A2ii) wound areas where buds 
and shoots subsequently formed and were an important 
indicator of the level of shoot organogenesis potential in 
individual explants. Shoot primordia were observed within 
two weeks of culture. However, not all primordia 
developed into buds and shoots, successfully. The 
amount of induced shoot primordia in individual explants 
ranged from 0 to 60 and was genotype dependent 
(Figure 4). The greatest number of shoot primordia (60) 
was induced in the cultivar ‘Bright Banner’. The average 
shoot primordia ranged from 0.6 (‘Intricate’) to 39.2 
(‘Bright  Banner’)  per  explant.  The five top cultivars with  
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Figure 5. Interactive responses of shoot buds and shoots development  to growth regulators (T0=0 mg/L TDZ, T1=1 mg/L 
TDZ, BA0=0=mg/L, BAI=1 mg/L BA, and BA3=3 mg/L BA), explant and varieties; five replicates per treatment; bars are 
mean standard error; and mean differences were tested at 5% level of significance with Tukey test using R and R studio 
software. Because of the lack of response to T0 and BA0, no related data are presented in Figure 5. 

 
 
 
greatest average shoot primordia included ‘Bright Banner’ 
(39.2), ‘Coyote Moon’ (29.8), ‘Rococo’ (27.4), ‘Scene 
Stealer’ (25.4), and ‘Siloam Virginia Henson’ (24.8).    
 
 
Bud and shoot development  
 
The success of the study was predicated on the potential 
of the cultivars to induce in vitro multiple shoots. The 
development of buds and shoots from primordia was 
apparent within three weeks of culture. Accordingly, the 
proportion of buds and shoots that successfully 
developed from individual explants is reported in Figure 
5. Although statistically variable, the study overall showed 
that all nineteen cultivars that were studied induced 
multiple adventitious shoots based on both genotypic and 
treatment differences. Developmental stages of direct 
shoot organogenesis are pictured in Figure 3. The number 
of buds and shoots formed per individual explants ranged 
from 0 to 34. The greatest amount of buds and shoots 
was observed in the cultivars ‘Bright Banner’ and 
‘Rococo’. The five top performing cultivars in buds and 
shoots development were ‘Bright Banner’ and ‘Rococo’ 
(34), ‘Water Birds’ (30), ‘Siloam Virginia Henson’ (29), 
and ‘Coyote Moon’ (27). Ipso facto, the five top cultivars 
with greatest average buds and shoots per explant were 
‘Bright Banner’ (22.2), ‘Coyote Moon’ (18.8), ‘Water Birds’ 
(17.6), ‘Realms of Glory’ (17.4), and ‘Orange Slices’ 
(16.2). Six cultivars formed at least 20 buds and shoots 
per explant in at least two treatments, while 17 out of 19 
cultivars formed at least 10 buds and shoots  per  explant  

in at least two treatments, during the study period.   
When considering the influence of growth regulator 

treatments on shoot organogenesis, TDZ was the most 
potent chemical stimulus. The greatest buds and shoots 
numbers per explant of the five top cultivars were 
influenced by TDZ treatments. Overall, 100% of the 
cultivars studied responded more effectively to TDZ than 
BA non-combination treatments. The cultivars ‘Alias’ and 
‘Creepy Crawlers’ were overall the least respondents 
across treatments. The ceiling numbers of buds and 
shoots per explant in these two cultivars were less than 
ten.      
 
 
Conversion of buds and shoots from shoot primordia  
 
The proportion of shoot primordia that developed into 
buds and shoots successfully was estimated using the 
following formula and data are presented in Figure 6.  
 
Shoot conversion rate (%) = Cultivar no. of buds and 
shoots/Cultivar no. of shoot primordia × 100  
 
The estimate of successful shoot conversion rate from 
primordia is consequential in predicting more accurately 
expected results of current cultivars, when applied under 
similar cultural conditions. The general conversion rate 
ranged from 0 to 100%. Accordingly, the five top cultivars 
with greatest average conversion rates include ‘Water 
Birds’ (93.65%), ‘Realms of Glory’ (91.59%), ‘Coyote 
Moon’ (90.12%), ‘Dark  Star’ (90.25%), and ‘Atlanta Dove  
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Figure 6. Interactive responses of shoot buds and shoots conversion rates (%) to growth regulators (T0=0 mg/L TDZ, 
T1=1mg/L TDZ, BA0=0=mg/L, BAI=1 mg/L BA, and BA3=3 mg/L BA), explant and varieties; five replicates per treatment; 
bars are mean standard error; and mean differences were tested at 5% level of significance with Tukey test using R and R 
studio software. Because of the lack of response to T0 and BA0, no related data are presented in Figure 6. 

 
 
 
Child’. The general response for shoot conversion across 
cultivars was significantly effective. At least 11 cultivars 
maxed out the shoot conversion rate in at least three 
treatments. To highlight the effectiveness of this protocol, 
each studied cultivar converted buds and shoots form 
primordia at the minimal rate of 70% in at least three 
treatments. Based on individual non-combination 
treatments, the perfect conversion rate was recorded in 
response to the treatments 1 mg/l TDZ, 1 mg/l BA, and 3 
mg/l BA in at least 8, 10, and 9 cultivars, respectively. 
Similarly, the perfect conversion rate was also observed 
in 9 and 8 cultivars in response to 1 mg/l TDZ and BA, 
and 1 mg/l TDZ and 3 mg/l BA combination treatments, 
respectively.   
 
 
Root formation and hardening  
 
Separating shootlets that have reached at least 2.5 cm 
long from the clump (Figures 2C3/3A3 and 3A4) and 
culturing it on a full-strength MS medium without growth 
regulators was successful in inducing roots, under the 
same cultural conditions. More than 95% of shootlets 
formed roots (Figure 3A5). Lids of the receptacles 
containing rooted shoots were removed to acclimate the 
plantlets to the ambient pressure and other environmental 
conditions, for three days prior to moving it to potted  soil, 

Berger Germinating Mix, BM2 (www.berger.ca), in the 
greenhouse. All plants grew healthy and normally.      
 
 
DISCUSSION 
 
This study has successfully pioneered the application of 
bract as the main explant for micropropagation of 
daylilies, for all functional purposes. Because callus and 
shoot formation occurred only at the base cut of the 
explant, it underpins the concept that stressful wounding 
releases chemical signals among which are those that 
induce morphogenesis (Ikeuchi et al., 2013; Chen et al., 
2016; Fehér, 2016). Similar observation has previously 
been reported in globe artichoke bract tissue culture 
during which shoot organogenesis occurred in the lower 
region of the bract explants (Ordas et al., 1990). Despite 
that callus and/or organs may occur naturally in plants or 
tissue culture without exogenous growth regulators (Chen 
et al., 2016; Ikeuchi et al., 2019; Zhang et al., 2019), the 
addition of plant hormones was essential for obtaining 
positive responses in this study, because the lack of it in 
the negative control explants’ nutrients medium resulted 
in necrosis without morphogenesis.  

It is clearer that either direct or indirect shoot 
organogenesis can result from applying daylily bract 
tissue  in  in  vitro  culture. Remarkably, despite variations  

https://www.nature.com/articles/s41477-019-0408-x#auth-1


 
 
 
 
shoot organogenesis occurred across genotypes and 
was more effective in response to TDZ treatments. This 
establishes the bract as a reliable explant for daylily in 
vitro propagation. The application of TDZ in previous 
tissue culture studies has often resulted in very effective 
responses across plant species and superior 
performances over different other growth regulators 
(Huang et al., 2020; Chen et al., 2020). Because of the 
differential level of difficulty to micro-propagate plant 
species, there is an exhaustive effort to explore a 
spectrum of plant tissues, including the bract, for their 
totipotency potential. Accordingly, the bract tissue has 
been explored in different plant species for its capacity to 
induce in vitro mass adventitious plants. Although 
previous results varied, ranging from mere protoplast in 
banana (Matsumoto et al., 1988) and callus in gladiolus 
(Bajaj et al., 1983) development to complete organismal 
development in banana and globe artichoke (Smitha et 
al., 2017; Comino et al., 2019), the interest in bract tissue 
culture is growing. The present results are encouraging 
and show similarities to standard explants that are 
commonly applied in tissue culture. For example, the use 
of bract tissue has led to plant development via both 
direct and indirect shoot organogenesis in different plant 
species (Ordas et al., 1990; Ninghui et al., 2001; Comino 
et al., 2019). Other studies have shown that plants can 
be produced in bract tissue culture via somatic 
embryogenesis (Divakaran and Nair, 2011; Smitha et al., 
2017). Considering that this investigation tested a larger 
number of genotypes, the results are therefore more 
extensive. Thus, the contribution of individual explants 
was better estimated to enable efficient activity planning 
and predicting of expected results for cost-efficiency, 
when current genotypes are applied under similar 
conditions.  
 
 
Conclusion 
 

The present study has established, for the first time, that 
daylily bract tissue can be reliably and effectively applied 
as the principal explant for daylily micropropagation. 
Considering the extent and diversity of the samples and 
across the board shoot organogenic success under 
unrestricted lab environmental conditions, it is anticipated 
that this protocol will be reproducible more convincingly in 
broad environmental conditions. 
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Common bean anthracnose caused by Colletotrichum lindemuthianum is one of the major biotic 
constraints to production of French beans (Phaseolus vulgaris L.) in Kenya. This study aimed at 
screening French bean genotypes in relation to their response to common bean anthracnose in order to 
identify potential sources of germplasm for breeding. The genotypes were tested in three sites 
(Kakamega, Mwea and Kutus) where results revealed a significant genotype by environment interaction 
effect (p ≤ 0.05) which emphasizes the strong influence of the growing conditions on the expression of 
host resistance. Physiological characterization identified a total of 14 distinct races out of 16 
successfully plated isolates, revealing a very high diversity of C. lindemuthianum in Kenya. Six races 
have not been reported in previous studies in the country and are considered as new races, that is, 
races 84, 141, 246, 515, 576 and 768. Andean race 401 was the most virulent race with a virulence index 
of 67% among the genotypes. Molecular analysis using six sequence characterized amplified region 
(SCAR) markers revealed polymorphism among the genotypes. The SCAR markers SBB-14, SH-18 and 
SAB-03 have shown to be useful for marker assisted selection (MAS) of the target resistance genes. 
This study has also identified locally improved breeding lines as potential donors for resistance 
breeding to C. lindemuthianum in Kenya. 
 
Key words: Anthracnose, sequence characterized amplified region (SCAR), marker assisted selection (MAS). 

 
 
INTRODUCTION 
 
French bean (also referred to as the snap or green bean) 
is valued for its production of tender, thin pods containing 
small seeds (Singh et al., 2015). It is a type of common 
bean (Phaseolus vulgaris L.), a crop  grown  widely  as  a 

source of protein (Broughton et al., 2003; Blair et al., 
2007). The immature legumes have pods that are very 
tender and thin, with small seeds, features that make 
them to be considered as vegetables (Allaire  and  Brady,  
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2010). French bean is valued for its protein (23%); the 
pods are also rich in calcium (Ca), phosphorous (P) and 
iron (Fe). They are packed with dietary fiber which 
contains high levels of vitamin A, a strong antioxidant that 
fights against high cholesterol, heart disease and cancer. 
They also contain vitamin B6 (pyridoxine), thiamin 
(vitamin B-1), and vitamin C (Anderson et al., 2009). 
Locally in Kenya the green leaves are also used as 
vegetables (Mwaninki, 2017).  

Anthracnose caused by the Ascomycete Colletotrichum 
lindemuthianum (Sacc. & Magn.) Scrib is among the main 
diseases of the common bean (Phaseolus vulgaris L.) in 
Kenya (Balardin et al., 1997). The seed-borne pathogen 
is a major production constraint affecting common beans 
worldwide, especially in areas that experience high 
relative humidity and moderate temperatures (Singh and 
Schwartz, 2010; Conner et al., 2019). Severe infections 
of anthracnose in common bean can lead to almost 
complete crop loss because the pathogen produces 
masses of conidia that are capable of being easily 
disseminated to healthy tissues (Fernández et al., 2000; 
Sharma et al., 2008; Padder et al., 2017). Successful 
dissemination of the spores to the pods produces lesions 
that reduce the marketable yield of French beans (Singh 
et al., 2015). From the pods, the inoculum that is 
deposited on the seed acts as a main source of inoculum 
in the subsequent crop (Melotto and Kelly, 2000). 

Management of the pathogen can be achieved through 
clean seed programs although this is not a viable option 
for many farmers in Africa because they lack well 
organized dry bean seed production systems (Ferreira et 
al., 2013). The French bean seed systems are well 
organized resulting in low incidences of anthracnose 
transmission through seed, although inoculum 
transmission from neighboring dry bean farms is likely to 
occur in susceptible cultivars. In this regard, majority of 
farmers in Kenya mainly rely on fungicides to reduce 
production and post-harvest losses to this disease 
(Wahome et al., 2011).  The continued use of chemicals 
leads to emergence of disease resistant pathogen races, 
increased production costs and negative effect on the 
environment and human health (Burkett-Cadena et al., 
2008).  Several other control measures have been 
applied including cultural methods such as crop rotation, 
intercropping, elimination of plant debris, adjustment of 
planting dates, use of compost, and blending 
heterogeneous cultivars which have shown to reduce 
disease severity (Deeksha et al., 2009). However, these 
management practices come with several challenges and 
therefore,  the  use  of  host  plant  resistance  is the most 
economical and environmentally  sustainable  method  for 

 

 
 
 
 
controlling anthracnose of beans.  

The successful development of anthracnose resistant 
cultivars depends on the understanding of the levels of 
variability in the pathogen and in the host.  Populations of 
C. lindemuthianum comprise a collection of races, as 
recognized by their interaction with known major genes 
for host resistance (Batureine, 2009). A set of twelve 
differential varieties have been established as a means of 
characterizing the race structure of any given population 
of C. lindemuthianum; some of these races have arisen in 
the host’s Andean gene pool, and others in the 
Mesoamerican gene pool  (Melotto and Kelly, 2000; 
Gonçalves-Vidigal et al., 2009). Currently, nearly 250 
races have been identified, 74 of which have been 
recorded in Kenya (Mogita et al., 2011a; Musyimi, 2014; 
De Lima et al., 2017). The dynamic race structure of C. 
lindemuthianum populations has implications for the 
deployment of resistance genes, particularly in Africa 
where the majority of farmers are unable to purchase 
pathogen-free seeds or fungicides (Otsyula et al., 2004; 
Mogita et al., 2011b). 

Anthracnose resistance in common bean is governed 
by monogenic independent genes that are identified by 
the Co symbol (Kelly and Vallejo, 2004), although 
quantitative resistance loci (QRL) has also been reported 
(Oblessuc et al., 2014; González et al., 2015). Seventeen 
numbered genes (Co-1 to Co-17) and other unnumbered 
genes (Co-u, Co-w, Co-x, Co-y, Co-z, CoPv02c

3-X
, 

CoPv02c
7-X

, CoPv02c
19-X

, CoPv0c
2449-X

 and CoPv09c
453-

C
) have been mapped in common bean (Geffroy et al., 

2008; Lacanallo et al., 2010; Ferreira et al., 2013; Campa 

et al., 2014; Coimbra‐Gonçalves et al., 2016; Zuiderveen 
et al., 2016). The resistance in all the loci is dominant 
except for the recessive co-8 gene. Furthermore, co-
localization of the anthracnose resistance gene and 
genes for angular leaf spot and rust resistance have been 
reported offering additional resistance to other pathogens 
(Gonçalves-Vidigal et al., 2011; Sousa et al., 2015; 
Valentini et al., 2017). 

The mapping of the Co genes has majorly been 
achieved using molecular markers which offer an 
opportunity for marker-assisted selection (MAS) to 
enhance anthracnose resistance in common bean. A 
number of sequence characterized amplified 
polymorphism (SCAR) markers, random amplified 
polymorphic DNA (RAPD) markers and single nucleotide 
polymorphism (SNP) markers that are tightly linked to 
anthracnose resistance genes have been reported 
(Young   and   Kelly,   1997;   Alzate-Marin   et  al.,  2000; 

Melotto and Kelly, 2000; Garzón et al., 2008; Vallejo 
and Kelly, 2009). These markers offer  new  opportunities  
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for the identification of genes for resistance and have 
been used successfully in common bean breeding 
programs (Miklas et al., 2003; Ragagnin et al., 2003; 
Njuguna, 2014). This study was therefore undertaken to 
determine the response of Kenyan French bean 
germplasm to C. lindemuthianum under natural 
environment, to determine their resistance to local races 
and analyze these entries for their banding patterns to 
molecular markers that are linked to specific anthracnose 
resistance genes. This information is important to unlock 
opportunities for the development of French bean 
cultivars with complex resistance through MAS. 
 
 
MATERIALS AND METHODS 

 
Plant material 

 
The germplasm panel was made up of 33 entries comprising 16 
commercial French bean genotypes commonly grown in Kenya, 3 
local breeding lines, 2 landraces and the 12 standard differential 
cultivars for C. lindemuthianum. The French bean seed was 
sourced from various seed companies, research organizations and 
the National Gene bank of Kenya; while the seeds for the 
differential cultivars were sourced from the International Center for 
Tropical Agriculture (CIAT-Uganda). The differential cultivars were 
used as checks in the study because their gene pools and 
resistance genes have been documented (Kelly and Vallejo, 2004; 
Ferreira et al., 2013). 

 
 
Field screening experimental sites 

 
The plant materials were planted at three sites (Mwea, Kutus and 
Kakamega) in Kenya, chosen to provide a contrasting set of 
environments. Mwea and Kutus represent French bean growing 
zones in Kenya, while Kakamega represented a bean disease hot 
spot site based on previous studies in Kenya (Mogita et al., 2011b; 
Arunga et al., 2012; Kimno et al., 2016). The three sites experience 
a bimodal pattern of rainfall: the long rains season from March to 
June and the short rains season from September to December. The 
Kakamega site, located at the Non-Ruminant Research Institute 
(34°46´E, 0°16´N, elevation of 1555 meters above sea level), 
receives an annual rainfall of 1950 mm per year while the local 
mean temperature is 21°C.  The experiments in Mwea were set up 
at the Kenya Agricultural and Livestock Research Organization 
(KALRO) Center in Mwea (37°20´E, 0°37´S; elevation of 1159 
meters above sea level), with a total annual mean rainfall of about 
850 mm and a mean air temperature of 22°C. The experiments in 
Mwea and Kakamega were set up during the long and short rain 
seasons in 2017. During the short season, the disease incidence in 
Mwea was extremely low and therefore, another site (Kutus), 
representing another French bean growing zone was included 
during the long rains of 2018.  Kutus and Mwea sites are found in 
Kirinyaga County, a major French bean production region in Kenya. 
The Kutus site (35°37’E, 0°01´S; elevation of 1287 meters above 
sea level) climate is classified as tropical. The average annual 
temperature   is   21°C and  receives   1095 mm rainfall  annually. 
 
 

Experimental layout and data analysis 

 
The experiments were set out using a  randomized  complete  block 
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design, with three replicates included in each environment. Each 
entry was represented by a 4.8 m long single row at a spacing of 45 
cm between rows and 15 cm between plants. The dry bean cultivar 
GLP 585 was used as a guard row. Disease severity was assessed 
on a whole plot basis, and was quantified using the 1-9 CIAT scale 
as described  by Pastor-Corrales et al., (1998), in which a score of 
1-3 is taken to indicate a high level of resistance, 4-6 a moderate 
level of resistance and 7-9 susceptibility (Table 1). A disease 
severity index (DSI) was calculated as follows: (n1 + 2*n2 + 3*n3 +4 
*n4 + 5*n5 + 6*n6 + 7*n7 + 8*n8 + 9*n9)/N, where 1 through 9 
represent the disease score of individual plants and n1 through n9, 
the number of plants exhibiting a specific severity score (Ombiri et 
al., 2002). N represents the total number of plants examined per 
entry. The disease severity index (DSI) data collected from the field 
was subjected to analysis of variance (ANOVA) using routines 
implemented in SAS 9.4 software for Windows (Version 9.4. Cary, 
NC: SAS Institute Inc; 2014), considering four environments 
(Kakamega season 1, Kakamega season 2, Mwea and Kutus) and 
34 entries as fixed factors. Means were compared using the 
Tukey’s honestly significant difference metric at a confidence level 
of 95%.  
 
 
Physiological characterization of C. lindemuthianum 
 
A total of 16 diseased leaf samples with signs of attack, that is, 
lower leaf surface with brick red to purplish red discoloration on the 
leaves and dark brown eyespots on the pods (Figure 1a) were 
collected from the four contrasting enviroments. Furthermore, 
purposeful sampling was employed to collect eight more samples 
from farmers’ fields around the study sites making a total collection 
of 16 samples. These samples were transferred to University of 
Embu Research Laboratory for isolation as described by Pastor- 
Corrales et al.  (1998).  

Isolates of C. lindemuthianum collected from the field were 
cultured on Potato Dextrose Agar (PDA) media (Figure 1b). For 
single spore isolation, successful colonies were plated on tap water 
agar (TWA) for 3 days and single hyphae picked under a stereo 
microscope and cultured on new PDA media. Colonies that failed to 
sporulate on PDA were cultured on V8 media to enhance 
sporulation. Incubation was done for 21 days at 22°C in alternating 
12 h of light and darkness. Inoculum was prepared from 21 days 
old monospore cultures by adding 5 ml of distilled water on the 
surface of the culture and scrapped gently with a brush. Thereafter, 
the spore suspension was sieved using a cheese cloth and the 
inoculum was adjusted to a concentration of 1.2 x 106 spores/ml 
using a hemocytometer (Mahuku et al., 2002). 

For race identification, screening of differential cultivars was 
carried out in a screen house. For each of the isolate, 12 differential 
cultivars were sown in seedling trays of five seedlings per row in 
three replicates. The growing media was made up of loam soil, 
manure and sand in the ratio of 2:1:1, respectively. Fourteen days 
after sowing, plants were inoculated with monosporic cultures of C. 
lindemuthianum. Using a small sprayer, the spores were sprayed 
on the stem and leaves of the plants until runoff. After inoculation, 
the plants were incubated and maintained in a moist chamber (20–
22˚C, 95% relative humidity) for three days, and thereafter, 
maintained at 20-28˚C for 7 days. After this period, the disease 
symptoms were scored visually for anthracnose severity index on 
the leaves using a CIAT scale of 1-9 (Pastor-Corrales et al., 1998).  
Identification of the races was based on  the  susceptibility  of  each 
differential cultivar to the isolates of the pathogen using a binary 
nomenclature as described by Pastor-Corrales (1991). In summary, 
each differential cultivar has an assigned number (2n), where n 
corresponds to the order number of the cultivar within the 12 
standard  bean  differential  series  (Table  2). The race designation 
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Table 1. The CIAT disease evaluation scale (1-9) for assessing severity of C. lindemuthianum. 

 

Reaction rating Category Description 

1 Resistant No visible symptom 

2 Resistant 1% of the leaf veins affected, visible only on the lower leaf surface 

3 Resistant 3% of the leaf veins affected, visible only on the lower leaf surface 

4 Moderately resistant 1% of the leaf veins affected, visible on both surfaces of the leaves 

5 Moderately resistant 3% of the leaf veins affected, visible on both surfaces of the leaves 

6 Moderately resistant 
Leaf veins affected, visible on both leaf surfaces, and the presence of some lesions 
on stems, branches, and petioles 

7 Susceptible 
Necrotic spots on most of the leaf veins and in a large part of the adjacent mesophyll 
tissue, which ruptures, as well as the presence of abundant lesions on the stem, 
branches, and petioles 

8 Susceptible 
Necrotic spots on almost all the leaf veins and very abundant on stems, branches, 
and petioles, leading to ruptures, leaf shedding, and reduction of plant growth 

9 Susceptible Most of the plant is dead 

 
 
 

 
 

Figure 1.  Field infected pods (A) and Isolates plated on PDA media (B). 

 
 
 
was obtained as the sum of all binary numbers of cultivars with 
susceptible reactions.  

 
 
Screening French bean accessions for resistance to different 
races of C. lindemuthianum 

 
Identified races in the differential cultivars were re-isolated to obtain  
monosporic cultures by  plating  the  samples  on  TWA  and  single  
hyphae obtained under microscope. Each single hyphae was plated 
on   PDA  and  V8  media  for  sporulation  for  21  days  at  22°C  in 

alternating 12 h of light and darkness.  In order to screen the 
French bean genotypes, a modified detached leaf technique was 
used as described by Tu (1986). The detached leaf technique was 
earlier used to confirm the races of the collected samples and 
results obtained were similar to the analysis based on whole plants 
and therefore the method was suitable for screening the French 
bean accessions. The modified detached leaf technique involved 
inoculating detached leaves in clean Petri dishes in the laboratory. 
The procedure started with preparing clean plastic Petri dishes by 
lining them with a thin layer of cotton that was moistened with sterile 
water. In the evening hours (cool weather), young trifoliate leaves 
were carefully excised from three weeks old  seedlings  by  pinching 

 
A                                                                                                         B 
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Table 2. List of twelve anthracnose differential cultivars and their characteristics. 
 

S/N Differential cultivar Resistant gene (s) Binary no. Gene pool Growth habit
a
 

1 Michelite Co-11 1 Middle American II 

2 MDRK Co-1 2 Andean I 

3 Perry Marrow Co-1
3
 4 Andean II 

4 Cornell 49-242 Co-2 8 Middle American II 

5 Widusa Co-1
5
, Co-3

3
 16 Andean I 

6 Kaboon Co-1
2
 32 Andean II 

7 Mexico 222 Co-3 64 Middle American I 

8 PI 207262 Co-4
3
, Co-3

3
 128 Middle American III 

9 TO Co-4 256 Middle American I 

10 TU Co-5 512 Middle American III 

11 AB 136 Co-6, co-8 1024 Middle American IV 

12 G2333 Co-3
5, 

Co-4
2
, Co-5

2
 2048 Middle American IV 

 

Growth habit
a
: I = Determinate; II = Indeterminate bush; III = Indeterminate bush with weak main stem and prostrate branches; IV 

= Indeterminate climbing habit. 

 
 
 
with a finger at the petiole. They were then placed in triplicates in 
Petri dishes with the lower sides of the leaves facing up. The 
monosporic spore suspension was sieved using a cheese cloth, 
and the inoculum was adjusted to a concentration of 1.2 x 106 

spores/ml using a hemocytometer for each race. The inoculum was 
sprayed gently onto the leaves using a hand sprayer. The Petri 
dishes were then placed on the research laboratory tables 
(University of Embu) at room temperature (25 ± 2°C) for 10 days. 
The leaves were moistened daily using sterile water to prevent the 
leaves from wilting. The leaves were assessed on the 10th day post-
inoculation for anthracnose severity by scoring the pathogen 
reaction from three trifoliate leaves (Figure 2) on a scale of 1-9 
(Pastor-Corrales et al., 1998).  

 
 
Molecular analysis of French bean genotypes using SCAR 
markers 
 
Seeds of the French bean accessions and the differential cultivars 
were sown in plastic pots in a greenhouse maintained at 25 ± 5°C 
at the University of Embu, Kenya. The growth media comprised of 
loam soil, manure and sand in the ratio of 2:1:1, respectively. Each 
pot was supplied with Diammonium Phosphate (DAP) fertilizer. The 
pots were watered daily to field capacity.  For DNA extraction, 
three-week old young leaves for each French bean genotype and 
differential cultivars were collected. DNA was extracted according to 
Mahuku and Riascos (2004). The DNA samples were then 
amplified using six SCAR markers that are linked to anthracnose 
genes that have some levels of resistance in Kenya (Table 3). A 
total PCR reaction volume of 10 μl was used composing of 5 ηg/ul 
DNA, 20uM of each specific reverse and forward primer, 5x Bioline 
MyTaq Reaction buffer (5 mM dNTPs, 15 mM, MgCl2, stabilizers 
and enhancers), 1.2 units of Taq DNA Polymerase (Bioline) made 
up to the volume using molecular grade water. PCR reactions were 
performed using the following regime: an initial hybridization step at 
95°C for 1 min; followed by 35 cycles of denaturation step at 95°C 
for 30 s, annealing step ranging from 60-65°C for 1 min (Table 5), a 
third extension step at 72°C for 2 min, followed by a final extension 
at 72°C for 5 min. After amplification, a volume of 2 µl of 6x DNA 
loading  dye  (New  England  Biolabs-NEB)   was   added   to   each 

amplicons and resolved on 1.2% agarose gel containing ethidium 
bromide, run in 1x Sodium borate buffer at 100 volts for 2 h. The 
DNA bands were viewed under ultraviolet light and analyzed as 
binary data by recording 1 and 0 for presence and absence of the 
marker, respectively. 

 
 
RESULTS AND DISCUSSION 
 
Reaction of French beans and differential cultivars to 
anthracnose under field conditions 
 
According to the ANOVA, there were significant 
differences (p≤0.05) in the severity of anthracnose 
infection both among the genotypes and environments. 
The significant genotype by environment interaction 
effect emphasizes the strong influence of the growing 
conditions on the expression of host resistance which is 
agreement with work conducted by Kiptoo et al. (2020). 
The highest mean DSIs were experienced at Kakamega 
(long rains season: 4.0, short rains seasons: 2.64), with a 
lower disease pressure experienced at Mwea (1.71) and 
Kutus (1.64). In the Kakamega long rains season 
experiment, 10 of the 17 French bean genotypes 
revealed moderate resistance (mean DSI 4-6) while 4 
were completely susceptible (7-9). Only 3 genotypes 
showed resistance (1-3) (Table 4). The entries which 
showed consistency with respect to resistance were the 
landrace GBK032921, three breeding lines (T19, MU#2 
and MU#13) and two commercial French bean cultivars 
(Julia and Monel). Among the differential cultivars, Perry 
Marrow (Co-1

3
), Kaboon (Co-1

2
), Widusa (Co-1

5
, Co-3

3
), 

TU (Co-5), AB136 (Co-6, co-8) and G2333 (Co-4
2
, Co-5

2
, 

Co-3
5
) showed the most consistent level of resistance 

across   the   four   environments.    Differentials    of   the



  

 

56         Afr. J. Biotechnol. 
 
 
 

 
 

Figure 2. Detached leaf technique  A=infected leaves of a susceptible sample B=un-infected leaf sample from a resistant sample. 

 
 
 
Table 3. List of SCAR markers linked to anthracnose resistance genes in common bean that were used in the study. 
 

SCAR 

marker
a
 

Locus 
Size 

(bp) 

Parental 
control 

genotype 

Chromosome 
Distance 

(cM) 

Tm 

(°C)
b
 

Sequence 

SY20 Co-4 830 TO Pv08 0.0 65 
F:AGCCGTGGAAGGTTGTCAT 

R:CCGTGGAAACAACACACAAT 

SH-18 Co-4
2
 1150 G2333 Pv08 4.2 65 

F:CCAGAAGGAGCTGATAGTACTCCACAAC 

R:GGTAGGCACACTGATGAATCTCATGTTGGG 

SAS-13 Co-4
2
 900 G2333 Pv08 0.4 65 

F:CACGCACCGAATAAGCCACCAACA 

R:CACGGACCGAGGATACAGTGAAAG 

SBB-14 Co-4
2
 

1050/ 

1150 
G2333 Pv08 5.9 65 

F:GTGGGACCTGTTCAAGAATAA TAC 

R:TGGCGCACACCATCAAAA AAGGTT 

SAB-03 Co-5 450 TU Pv07 5.9 65 
F:TGGCGCACACATAAGTTCTCA CGG 

R:TGGCGCACACCATCAAAA AAGGTT 

SZ-20 Co-6 845 AB136 Pv08 7.1 60 
F:ACCCCTCATGCAGGTTTTTA 

R:CATAATCCATTCATGCTC ACC 
 
a
Source: Bean Improvement Cooperative; 

b
 Annealing temperature based on Laboratory troubleshooting at University of Embu 

 
 
 
Mesoamerican gene pool exhibited high anthracnose 
resistance compared to those of the Andean gene pool. 
Similar results have been observed for other common 
bean pathogens in Kenya and East Africa (Kimno et al., 
2016; Chilagane, 2017). The resistance exhibited across 
the different environments by differential cultivars 
Widusa, AB136 and G2333 is likely to reflect their 
harbouring of several Co genes, since their  resistance  is 

effective against multiple races of the pathogen (Alzate-
Marin et al., 1997; Gonçalves-Vidigal et al., 1997; Young 
et al., 1998; Alzate-Marin et al., 2000; Vallejo and Kelly, 
2009; De Lima et al., 2017). It is therefore important to 
consider gene pyramiding in resistance breeding against 
anthracnose. 

The French bean varieties currently grown in Kenya 
expressed little resistance to anthracnose.  Nevertheless,  

 

 

 

 

 

 

 

 

 

 

                  A                                                  B 
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Table 4. Response of French bean genotypes to C. lindemuthianum grown under field conditions in four environments. 
 

S/N Genotypes 
Kakamega Kakamega Mwea Kutus 

Long rains Short rains Long rains Short rains 

1 Amy 5.0
a-c

 2.0
b-d

 2.0
a
 2.0

ab
 

2 Belcampo 5.3
a-c

 2.0
b-d

 1.0
a
 2.0

ab
 

3 Blazer 5.7
a-c

 2.0
b-d

 1.0
a
 4.0

a
 

4 Boston 4.3
a-c

 2.7
b-d

 3.0
a
 3.0

ab
 

5 Edge 7.0
ab

 3.7
a-d

 1.7
a
 3.0

ab
 

6 Enclave 7.0
ab

 3.7
a-d

 1.7
a
 3.3

ab
 

7 Fanaka 5.0
a-c

 2.7
b-d

 1.0
a
 2.3

ab
 

8 Goal 3.0
a-c

 2.3
b-d

 1.7
a
 2.3

ab
 

9 Hawaii 4.0
a-c

 2.0
b-d

 1.7
a
 2.0

ab
 

10 Julia 2.7
a-c

 1.5
d
 1.0

a
 2.0

ab
 

11 Konza 4.5
a-c

 2.0
b-d

 1.0
a
 2.0

ab
 

12 Lomami 6.7
ab

 3.0
b-d

 1.5
a
 1.5

ab
 

13 Monel 1.7
bc

 2.0
b-d

 1.3
a
 2.3

ab
 

14 Source 3.7
a-c

 2.0
b-d

 1.0
a
 2.7

ab
 

15 Tahoe 7.0
a
 2.4

a
 1.0

a
 2.3

ab
 

16 Venda 4.3
a-c

 3.5
a
 2.0

a
 - 

17 GBK 032921 2.3
bc

 1.3
d
 1.0

a
 2.0

a
 

18 GBK 032952 2.7
a-c

 5.0
a-c

 1.5
a
 2.0

a
 

19 T19 3.3
a-c

 2.0
b-d

 1.0
a
 3.0

ab
 

20 MU#03 2.0
bc

 3.0
b-d

 1.5
a
 2.0

a
 

21 MU#13 2.7
a-c

 1.7
cd

 1.0
a
 1.7

a
 

22 Michelite 2.0
b-d

 2.0
a
 1.7

a
 2.0

b-d
 

23 MDRK 3.3b
cd

 2.5
a
 2.0

a
 3.3b

cd
 

24 Perry Marrow 1.3
d
 - 1.7

a
 1.3

d
 

25 Cornell 49-242  7.0
a
 2.7

a
 2.3

a
 7.0

a
 

26 Widusa 1.3
d
 2.0

a
 2.0

a
 1.3

d
 

27 Kaboon 2.0
b-d

 1.0
a
 1.7

a
 2.0

b-d
 

28 Mex 222 3.3
b-d

 3.5
a
 3.3

a
 3.3

b-d
 

29 PI 207262 5.3
ab

 1.5
a
 1.7

a
 5.3

ab
 

30 TO 5.3
ab

 2.3
a
 2.0

a
 5.3

ab
 

31 TU 1.0
d
 - 2.0

a
 1.0

d
 

32 AB136 1.3
d
 1.0

a
 1.5

a
 1.3

d
 

33 G2333 1.0
d
 1.0

a
 1.0

a
 1.0

d
 

 Means 4.0
a
 2.7

b
 1.8

c
 1.6

c
 

 P value <.0001 <.0001 0.0425 0.7798 
 

Means sharing the same letter are not different at P ≤ 0.05 according to Tukey’s test. S/N 1-16 = commercial French beans, 
17-18 = landraces, 19-21 =breeding lines & 22-33 = differential cultivars. (-) = missing data due to confounding effects of other 
diseases. 

 
 
 
the resistance expressed by some commercial cultivars, 
landraces and local breeding materials could be exploited 
as a basis for breeding French beans because, in French 
beans, yield is a complex trait brought about by additional 
pod quality traits (Singh et al., 2015). Furthermore, the 
differential cultivar Widusa, which is also a French bean 
from Europe (Drijfhout and Davis, 1989), can be exploited 

as a resistant donor in Kenya. Widusa is classified as an 
Andean differential cultivar but pedigree evidence 
suggests that it could be of Mesoamerican origin 
(Gonçalves-Vidigal and Kelly, 2006), supporting the 
importance of Mesoamerican genes in anthracnose 
resistance in Kenya. Further, ANOVA depicted significant 
environment main effect  and  a  significant  genotype  by
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Table 5. Characterization of C. lindemuthianum isolates using the differential cultivars used to identify races. 
 

Isolate 
Differential Cultivars

a
  

1 2 3 4 5 6 7 8 9 10 11 12 Race 

K1
b
 S

c
 R

d
 R R R R S R R R R R 65 

K2 R S R R R R R R S S R R 768 

K3 S R S S S R R S S R R R 141 

K4 S R R R R R S R R R R R 65 

K5 R R R R R R R R R R R R 0 

K7 R R R R R R R R S R R R 256 

E1 R R S R S R S R R R R R 84 

E2 R S R R R R R R R R R R 2 

E3 R R R R R R S R R S R R 576 

Kt1 S S R R R R R R R S R R 515 

Kt2 S R R R S R R S S R R R 401 

Kt3 S R R S R R S R R R R R 73 

Kt4 R S S R R S R R R R R R 38 

M2 S R R R S R S R R R R R 81 

M3 S R R R R R S R R R R R 65 

M4 S S S R S S R R R R R R 55 
 
a
Differential cultivars: 1-Michelite, 2-MDRK, 3-Perrymarrow, 4-Cornel 49-242, 5-Widusa, 6-Kaboon, 7-Mex 222, 8-PI 207262, 9-TO, 10-

TU, 11-AB136, 12-G2333. 
b
Collected from: K-Kakamega, E-Embu, Kt-Kutus, M-Mwea. 

c
S- Susceptible scale 4-9. 

d
R-resistant scale 1-3. 

 
 
 
environment interaction effect which emphasizes the 
strong influence of the growing conditions on the 
expression of host resistance. This is likely driven by the 
effect of the environment on the growth and dispersal of 
the pathogen.  The high DSIs observed at the Kakamega 
site during the long rains season probably reflect the 
prevalence of warm, humid conditions coupled with high 
rainfall during the growing season. The ideal conditions 
for the growth of the C. lindemuthianum pathogen are an 
air temperature range of 13-26°C, the availability of 
abundant moisture and frequent rainfall which 
encourages the dispersion of conidia (Schwartz et al., 
2005; Sharma et al., 2008). In contrast, Mwea and Kutus 
sites experience a much lower rainfall and are generally 
less humid, conditions which are less favourable for the 
development of anthracnose. These results therefore 
support the studies by Kimno et al. (2016) who 
recommended Kakamega as a hotspot for screening 
common bean diseases. 
 
 
Physiological characterization of C. lindemuthianum  
 
Evaluation using specific races was considered important 
in this study given the confounding effects brought about 
by other pathogens as observed in the field. Race 
characterization   will   also help one to understand the 
composition of races in the country to  assist  in  breeding  

for resistance since anthracnose exhibits a 
vertical/qualitative form of resistance (Miklas et al., 2006). 
The current study identified 14 distinct races from 16 
successfully plated isolates revealing a high level of 
diversity of C. lindemuthianum out of which 43% were 
considered new races in Kenya (Table 5). Similar results 
have been identified in the neighboring country, Tanzania 
where 96% of the 42 races were considered new 
obtained from 50 isolates (Mpeguzi et al., 2020). 
Previous studies conducted in Kenya by Musyimi (2014) 
identified 12 races most of them being different from the 
races that were obtained in the other studies too. Race 
65 may be considered as widespread as it was identified 
in Kakamega and Mwea. Races 65 and 73 have also 
been documented to be prevalent in Brazil (Vieira et al., 
2018). Furthermore, race zero (0) was also identified in 
the present study as it could not infect any of the twelve 
anthracnose differential cultivars as previously reported in 
Kenya (Mogita et al., 2011b) and Uganda (Nkalubo, 
2006).   

There is a need therefore, to review the current set of 
differential cultivars to include a susceptible cultivar in the 
differential set that can distinguish this race especially in 
Eastern Africa which is considered to be a secondary 
center of diversity for common beans (Allen and Edje, 
1990; Wortmann, 1998; Sperling, 2001).  

The race composition in the current study was 
predominantly Andean (70%). This could be probably due 



  

 

 
 
 
 
to a large number of French bean genotype used in the 
study that have been reported to be largely of the Andean 
origin (Arunga et al., 2015, Arunga and Odikara, 2020). In 
addition, the common bean composition in the country 
has been reported to be of Andean origin as well (Asfaw 
et al., 2009). This supports the work  carried   out   by  
Baradin  and  Kelly   (1998) where they discovered that 
races isolated from Andean cultivars have a broader 
virulence on germplasm of the Andean gene pool and a 
reduced virulence on Mesoamerican varieties, which 
suggests a co-evolution between the pathogen and the 
host. Among the differential cultivars, the most affected 
cultivar was Michelite having been overcome by seven 
(7) of the 14 isolates with cultivars AB136 and G2333 
being the most resistant as they were not affected by any  
of the isolates. The susceptibility observed in cultivar 
Michelite has also been reported to be situated on the 
lower tire of the differential cultivars as a susceptible 
check that also succumbed to seven isolates. Similar to 
field results, high resistance was observed in the 
Mesoamerican genotypes as compared to the Andean 
genotypes with the exemption of the cultivar Kaboon (Co-
1). Race characterization revealed that cultivar MDRK 
succumbed to five races including race 768, first to be 
reported in the country. Resistance exhibited by the 
cultivars AB136 and G2333 is likely to reflect their 
harbouring of several Co genes. 

 
 
Virulence of 14 races of C. lindemuthianum on 
French bean genotypes  
 
The evaluated French bean genotypes showed different 
virulence reactions to the 14 C. lindemuthianum races 
used in this study (Table 6). Races 401 and 84 were the 
most virulent across all the genotypes while race 768 was 
the least virulent race. Among the French bean cultivars, 
Lomami was the most susceptible cultivar as it was 
infected by 86% of the races; whereas cultivar Boston, 
breeding lines MU#3, MU#13 and T19 were the most 
resistant. The results for the breeding lines demonstrated 
that the greenhouse/laboratory results were not very 
different from the field experiment. The breeding lines 
were resistant to most Mesoamerican races except for 
Andean races 2, 38 and 84. These breeding lines were 
obtained from one breeding program which utilized 
resistance genes from both gene pools including dry 
beans (Arunga et al., 2015). This probably resulted in the 
introgression of the Mesoamerican genes into the French 
bean background.  

Among the differential cultivars, the high susceptibility 
observed in cultivar Michelite was as expected given that 
the cultivar is situated on the lower tire of the differential 
cultivars as a susceptible check. Similar to field results, 
race characterization revealed high resistance among the  
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differential cultivars of the Mesoamerican origin 
compared to those of the Andean origin with the 
exemption of the cultivar Kaboon. Cultivar Kaboon was 
only susceptible to two Andean races in the current 
study, that is, races 33 and 55. Susceptibility to race 55 
has been reported in previous studies (Alzate-Marin et 
al., 1997). According to Melotto and Kelly (2000), the 
major dominant resistance gene present in the cultivar 
Kaboon is an allele of the Co-1 gene, called Co-1

2
. The 

authors revealed the importance of this gene in common 
bean breeding programs, as it gives resistance to both 
Andean and Central American races recently identified in 
Michigan. Similarly, cultivar Kaboon was resistant under 
field conditions across the four environments. Given the 
great composition of the French bean genotypes in 
Kenya are of the Andean origin, this cultivar can be used 
for gene introgression to improve resistance to C. 
lindemuthianum. Andean differential genotypes possess 
locus (Co-1), the only most utilized locus in the cultivars 
of this origin conferring resistance to C. lindemuthianum 
(Melotto and Kelly, 2000; Zuiderveen et al., 2016). This 
could be the bottleneck facing genotypes within this gene 
pool. The resistance exhibited by the cultivars AB136 and  
G2333 is likely to reflect their harbouring of several Co 
genes.  

Further, the study employed a better, simple and rapid 
screening method/technique to ensure efficient selection 
of resistant materials. Detached leaf technique has been 
deployed in the past as an alternative to conventional 
screening techniques in screen houses and has been 
reported to be successful with similar results (Rezene et 
al., 2018). This is particularly important where seeds are 
limited and there is a need to preserve the whole plant for 
further evaluation. The method can also be carried out in 
the lab reducing the need for installation of screen 
houses. In common beans, the method has been used in 
screening for ALS and anthracnose (Tu, 1986; Rezene et 
al., 2018). The technique has also been employed in 
other crops such as maize against southern corn leaf 
blight (Aregbesola et al., 2020), soybean against white 
mold (Twizeyimana et al., 2007) and Fusarium in wheat 
(Browne and Cooke, 2004).  

 
 
Molecular markers analysis 
 
All the six (6) SCAR markers used in this study generated 
polymorphisms between each parent and the resistant 
and susceptible genotypes which were specific for the 
loci to which they are linked. However, only SAB-03, SZ-
20 and SH-18 markers were allele-specific (Table 7). The 
marker SY-20830bps a dominant marker reported to be 
very specific and tightly linked to the Co-4 locus at 0.0 cM 
(Costa et al., 2010), could not discriminate the other 
alleles at this locus among the 12 differential set. This   is 
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Table 6. Response of French bean genotypes, Landraces and Breeding lines to C. lindemuthianum races identified in Kenya. 

 

S/N Genotype 
Colletotrichum lindemuthianum races  

0 2 38 55 65 73 81 84 141 256 401 515 576 768 RI% 

1 Amy S S R R R R S R S R S R R R 64 

2 Belcampo R R S R R S R S R R R R S R 71 

3 Blazer R S S R R R R R R S S S R R 57 

4 Boston R R R S R R R R R R S R R R 86 

5 Edge R R R S R R R S R R S S R R 71 

6 Enclave S R R S R R R R R R S S S R 64 

7 Fanaka R S S R R S R R S R S R R R 64 

8 Goal R R R R S R R S S S S R R R 64 

9 Hawaii S S S R R S R S S S S R R R 43 

10 Konza S S S R R R R S R S S R S R 50 

11 Lomami S S R S S S S S S S S S R S 14 

12 Monel S R R S S R R R R R S S R S 57 

13 Source S S R S R R R S R R R R S R 64 

14 T19 R R R S S R R R R R R R S R 86 

15 MU#3 S R R R R S R R R R R R R R 79 

16 MU#13 R S S R R R R S R R R R R R 79 

17 GBK 032921 S R R R R S R S R S R R R R 71 

18 GBK 032952 S R S R S S R S S R S R R R 57 

Virulence Index (%) 42 42 37 32 21 37 16 53 32 32 63 26 26 11  
 
a
Physiological races classified according standard system of classification. 

b
RI = Resistance index. 

c
Disease reactions: R = Resistant, S = susceptible. 

d
VI = Virulence Index. 

 
 
 
in agreement with similar work done by Beraldo et 
al., (2009). Figure 3C shows the clear band of 
cultivar TO (Co-4) (No 9), the tagged locus for the 
marker and the thicker bands of the alternative 
alleles possessed by cultivars PI 207262 (Co-4

3
) 

and G2333 (Co-4
2
) No 8 and12 respectively. This 

is in agreement with Vieira et al. (2018) who did 
similar work in Brazil. The marker however, did 
not detect the possible gene for resistance among  
the French bean genotypes used in this study.  

Linkage to the locus Co-6 in chromosome Pv 07 
was evaluated using the marker SZ-20845 bps 
linked at a distance of 7.1 cM derived from the 
differential cultivar AB 136 (Queiroz et al., 2004). 
The marker was only identified with the differential 
cultivar AB 136 revealing its specificity (Figure 
3D). Cultivars Mitchelite (Co-11), MDRK (Co-1), 
Kaboon (Co-1

2
), TO (Co-4), TU (Co-5) and G2333 

(Co-3
5
, Co-4

2
and Co-5) amplified an unspecific 

band close to the locus. Among the  French  bean 

genotypes, the marker was detected in three 
cultivars Edge, Blazer and T19 (Tables 6 and 7).  
The locus Co-6 has been known to offer broad-
based resistance to most of the Andean races in 
the Latin America (23, 31, 64, 69, 73, 81, 89 and 
453) but less effective against races of 
Mesoamerican origin  (Gonçalves-Vidigal   et   al., 
1997;Gonçalves-Vidigal et al., 2001). Thus, the 
Co-6 locus can be utilized in breeding programs 
for   French   beans   in   Kenya   after   successful  
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Table 7. Evaluation of genotypes using SCAR markers. 

 

S/N Genotype 
SCAR marker 

SY-20 SZ-20 SAB-03 SBB-14** SH-18 SAS-13 

1 Amy 0 0 0 0 0 1 

2 Belcampo 0 0 0 0 0 1 

3 Blazer 0 0 1 0 0 0 

4 Boston 0 0 1 0 0 1 

5 Edge 0 1 0 0 0 1 

6 Enclave 0 0 1 0 0 1 

7 Fanaka 0 0 1 0 0 0 

8 Goal 0 0 0 0 0 0 

9 Hawaii 0 0 0 0 0 0 

10 Julia 0 0 0 0 0 0 

11 Konza 0 0 0 0 0 0 

12 Lomami 0 0 0 0 0 0 

13 Monel 0 0 0 0 0 0 

14 Source 0 0 0 0 0 1 

15 Tahoe 0 0 0 0 0 1 

16 Venda 0 0 0 0 0 0 

17 GBK 032 921 0 0 0 0 0 0 

18 GBK 032 952 0 0 1 0 0 0 

19 MU#03 0 0 1 0 0 1 

20 MU#13 0 0 1 0 0 1 

21 T19 0 0 0 0 0 1 

22 Michelite 0 0 0 0 0 0 

23 MDRK 0 0 0 0 0 0 

24 Perry Marrow 0 0 0 0 0 1 

25 Cornell 49-242 0 0 0 1 0 1 

26 Widusa 0 0 0 0 0 0 

27 Kaboon 0 0 1 0 0 0 

28 Mex 222 0 0 0 0 0 0 

29 PI 207262 1 0 0 0 1 0 

30 TO 1* 0 0 1 0 1 

31 TU 0 0 1* 0 0 1 

32 AB136 0 1* 0 1 0 1 

33 G2333 1 0 1 1* 1* 1* 
 

S/N 1-16 = commercial French beans,17-18= landraces, 19-21 = breeding lines and 22-33 = differential cultivars.  SBB-14** Co-dominant marker 
where 1-1150bps, 0-1050bps. 1*parent genotype; 1- presence of gene 0-absence of gene.  

 
 
 
marker validation. The SCAR marker SAS-13900bps tightly 
linked to the Co-4

2 
locus at 0.4 cM (Young et al., 1998; 

Kelly et al., 2003), was detected in two differential 
cultivars PI 207262 (Co-4

3
) and G2333 (Co-4

2
) specific to 

the tagged locus and one unspecific amplification in 
differential cultivar Widusa (Co-1

5
, Co-3

3
) (Figure 3A). Of 

the nine French bean genotypes under evaluation 
identified by the only local French bean breeding lines 
were   consistent   under  field   evaluation   and   on   the 

reaction with specific races. Recent studies have shown 
that SAS-13900c is not specific for Co-4 allele (Awale and 
Kelly, 2001; Alzate-Marin et al., 2007) but, has been 
known to detect Co-4 locus consistently regardless of the 
type of allele as was confirmed in this study. 

The SCAR marker SBB-141050/1150bps a codominant 
marker also linked to the gene Co-4

2
 revealed 

consistency in detecting the Co-4 locus among  the  three 
differential   cultivars   PI 207262  (Co-4

3
)  to  (Co-4)   and 
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Figure 3. Amplification of molecular markers associated with the anthracnose resistance genes Co-4, Co-5 and Co-6 in differential cultivars; 
(A) SCAR marker SAS-13900bps for Co-42, (B) SCAR marker SAB-03400bps for Co-5, (C) SCAR marker SY-20830bps for Co-4, (D) SCAR marker 
SZ-20850bps for Co-6, (E) SCAR marker SBB-141050/1150 bps for Co-42 and  (F) SCAR marker SH-181100bps for Co-42. L/Ld- 100bps DNA Ladder. 
Cultivars (1) Michelite, (2) MDRK, (3) Perry marrow, (4) Cornel 49-242, (5) Widusa, (6) Kaboon, (7) Mex222, (8) PI 207262, (9) TO, (10) TU, 
(11) AB136, (12) G2333. 

 
 
 
G2333 (Co-4

2
) (Figure 3E). However, amplification of 

cultivars Cornell 49-242 (Co-2) and AB136 (Co-6 and Co-
8) was unusual and none of the other genotypes were 
detected. The marker SH-181100bps a dominant marker 
revealed consistency in detecting the Co-4

2
 locus among 

the differential cultivars PI 207262 (Co-4
3
) and G2333 

(Co-4
2
); however, none of the other genotypes was 

identified with the marker. The Co-4 locus is the most 
utilized locus in common bean for anthracnose 
resistance. Its allele (Co-4

2
) has been shown to provide 

greater resistance as compared to the original Co-4 and 
Co-4

3
 allele and is among the broadest-based resistance 

genes described in common bean (Balardin and Kelly, 
1998; Silvério et al., 2002; Vaz Bisneta and Gonçalves‐
Vidigal, 2020). 

SAB-03400bps maker that tags the gene Co-5 at a 
distance of 5.9 cM (Vallejo and Kelly, 2001) was detected 
in the anthracnose differential cultivars TU (Co-5) and 
G2333 (Co-5) as expected (Figure 3B). The marker was 
detected in  eight  other  genotypes,  that  is,  five  French 

beans cultivars, two breeding lines and one local cultivar 
(Table 7). Only the local breeding lines in the MU series 
revealed consistency with the marker both in the field and 
response to specific races. 

The Co-5 gene has not been widely deployed in the 
past in resistance breeding programs but, has been 
identified as one of the most effective genes in a survey 
of races of C. lindemuthianum from Central America and 
Mexico that is predominantly Mesoamerican (Balardin et 
al., 1997). However, the combination of Co-5 and Co-4 
has been seen as the most effective in providing 
broadest resistance to C. lindemuthianum races. Thus, 
the comparative advantage of the limited use of Co-5 in 
breeding makes the locus even more valuable to 
breeders for gene pyramiding bean programs. 

SCAR markers tightly linked to anthracnose resistance 
genes offer another means to detect specific genes and 
for marker assisted selection as has been revealed in this 
study. Combination of Co-4

2
 and Co-5 has been shown to 

offer  the  highest  and   broad   resistance   spectrum   to  

830 bps 

Figure 1: Amplification of molecular markers associated with the anthracnose resistance genes Co-4, Co-5 and Co-

6 in differential cultivars; (A) SCAR marker SAS-13900bps for Co-42, (B) SCAR marker SAB-03400bps for Co-5, (C) 

SCAR marker SY-20830bps for Co-4, (D) SCAR marker SZ-20850bps for Co-6, (E) SCAR marker SBB-141050/1150 bps for 

Co-42 and  (F) SCAR marker SH-181100bps for Co-42. L/Ld- 100bps DNA Ladder. Cultivars (1) Michelite, (2) 

MDRK, (3) Perry marrow, (4) Cornel 49-242, (5) Widusa, (6) Kaboon, (7) Mex222, (8) PI 207262, (9) TO, (10) TU, 

(11) AB136, (12) G2333. 
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anthracnose as  revealed  in  cultivar  G2333 which 
agrees with the worked done by Sousa et al., (2015).  
The consistency of the local breeding lines with the 
markers could be traced to the fact that these breeding 
lines were obtained from one breeding program which 
utilized resistance genes from both gene pools including 
dry beans (Arunga et al., 2015). This may have led to the 
introgression of the Mesoamerican resistant genes into 
the French bean background that has been known to 
offer broader resistance as compared to the Andean 
genotypes. Four of the six SCAR markers tested in the 
present work (SH18 and SBB-14 for Co-4

2
, SAB-03 for 

Co-5, and SY-20 for Co-4), have shown to be useful for 
assisted selection of the target resistant genes. They 
were specific for the loci to which they are linked, even 
though some did not discriminate alleles from the same 
locus, except for SH18, which was shown to be 
specifically linked to Co-4

2
. However, more robust 

molecular markers such as SSRs, CAPS and SNPs 
should be developed for future selection of French bean 
genotypes for resistance to C. lindemuthianum as the 
current set of SCAR markers were only useful to very few 
French bean genotypes in Kenya. 
 
 
Conclusion  
 
The current study has revealed that, the race composition 
of C. lindemuthianum in Kenya is continuously changing 
and highly variable, hence the need for continuous 
evaluation.  The highest composition of the races was of 
the Andean origin that could probably be due to the large 
number of French beans used in this study that are 
predominantly Andean, evidence for co- evolution 
between C. lindemuthianum and the host within the two 
centers of origin. Local breeding lines in the MU series 
could offer a good basis of gene introgression in Kenya, a 
great advantage in reducing linkage drag common with 
introgression from dry beans. Identification of race zero 
(0) in this study is another evidence that there is a need 
to review the current set of differential cultivars to include 
a susceptible cultivar in the differential set that can 
distinguish this race. Use of molecular markers proved 
effective and can assist future breeding efforts focusing in 
identification of other possible resistance loci to buffer 
against resistance breakdown through gene pyramiding 
especially in combination with both field evaluation and 
race characterization. 
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Plastic polymers are petroleum-derived synthetic materials that have multiple uses in everyday life, but 
their excessive production has led to the accumulation of approximately 1,000 million tons of residues, 
causing negative ecological impacts. This study analyzed the biological degradation in liquid medium 
of polyurethane, polystyrene, and polyethylene samples by filamentous fungi isolated from Antarctica. 
The plastic samples were used without pretreatment or pretreated with an artificial aging UV chamber 
according to ASTM G155 for 500 h, inoculated or not with the Antarctic fungi (Penicillium, Geomyces, 
Mortierella species). Samples were incubated at 18°C for 90 days to determine potential fungal 
biodegradation. The physical-chemical and biological degradation of plastics were evaluated by analyzing 

the weight loss in function of time, and by determining possible changes in the chemical structure, using 
the technique of Fourier Transform Infrared Spectroscopy (FTIR). The polymers exposed to the artificial 
aging chamber resulted in the oxidative degradation of plastics (detected by morphological and 
structural changes), which favored their biodegradation. Out of the three fungal strains, Penicillium 
spp. presented the highest degradation percentage in aged plastics corresponding to 28.3% in 
polyurethane, and to 8.39 and 3.53% in polystyrene and low-density polyethylene, respectively. 
 
Key words: Plastic aging, polymers, filamentous fungi, fungal biodegradation, deterioration. 

 
 
INTRODUCTION 
 
Plastic polymers derived from fossil petroleum sources 
are  used  in  the  manufacture  of  short  time  disposable 

products which represent one of the main components of 
solid wastes. The United  Nations  Environment  Program  

https://www.researchgate.net/profile/Jhonny_Villafuerte?_sg%5B0%5D=pn_HtAw1hxYqHEowl0OPRZbKmvp_UHFwXNnYX7ERKto-GdKejgqtw1J2Ve9ITz3vXZ7dmZw.n3jSrJAHDPKacuVry-EbGRrfsFratYh4UwoEK-bxkoePkt7xUqdWEquxS3K6RgNs5wJATaqYPLwv2aoOh4NbAA&_sg%5B1%5D=G04IqaAUhbqyB0E1s8dGFQIe8hTJ4RpeosZg0zJjTQRS8chLErQ059J1tHtGznpP_F_-hcw.bTkax0viYpGFP_PcGwBkCCuIUCjgOEZG_KsLgWTu_QEmGer-amaPmKWrTB_x1J0B70Rp7YZ6OIa0Qv9ex5qZGQ


 
 
 
 
(UNEP) reported around 13 million tons of plastics that 
are dumped into the oceans annually. America, Japan 
and the European Union are the largest producers of this 
type of wastes. Besides, only 9% of these plastic wastes 
produced worldwide is recycled (ONU, 2018). 

The problem caused by plastic waste can be solved by 
adding pro-oxidants or biologically degradable polymers 
during manufacturing, then, allowing their deterioration in 
the environment in less time (Chiellini et al., 2007). 
Another alternative is related to the use of 
microorganisms able to biodegrade some plastic 
polymers effectively (Bonhomme et al., 2003; Hermann et 
al., 2011). Biodegradation is a natural decomposition 
process of a substance or product by the action of 
biological agents, achieving its elimination or 
transformation to less dangerous products for nature 
(Arutchelvi et al., 2008). Moreover, plastic deterioration is 
related to the conditions of exposition. Environmental 
factors such as light, heat and/or biological activity induce 
changes in the functional properties of polymers, then, 
causing the rupture of bonds and chemical 
transformations. These changes are observed due to the 
formation of cracks and discoloration. Furthermore, solar 
radiation is one of the most harmful abiotic factors for 
polymers (Aradilla et al., 2007; Paço et al., 2017). 
Scientific reports indicate that the biological degradation 
of polymers depends on the polymer characteristics, the 
nature of the applied pretreatments, the polymer surface 
area, the type and microbial activity, as well as 
temperature, humidity, and nutrient availability 
(Bonhomme et al., 2003; Wu et al., 2017). 

Researchers from Yale University reported the 
microscopic endophytic fungus Pestaloptiosis species at 
the Yasuni National Park (Ecuador), and indicated that 
this fungus degrades polyurethane (PU) under aerobic 
and anaerobic conditions (Russell, 2011). Different 
polymer-degrading microorganisms have been described; 
for instance, Koutny et al. (2009) indicated that 
Rhodococcus species strains may form a biofilm on a low 
density polyethylene sheet (LDPE), suggesting potential 
assimilation into microorganisms. On the other hand, Roy 
et al. (2008) mentioned that LDPE films were 
biodegradable by bacteria of the genus Bacillus. Other 
studies were also reported about the deterioration of the 
surface of polyethylene films due to fungal activity. 
Moreover, Ojeda et al. (2009) and Zahra et al. (2010) 
agree that the genera Aspergillus and Penicillium 
species, are capable of degrading polyethylene.  

Thus, both fungi and bacteria are the most utilized 
microbial groups for biodegrading synthetic polymers. 
However, many microbial species have not yet been 
evaluated for such environmental purposes, resulting in 
limited available information  regarding  plastic-degrading 
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microorganisms, and the involved enzymes on it. For this 
reason, this work performed an experimental bioassay for 
determining the degradation process of polyurethane, 
polystyrene, and polyethylene, by inoculating three 
strains of filamentous fungi, isolated from Antarctica. 
 
 
MATERIALS AND METHODS 
 
Biological sampling site 
 
Fungal strains were isolated from Antarctic soils by researchers 
from the Biotechnology Research Center of Ecuador (CIBE) in 
conjunction with the Instituto Antártico Ecuatoriano (INAE) in 
charge of the Pedro Vicente Maldonado Scientific Station, located 
on Greenwich-Antarctica Island (South Shetland Islands, Antarctic 
Peninsula, 62° 26' 57" S, 9° 44' 27" W). This project began with 40 
fungal isolates that are deposited at the microorganism bank of 
CIBE-ESPOL. The isolates were reactivated on Papa Dextrose 
Agar (PDA) culture medium, at a temperature of 18°C. Once 
reactivated, a preliminary fungal screening was carried out, where 
the capacity of the microorganisms to grow in the presence of the 
polymers was evaluated. After this preliminary evaluation, three 
fungal strains were selected for further utilization in the present 
research (Table 1). 
 
 
Fungal strain identification 
 
Samples of mycelium of each fungal strain grown on Petri dishes 
were taken and placed in 1.5 mL microtubes added with 350 µL of 
extraction buffer (200 mM Tris, 250 mM NaCl, 25 mM EDTA, 0.5% 
SDS, pH 8.5), and 150 µL of 3 M sodium acetate, pH 5.2 and 
placed at -20°C for 10 min. Microtubes were centrifuged at 
maximum speed (14000 rpm) for 10 min. Then, supernatant was 
carefully transferred in a new 1.5 mL microtube in which 500 µL of 
isopropanol was added and incubated for 5 min at room 
temperature, then, centrifuged for 2 min at maximum speed (14000 
rpm). After centrifugation, the supernatant was removed and the 
DNA pellet was washed with 50 µL of 70% ethanol, followed by 
centrifugation for 2 min with the lid open to evaporate the ethanol. 
Finally, 30 µL of sterile ultrapure water was added to the pellet, and 
resuspended and stored at -20°C. The DNA quantification was 
carried out in a NANODROP 2000. The molecular identification was 
based on the amplification of the ITS1 and ITS4 rDNA sequences 
(Cenis, 1992), amplified by a polymerase chain reaction (PCR) in a 
thermocycler (Mastercycler Nexus Thermocycler) using 
oligonucleotides ITS1 and ITS4 (White et al., 1990). 

Each PCR reaction was added with 0.5 μL of genomic DNA, 13 
μL of GOTAQ, 0.5 μL of each oligonucleotide, and 11 μL of 
ultrapure water, resulting in a final volume reaction of 25.5 μL with 
the following parameters for PCR: 98°C for 1 min, 35 cycles of 98°C 
for 45 s, 59°C for 40 s, 72°C for 1 min, and a final cycle of 72°C for 
3 min. The amplified products were applied in a 1.5% agarose gel 
loading 3 µL of the PCR product and 0.5 µL of the 6x loading buffer 
(invitrogen). A 1 kb DNA Ladder molecular weight marker was 
used. The gel was run at 95 V for 15 min and subsequently 
visualized in an ultraviolet (UV) light transilluminator. The amplified 
products of the different fungal isolates were purified by using the 
DNA Purification by Centrifugation kit according to the 
manufacturer's instructions. The purified and concentrated products  
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Table 1. Origin and collection site of Antarctic fungi samples. 
 

Internal Code Sample origin  Sample collection site Fungal genus 

CIBE-7-23a Fort Williams I. Greenwich Point Wide plant diversity Penicillium spp. 

CIBE-2-32a Barrientos Island Vegetation close to station Mortierella spp. 

CIBE-12.1-11 Fort Williams Point Greenwich Island Vascular plants Geomyces spp. 

 
 
 
(30 ng/μL) were sent to the company Macrogen (Seoul, Korea).  

Once the fungal sequences were obtained, these were analyzed 
with the free software program FinchTV. This allows cutting and 
cleaning DNA chains. After, the BLAST program was applied 
(NCBI, Basic Local Alignment Search Tool, 1988) for searching 
homologs of DNA or proteins based on the alignment of local type 
sequences, looking for identity (≥ 99%) with type strains reported. 
The sequences obtained with greater similarity were aligned with 
the method muscle for multiple alignments of the MEGA program. 
The Neighbor-Joining method was used to construct the 
phylogenetic tree (Saitou, 1987) with bootstrap values of 1000 
iterations. 
 
 
Polymeric materials 
 
Samples of synthetic polymers were prepared by using 10, 20, and 
40 mg, of low-density polyethylene, polystyrene and polyurethane, 
respectively. Part of the experiment was carried out by subjecting 
the polymer samples to a QUV accelerated aging treatment in a 
chamber with Xenon lamps, Q-SUN Xenon Test Chamber Model 
Xe-3-HBS following the ASTM G155 standard, “Standard Practice 
for Operating Xenon Arc Light Apparatus for Exposure of Non-
Metallic Materials” for 500 h. Aged and non-aged samples were 
previously subjected to a disinfection process by soaking them 
successively for a minute in a solution of 10% sodium hypochlorite 
(v/v), sterile water heated to 60°C, and 70% ethanol (v/v). 
 
 
In vitro polymer degradation  
 
The degradation under in vitro conditions was carried out in 150 mL 
glass vials containing 50 mL of mineral liquid medium composed of: 
(g/L) KH2PO4, 1.0 g; NaNO3, 2.0 g; MgSO4 (7H2O), 0.05 g; KCL, 
0.007 g; FeSO4 (7H2O), 0.01 g; NH4CL, 0.01 g; and plysurf, 0.01 g 
(Ishii et al., 2008), and autoclaved at 120°C for 20 min. At laminar 
flow chamber, the disinfected polymers were placed in the flasks 
with the mineral medium and inoculated with 50 mg of the 
respective fungal strains. Subsequently, the flasks were placed in 
an orbital shaker at 110 rpm, 18°C, for 90 days.  
 
 
Polymer FTIR characterization  
 
A polymer degradation analysis was performed using a Fourier 
Transform Infrared Spectroscopy (FTIR). The analyzed region 
corresponded to an interval between 4000 and 1000 cm-1, in where 
the presence of functional groups such as the amino (-NH), 
carbonyl (-C=O), nitrile (-C = N), amide (R-CO-N2), etc., can be 
determined. The structural changes that may occur in plastics as a 
result of a biodegradation process (Shah et al., 2008), and may be 
detected by the evolution of the bands corresponding to the 
mentioned functional groups involved in polymer degradation 
(Stuart, 2005). These tests were carried out on a Perkin-Elmer 
model Spectrum 100 infrared light spectrometer. 

Both the dry weight of the polymer sample, and its degradation 
by Fourier transform infrared spectroscopy (FTIR) were  determined 

every 30 days. Polymer mass loss was measured by the following 
equation: 
 
Mass loss (%) = [(Wo-Wt)/Wo] × 100 
 
where "Wo" is the initial weight of the polymer sample and "Wt" is 
the weight of the polymer after treatment and "t" indicates the 
number of days that the polymer remained in the mineral solution. 

Absorption tests were performed to measure the percentage of 
water absorbed by each polymer for determining its hydrophilic 
character. The samples were dried in an oven for 30 min at 120°C. 
The percentage of water absorption was determined by the 
following equation: 
 
Water absorption percentage (%) = [(W i-Wf)/Wo] × 100 
 
where "Wi" is the wet material weight and "Wf" is the weight of the 
dry material. 
 
 
Statistical analysis 
 
Statistical analyses were carried out with the variance analysis 
method (ANOVA) at a significance level of 5% (α = 0.05). Data 
were subjected to the SPSS program where the Duncan procedure 
for the mean comparison test was applied at 5% of significance 
level (Montgomery and Hines, 1993). 

 
 
RESULTS AND DISCUSSION 
 
Sequence analysis and fungal identification 
 

Results of the fungal identification are as shown in Figure 
1 and Table 1. The CIBE-7-23a strain showed greater 
closeness to Penicillium adametzioides (99% identity), 
the strain CIBE-2-32a was phylogenetically related to two 
species of the genus Mortierella, but with the closest 
species of Mortierella turficola (98% identity). Likewise, 
the CIBE-12.1-11 strain is related to Geomyces species 
(98% identity). A fungus of Glomus species 
(Glomeromycota) was used as an external group. 
 
 
In vitro polymer degradation 
 

Polyethylene 
 

Figure 2 shows the degradation percentages for the low-
density polyethylene (LDPE), after three months; 
samples pretreated with aging process and without aging 
inoculated with Penicillium spp. had a degradation of 3.5 
± 0.26% and 1.31 ± 0.06%, respectively (Figure 2a and b).  
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 Penicillium adametzioides (KX118272.1)

 Penicillium sp. (LT558877.1)

 Penicillium adametzioides (KF143792.1)

 Penicillium sp. (HQ649903.1)

 CIBE-7-23a

 Penicillium adametzioides (KM265459.1)

 A - Pseudogymnoascus pannorum (KU556580.1)

 A - Pseudogymnoascus pannorum (KP714598.1)

 A - Pseudogymnoascus sp. (KP902680.1)

 A - Geomyces sp. (KF212296.1)

 A - Geomyces sp. (JX270563.1)

 A - CIBE-12.1-11

 B - CIBE- 2-32a

 B - Mortierella turficola (JX975896.1)

 B - Mortierella turficola (JX975939.1)

 B - Mortierella fimbricystis (GU559986.1 )

 B - Mortierella turficola (JX976040.1)

 B - Mortierella turficola (JX975952.1)

 M - Glomus sp. (AF185689.1)  
 

Figure 1. Phylogenetic tree for identification of three fungal strains generated by the maximum likelihood 
method. 

 
 
 
In case of Geomyces spp. inoculation, the degradation of 
both LDEP conditions was 3.22 ± 0.32 and 1.55 ± 0.29%, 
respectively, whereas by inoculating Mortierella species, 
the degradation values were of 3.31 ± 0.06 and 0%, 
respectively. Statistical analysis shows significant 
differences between the aging treatments and the control, 
while in the treatments without aging there are no 
significant differences between the treatments and the 
control (Table 2). The recorded low degradation 
percentages could be associated with the properties of 
this polymer such as high resistance to be attacked or 
modified by chemical agents, and to its high temperature 
(95°C) for inducing thermal degradation (Coreno and 
Mendez, 2010). Thus, it seems that high temperatures 
(40°C) may take an important effect on the 
biodegradation process of polymers (Kharoufeh, 2003), 
but in our experimental conditions, the temperature 
oscillated from 16 and 18°C. Moreover, this work focused 
on utilizing Antarctic fungal strains that are adapted to a 
lower temperature rather than those high temperatures 
used in other experimental reports (Kumari et al., 2009). 
Thus, the adaptation process of our fungal strains may be 

related to the low effectiveness on polymer degradation 
when compared with results obtained from other 
microorganisms isolated from Ecuador or elsewhere 
under different temperature conditions (Villa et al., 2009; 
Gajendiran et al., 2016). In all cases, results about the 
percentage of biodegradation were significantly higher 
than those achieved in this research. On another hand, 
the efficiency of a single fungal strain on polymer 
degradation may be lower than that from a fungal 
consortium. In this regards, Uribe et al. (2011) achieved a 
polyethylene biodegradation of 4.7 to 5.4% by using 
microbial consortia isolated from a landfill soil, for 60 
days at 20°C. Moreover, Gajendiran et al. (2016) 
identified a strain of Aspergillus clavatus from landfill 
sites, which was able to degrade polyethylene. One of 
the main strategies for LDPE degradation is that 
mediated for microorganisms which may use this polymer 
as the sole source of carbon (Roy et al., 2008). Then, 
filamentous fungi such as Aspergillus and Penicillium 
have been reported as biodegraders of aged 
polyethylene films (Ojeda et al., 2009; Motta et al., 2009; 
Corti et al., 2010).  
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Figure 2. Weight loss percentage of polyethylene subjected to an aging pretreatment (a) or without 
pretreatment (b) and inoculated with three filamentous fungal strains isolated from Antarctica 
(Penicillium spp., Geomyces spp., and Mortierella spp. Means + Standard deviation, n=3. 

 
 
 

Tabla 2. Degradation of polyethylene, polystyrene and polyurethane, with QUV accelerated 
aging for 500 h and without aging using three strains of filamentous fungi isolated from the 
antarctic, for 90 days. 
 

Strains 

Polymers degradation (%) 

Polyethylene Polystyrene Polyurethane 

Aged treatment 

Geomices spp. 3.2 ±1.6
b
 6.8 ±0.6

b
 24.9 ±7.5

bc
 

Mortierella spp. 3.3 ±0.2
b
 2.2 ±1.4

a
 26.3 ±9.8

bc
 

Penicillium spp. 3.6 ±1.4
b
 8.4 ±1.6

b
 28.4 ±5.8

c
 

Control 0.0 ±0.0
a
 0.0 ±0.0

a
 12.3 ±1.4

a
 

    

  Unaged treatment 

Geomices spp. 1.5 ±0.8
ab

 2.1 ±0.6
a
 16.4 ±1.9

ab
 

Mortierella spp. 0.0 ±0.0
a
 0.0 ±0.0

a
 11.3 ±5.7

a
 

Penicillium spp. 1.3 ±0.3
ab

 0.0 ±0.0
a
 18.0 ±10.7

abc
 

Control 0.0 ±0.0
a
 0.0 ±0.0

a
 7.4 ±0.5

a
 

 

Different letters in the same column indicate significant statistical differences according to Duncan's 
test (α = 0.05); ± standard error; n = 3. 



Oviedo-Anchundia et al.           71 
 
 
 

 
 
 

 

 
 
 

 
 
 
 

Penicillum spp. Geomyces spp. Mortierella spp. 

 

 
 

 

 
 
 

 
 
 
 

Penicillum spp. Geomyces spp. Mortierella spp. 
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Figure 3. Weight loss percentage of polystyrene subjected to an aging pretreatment (a) or without 
pretreatment (b) and inoculated with three filamentous fungal strains isolated from Antarctica 
(Penicillium spp., Geomyces spp., and Mortierella spp.). Means + Standard deviation, n=3 

 
 
 
Polystyrene 
 
Percentages of polystyrene (PS) degradation by 
Penicillium spp., Geomyces spp., and Mortierella are 
presented in Figure 3a and b. It is inferred that the fungal 
degradation was more effective on aged polymer than 
without aging, possibly due to the molecular alterations 
induced by the action of pretreatment with UV energy 
applied during 500 h. There were significant differences 
among treatments. The strains Penicillium and 
Geomyces spp. contributed on the polymer degradation 
of 8.39% ± 0.61 and 6.82% ± 0.87, respectively, while 
Mortierella spp. degraded this polymeric material by 
2.19% ± 0.5. There were significant  differences  between 

aged and control treatments (Figure 3a and Table 2). 
Geomyces spp., was the only fungus able of producing a 
significant loss of mass of polystyrene for those samples 
without aging pretreatment, showing a maximum 
biodegradation (2.08% ± 0.21) after the second month of 
experimentation (Figure 3b). As accounted for polyethylene, 
the aging pretreatment made the polymer samples more 
susceptible for fungal attack and therefore, inducing a 
biodeterioration process. Some research reported 
different types of microorganisms able to deteriorate 
polystyrene, such as the worldwide distributed fungus 
Aureobasidium pullulans (Castiglia and Kuhar, 2015), 
known as "black yeast", that produces a large number of 
hydrolytic enzymes (Ma et al., 2007; Singh at al., 2008).  
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Figure 4. Weight loss percentage of polyurethane subjected to an aging pretreatment (a) or without 
pretreatment (b) and inoculated with three filamentous fungal strains isolated from Antarctica 
(Penicillium spp., Geomyces spp., and Mortierella spp.). Means + Standard deviation, n=3.  

 
 
 
According to Castiglia and Kuhar (2015), A. pullulans is 
involved in the early stages of biodeterioration of 
plasticized materials like vinyl chloride and polystyrene. 
This fungus can be compared with our fungal strains for 
inducing the degradation of pretreated polymer since 
these fungi causes damage by mechanical action in 
where hyphae penetrate substrates that underwent an 
oxidation process (Webb et al., 2000). Furthermore, 
these results correlate with those obtained by FTIR, as 
described subsequently. 
 
 
Polyurethane 
 
Results of the polyurethane (PU) weight loss (%) at 
different sampling times are as shown in Figure 4a and b. 
The   initial  degradation  rate  of aged  polyurethane  was 

high due to the oxidation of water soluble oligomers 
(polymers of lower molecular weight that are hydrolyzed) 
present in the polymer matrix. On the other hand, the 
non-aging polyurethane has a monthly increase in the 
biodegradation process, but always smaller than that 
obtained for pretreated samples. Initially, the 
biodegradation occurs on the surface, since it is in 
contact with microorganisms, and the fungus spreads into 
the PU matrix (swelling process) (Amaral et al., 2012). 
The degradation mechanism of PU is achieved by 
fractions that are easy to transform and to hydrolyze 
since ester bonds are the first to break because they are 
more sensitive than urethane bonds. Moreover, the 
biodeterioration rate decreases because degradation of 
urethane bonds occurs at a slower rate (Zhang et al., 
2009; Zhou et al., 2011). 

Results from Figure  4  show  that  there are  significant  



 
 
 
 
statistical differences among treatments (p <0.05). 
Pretreatment for aging polyurethane with the fungi after 3 
months, produced a biodegradation around 26.5%; the 
most effective fungal strain was Penicillium spp. (28.34% 
± 2.39). Taking into account the weight loss of the control 
sample (un-aged), the weight loss caused by fungal 
action was 16.09% (Figure 4a). All the aged treatments 
show significant differences with respect to the control 
(Tabla 2). In polyurethane without aging after 3 months, 
produced a biodegradation around 15.0%. The strain that 
degraded most effectively the polyurethane unaged was 
Penicillium spp. obtaining a 18.00% ± 10.7, but 
considering the results of the control sample, the effective 
loss per action of the fungi would be 10.7% (Figure 4b). 
In the case of the control sample, the polymer weight loss 
recorded with and without pretreatment was of 12.25% ± 
1.40 and 7.35% ± 0.5, respectively. There are no 
statistically significant differences between the non-aging 
treatments and the control. 

Scientific reports indicate that both bacteria and 
filamentous fungi are capable of degrading polyurethane; 
for instance, the fungal species like Geomyces 
pannorum, Nectria species, Penicillium inflatum, 
Plectosphaerella, Penicillium venetum, Neonectria 
ramulariae, and Penicillium viridicatum (Cosgrove et al., 
2007); in all cases, the loss of mass would be related to 
the utilization of PU as a source of carbon or nitrogen 
(Urgun-Demirtas et al., 2007), and to the release of 
enzymes responsible of such degradation like proteases, 
esterases, and ureases (Ruiz et al., 1999). Most of the 
related experiments on PU degradation are focused on 
studies regarding bacteria. However, recent research has 
focused on the use of fungi (Amaral et al., 2012; Khan et 
al., 2017). Fungi are only capable of using organic carbon 
sources; thus, PU can be used as a potential carbon 
source for fungal growth (Loredo et al., 2017). Cosgrove 
et al. (2007) demonstrated in a soil microcosms that the 
sole application of yeast extract or its combination with 
Impranil, resulted in increased PU degradation up to 
62%. Moreover, Loredo et al. (2017) applied three fungi 
(Trichoderma species, Aspergillus ustus, and 
Paecelomyces species) obtaining a 40% weight loss of 
rigid PU, after 30 days. 
 
 
Analysis of the FTIR spectra of polymers 
 
Polyethylene 
 
The FTIR spectra obtained for LDPE films during the 
biodegradation process confirmed the existence of a 
possible microbial attack on polymers. The reduction of 
peaks corresponding to the C-H, C-O, and C = C groups 
would be related to polymer degradation. Figure 5a and b 
shows the spectra of the polyethylene samples used as 
control that, has not been subjected to the action of fungi. 
In   these    spectra,   a   series   of   characteristic  peaks  
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corresponding to the structure of the polyethylene can be 
observed. For pretreated polymer (Figure 5a), a wide 
absorption band appears between 1725 and 1700 cm

-1
 

(centered around 1715 cm
-1

), indicating the modification 
of the polyethylene structure. The application of UV 
radiation, which has more energetic than visible radiation 
(> 298 kJ/mol), an oxidative polymer degradation 
occurred, generating the appearance of a band 
corresponding to the group C = O (Gulmine et al., 2003). 
Other reports indicate a decrease in the intensity of 
bands located at 719 cm

-1
, to the flexion of the CH group 

and 1472 cm
-1

, corresponding to the carbonyl group (-C = 
O) when the LDPE was in contact with bacteria (Das and 
Kumar, 2015). However, Figure 5a shows no 
considerable differences among spectra, by which it is 
difficult to assure biological action on this polymer related 
to the biodegradation. Nevertheless, the loss of weight 
achieved in the polymer could be due to the chemical 
action of either salts contained in the mineral medium or 
excretion or secretion of acids and pigments by fungi, 
which may modify the chemical properties and cause 
biodeterioration of polymers (Abrusci et al., 2009; Scott 
and Wiles, 2001). 
 
 
Polystyrene 
 
The spectra analysis showed that the material did not 
suffer a biodegradation process since no significant 
variations in the FTIRR spectra were observed in both 
control sample and samples subjected to fungal action. 
However, by analyzing the obtained spectra (Figure 5b 
and c) and the weight loss recorded for the different 
samples, it can be concluded that the material underwent 
a biodeterioration process due to the interaction of 
mycelium with the polymer. This interaction may exert a 
chemical action resulted for excretion or secretion of 
acids and pigments by fungi which are deposited on the 
support modifying its chemical properties (Gu, 2007; 
Abrusci et al., 2009). 
 
 
Polyurethane 
 
The UV aging treatment caused significant morphological 
and structural changes on polyurethane. This physical 
process generated an oxidative degradation of the 
polymer, which increased its susceptibility to microbial 
attack. Bands between 3500 and 3200 cm

-1
 are attributed 

to the overlap of the signal corresponding to the 
stretching and bending vibrations of bonds O-H, 
respectively (Jagtap et al., 2011; Spontón et al., 2013). 
The spectra of the control samples subjected or not to 
abiotic pretreatment (Figure 5e) show that aged samples 
had a widening of the band centered at 3300 cm

-1
, 

corresponding to the overlapping of the stretching of NH 
and  OH  groups.  This  widening  would  be related to the
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Figure 5. FTIR spectrum. (A-B) Polyethylene, (C-D) Polystyrene, (E-F) Polyurethane subjected to an aging 
pretreatment or without pretreatmente respectively, and inoculated with Mortierella spp., Geomyces spp., or Penicillium 
spp., after three months of incubation. 

 
 
 
appearance of primary NH groups formed during the 
hydrolysis of urethane group that is benefited by the 
aforementioned pretreatment (Oprea and Oprea, 2016; 
Tavares and Schleder, 2016). The hydrolysis equation 
produced is as follows: 
 

 
 
The FTIR spectra obtained for PU samples subjected to 
aging treatment, show differences in the area between 
1720  and  1500 cm

-1
  that  allow  the  comparison  of  the 

effect caused by the action of the three fungal strains and 
the sample used as control. Penicillium and Geomyces 
were the two strains that produced the greatest weight 
loss, the spectra show a signal around 1664 cm

-1
 

corresponding to the amide group, and this signal is 
related to a hydrolysis process (Oprea and Oprea, 2016). 
The increase of the signal located at 1541 cm

-1
 in those 

samples subjected to the pretreatment in contact with the 
two mentioned fungi, corresponded to the vibration of the 
NH, which is probably a consequence of the 
aforementioned hydrolysis. 

On the otherhand, by comparing the spectra of both 
graphs (Figure 5e and f) some displacements were found  



 
 
 
 
towards smaller numbers of waves of the peaks located 
in 1707.44 cm

-1
 for the aged control sample, and in 

1707.36 cm
-1

 for the control sample without aging. These 
peaks are related to hydrogen bond interactions between 
NH groups and carbonyl groups (Loredo et al., 2017), as 
a consequence of a biodegradation action. In both 
spectra there were no variations in the area between 
1000 and 600 cm

-1
 that corresponds to the polymer 

fingerprint (Vaghani et al., 2012). 
Based on the evidence in this work, we can see that 

there are microorganisms in nature that have the ability to 
degrade certain wastes that are dangerous for the 
environment. A biotechnological approach based on the 
identification of the enzymes responsible for the 
degradation of these residues could make the 
degradation processes more efficient. 
 
 
Conclusions 
 
The present study evaluated the ability of three fungal 
strains to use LDPE, PS, and PU as the only carbon 
source. It was possible to identify that the aged materials 
are more susceptible to fungal attack in comparison to 
those without treatment. However, not all polymers were 
biodegraded as occurred for LDPE and PS that only 
accounted in a biodeterioration process. Unlike, the PU 
was susceptible to a biodegradation action, as 
demonstrated in the FTIR spectra. Thus, PU in the aging 
treatment was the most degraded polymer by the activity 
of the three fungal strains. The fungal strain that 
produced the highest degradation of polyurethane 
(28.34%), was Penicillium spp. 
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Staphylococcus aureus (S. aureus) is a versatile bacterium which exhibits multiple antibiotic 
resistances. To ameliorate the undesirable diseases causing potential, there is a need to design a 
protective vaccine capable of stimulating immune response against this pathogen. In a similar study in 
our laboratory, reverse vaccinology approach was used to nominate potential vaccine candidate genes 
against S. aureus. Zinc Metalloproteinase Aureolysin (aur) gene was one of the nominated genes based 
on that previously published in-silico study. The objective of this study is the cloning, expression,  
purification of aur gene and testing the aur protein reactivity with serum antibodies collected from 
groups of human patients with confirmed Staphylococcal disease. Cloning was done in pH6HTN 
His6HaloTag® vector and it was expressed in E. coli BL21 (DE3) using these conditions; 0.5 mM 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 37°C. Purification was carried out by 
Immobilized Metal Affinity Chromatography (IMAC). The his-tag aur protein was detected at ~86 KDa as 
a single band after western blot assay and was successfully reacted with antibodies obtained from 
humans infected with S. aureus. The results encourage further testing of aur protein as a potential 
vaccine candidate for S. aureus.  
 
Key words: Staphylococcus aureus, Zinc Metalloproteinase Aureolysin (aur), cloning, expression. 

 
 
INTRODUCTION 
 
Staphylococcus aureus has been indicated as a causative 
microorganism a lot of diseases, including osteomyelitis, 
septic arthritis and Necrotizing pneumonia. Furthermore, 
Olaniyi et al. (2017) reported that S. aureus is responsible 
for most of the skin and soft tissue infections. Methicillin-
Resistant S. aureus (MRSA) has been implicated as the 
cause of most nosocomial infections and is reported with 
high prevalence especially in the hospitals with significant 

mortality and morbidity as reported by Toleman et al., 
(2019), Marlieke et al.,(2011). In a related development, it 
was also reported that multidrug resistant S. aureus was 
increasingly detected globally with fewer antibiotics 
remaining for effective treatment as reported by Harik et 
al. (2016), Chong et al. (2015) and Bendary et al. (2016).  

Currently, there is no effective vaccine against S. 
aureus, despite  many trials have been done for example,
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during clinical developmental stage (phase III) StaphVAX 
(capsule glycol-conjugated vaccine) was stopped at 
phase III due to its low efficacy compared with placebo in 
patients with end-stage kidney failure as reported by 
Fattom et al. (2015). A second vaccine trail termination 
was reported by McNeely et al. (2014) for the Merck 
V710 vaccine during Phase III (iron-regulated surface 
determinant B (IsdB)), the termination was due significant 
increase in mortality rate following post-cardiothoracic 
surgeries infections. Suggested opinions for why these 
vaccines failed was because they were limited to B cells 
and opsonic antibody initiation steps and not including T 
cell stimulation (Redi et al., 2018). Another opinion is 
that, over-reliance on rodent models and a focus on 
targeting cell surface components have been major 
contributing factors to this failure as reported by Salgado-
Pabón et al. (2014). 

For effective vaccines against S. aureus to be designed, 
humoral and cellular immunity should be stimulated, the 
vaccine should be multi-components because of the 
numerous S. aureus virulence mechanisms and the 
heterogeneous nature of the genome (Proctor, 2015). 
Conventional approaches for vaccine design which is 
based on pathogen culture and testing only the expressed 
antigens during culture are extremely time consuming, 
costly and they are not appropriated for non-culturable 
pathogens as reported by Bruno et al. (2015). Reverse 
vaccinology is a computer-based technique, for selection 
of candidate genes with potential for use as vaccines, 
developed by Rappuoli (2001). Reverse vaccinology is 
based on the analysis of whole genomes sequence data 
of pathogens. There are many successful trails and 
researches based on  reverse vaccinology approach for 
developing vaccine against many pathogens as 
Streptococcus agalactiae, Streptococcus pyogenes, 
pathogenic Escherichia coli, helicobacter pylori and  
serogroup B Neisseria meningitides (Seib et al., 2012; 
Naz et al., 2015). In 2013, Novartis launched Bexsero

®
 as 

the first vaccine based on reverse vaccinology approach 
against meningococcal serotype B disease as reported 
by Carter (2013). It has been licensed in Canada, 
Australia, United States and United Kingdom as stated by 
Heinson et al. (2015). 

As reported by Soltan et al. (2020), reverse vaccinology 
approach was used for the selection of potential vaccine 
gene candidates for S. aureus. Candidate genes were 
selected based on antigenicity score (antigenicity score <
0.45 were selected) and cellular localization (Only 
extracellular proteins and cell wall proteins were 
selected). The selected genes were subjected for 
screening in clinical isolates. The ones which are present 
in almost all isolates are selected for further cloning, 
expressing, purification and in-vitro and in-vivo vaccine 
testing. The selected aur gene shown to have high score 
of antigenicity and it was present in 96% of the tested 
clinical isolates. The aims of the current study are 
cloning, expression, purification of aur and demonstration 
of  the  reactivity  of  the  purified  aur  against  antibodies 

 
 
 
 
obtained from human infected with S. aureus.  
 
 
MATERIAL AND METHODS 

 
In silico studies 

 
An in-silico study Soltan et al. (2020) was carried out in the 
laboratory (College of Pharmacy, Suez Canal University, Egypt), 
nominated aur gene to be tested for its potential use as vaccine 
candidate based on surface location and antigenicity score ( 0.7). 
Aur gene was tested for presence in a large panel of S. aureus 
isolates.  

 
 
Isolates collection and DNA extraction  

 
Seventy-five of S. aureus isolates were previously isolated by 
Bendary et al. (2016) were used. These isolates were cultured on 
Mannitol salt agar (Lab M®, UK) and their genomic DNA were 
extracted by QIAamp DNA Mini Kit (Qiagen, Germany) according to 
manufacturer's recommendation. The extracted DNA was stored at 
-80°C for downstream application. 

 
 
Primer design for PCR assay 
 

Primers in the current study was designed manually  and the 
specificity of the selected primers was confirmed by blasting in 
nucleotide blast tool of NCBI website 
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome.The designed forward 
primer:   5-GAGGTGACTCAAAAGAGTGAT-3 and reverse primer; 
5-TGTGTAGACATCTTCACCCAT-3 were used to amplify aur by 
PCR.                                                                                                                                 
The amplification was performed in 50 µl containing 1 µl of Forward 
primer (10 μM), 1 µl of reverse primer (10 μM), 25 µl of one PCR 
master mix (GenedireX, Germany), 1 µl of DNA template (50 ng/µl) 
and the final volume was adjusted to 50 µl PCR water (Qiagen, 
Germany) under the following conditions; Initial denaturation at 
94°C for 5 min, followed by 35 cycle of (denaturation at 94°C for 40 
seconds, annealing at 52oC  for 45 s and  extension at 72°C  for  2 
min) and  final extension  at 72°C  for 5 min. The amplified PCR 
products were detected by 1.5% agarose and were visualized after 
staining with ethidium bromide under ultraviolet trans illuminator 
(IFM-20 UVP, upland, USA).  

 
 
Cloning primer design 

 
Forward primer contain the started nucleotides of the inserted gene 
and reverse primer contain the last nucleotide sequences of the 
inserted gene were designed. The open reading frame (ORF) 
design was confirmed by EMBOSS Transeq software for sequence 
analysis (http://www.bioinformatics.nl/cgi-bin/emboss/transeq). The 
restriction sites of the selected endonuclease enzymes were added 
at the beginning of the primers. The selection of the endonuclease 
enzymes was based on their ability to cut both vector and insert at 
their specific sites and not able to cut inside the insert that was 
checked by using NEBcutter V2.0 http://nc2.neb.com/NEBcutter2/. 
The restriction site of XbaI (TCTAGA) was added at the beginning 
of the forward primer. While, the restriction site of NotI 
(GCGGCCGC) was added at the beginning of the reverse primer. 
To increase the cleavage efficiency of restriction enzymes, 5'- 
nucleotide extension was added at the beginning of both XbaI and 
NotI sites, GC nucleotides were  added  at  the  5'  of  XbaI  site and 



 
 
 
 
TGTATC nucleotides were added at 5' of NotI sites.  
 
 
Cloning and expression of zinc metalloproteinase aureolysin 
 
Cloning  
 
The aur cloning vector was PH6HTN His6HaloTag® plasmid 
(Promega, USA). At first, aur was amplified with the same 
conditions that were performed in screening of genes with 58°C 
annealing temperature and using the designed cloning primers.  
The forward primer was 5-
GCTCTAGAATGGCAGCATTAACCTTGTTG-3 and the reverse 
primer was                                                           5-
TGTATCGCCGGCGTTACTCCACGCCTACTTCAT-3. After 
detection of aur band on gel electrophoresis, it was cut and purified 
by PCR clean-up and gel purification kit (GenedirX, Germany) 
according to manufacturer specifications. The purified aur and 
PH6HTN His6HaloTag® plasmid were double digested with Fast 
Digest XbaI and NotI restriction enzymes (Thermo- Scientific, USA) 
based on the manufacturer specifications. Ligation step was 
followed by the action of T4-DNA ligase enzyme (New England 
Biolabs (NEB), USA) with 3:1 ratio of insert and plasmid 
respectively. The transformation of the cloned plasmid into E. coli 
(DH5α) competent cells were accomplished by heat shock at 42°C 
for 30 s followed by immediately transferring to ice for 2 min as 
mentioned in Nakata et al. (1997) protocol followed by streaking the 
transformed cells over Luria agar (LB) (Lab M®, UK) containing 100 
μg/ ml of ampicillin and incubated overnight at 37°C. The positive 
colonies harbored the recombinant plasmid and the negative 
colonies harbored the empty plasmid. These were then screened 
by colony PCR using confirmatory primers with forward primer: 5-
GGTCTGAATCTGCTGCAAGAA-3 and reverse primer: 5- 
GGTTATGCTAGT TATTGCTCAG -3. The amplification condition 
was the same condition for screening the genes except when the 
annealing temperature was 52°C for 45 s. The positive colonies 
were determined and preserved at -80°C for further application. 
 
 
Expression 
 
Expression of aur was accomplished under the influence of T7 
promoter. First, the plasmid of the positive colonies was extracted 
using "PureYield™ Plasmid Miniprep System" (Promega, USA) 
according to manufacture specifications. The extracted plasmid was 
transformed into BL21 (DE3) Competent E. Coli by heat shock 
followed by streaking over Luria Broth (LB) (Lab M®, UK) containing 
100 μg.ml-1 of ampicillin and incubated overnight at 37°C. Single 
colony from the previous culture was inoculated in 5 ml LB medium 
containing 100 μg/ml ampicillin and was then incubated in a shaker 
incubator with 250 rpm at overnight. After incubation period, 1 ml of 
the previous culture was diluted in 100 ml fresh LB medium then 
the diluted culture was incubated on shaker incubator with 150 rpm 
at 37°C to an optical density 600 nm (OD600) of 0.5 to 0.6.  These 
concentrations of IPTG 0.1, 0.2, 0.5 and 1 mM were added for 
induction of proteins expression. Expression was accomplished 
under different condition for every concentration of IPTG. The applied 
different conditions included different temperature (20, 30 and 
37°C), different incubation time intervals (3, 4, 5 and overnight) on 

shaker incubator at 150 rpm. The pellet of these different conditions 
was obtained by centrifugation at 15,000 rpm for 20 min at 4°C. 
 
 
Protein analysis by SDS-PAGE 
 
To liberate the proteins from the cultured cells, the pellets were 
washed with lysis buffer containing (5 mM Imidazole, 300 mM 
NaCl50 mM, Na2HPO4, pH at 7.4) then re-suspended  in  1:10 W/V 
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lysis buffer. Five micro liter triton-x-100, 250 µl 100 mM PMSF and 
5 µl lysozyme (100mg/ml) were added to each 5 ml of lysis buffer 
and this suspension was incubated in refrigerator (4°C) for 15 min. 
Freeze-thaw technique was used to facilitate cell lysis where the 
previous suspension was exposed to 4 cycles of freezing (-20°C) 
and thawing (37°C). The cell lysate was centrifuged at 14,000 rpm 
for 20 min at 4°C and the supernatant was collected. To prepare 
the samples for SDS-PAGE, the supernatant was mixed with 
Laemmli sample buffer (BIO-RAD, USA) and then the mixture was 
boiled at 95°C for 10 min. Protein samples were separated by 12% 
SDS-PAGE according to Laemmli SDS-PAGE protocol mentioned 
in He (2011). The gel was stained by Coomassie Brilliant Blue R-
250 dye (Thermofisher, USA) for 8 h followed by destaining by 
using mixture of 40% methanol, 20% glacial acetic acid and 40% 
distilled water. 

 
 
Protein purification 

 
Protein purification was performed based on IMAC technique that a 
profanity nickel metal charged resin (Bio-Rad, USA) was used. 
First, the 50% (v/v) profanity IMAC (Bio-Rad, USA) slurry was 
suspended by gently swirling with plastic rod. The slurry was 
applied to the column (2.5 cm ID x 15 cm). Then, the column was 
equilibrated with 5 CV of equilibrated column buffer containing 300 
mM NaCl, 50 mM Na2HPO4, and 5 mM imidazole, pH at 7.0 
followed by application of 3 to 5 column volume charging metal 
solution (300 mM Nickel sulphate at pH of 4). The column was 
washed with 5 CV equilibrated column buffer and 10 CV deionized 
water to remove unbound metal ions.  Then 5 CV of washing buffer 
(50 mM Na2HPO4, 300 mM NaCl and 20 mM Imidazole) was added 
to the column. The supernatant was loaded onto column with swirl 
at 4°C. The 5 CV of wash buffer was used to remove unbound 
sample and the resulted fractures were collected for further 
analysis. Finally, 5 CV of elution buffer (50 mM Na2HPO4, 300 mM 
NaCl and 250 mM Imidazole) was applied to elute the protein and 
protein containing fractions were collected and protein was 
analysed using SDS-PAGE. 

 
 
Demonstration of reactivity of aur with serum antibodies of S. 
aureus  

 
Western blot technique was used for protein identification of the 
purified aur. Ten sera samples were collected from patients who 
reside at Suez Canal University Educational Hospital and suffered 
from pneumonia and septicemia caused by S. aureus. The sera 
were collected after the approval from ethics committee of faculty of 
pharmacy, Suez Canal University-Egypt (Reference number of 
20166H1). After separation of protein by 12% SDS-PAGE, the gel 
was transferred onto 0.45 µm.30 cm×3.5 m nitrocellulose 
membrane (Thermo fisher, USA) (Catalog number 88018) using 
mini trans-blot© electrophoretic transfer cell (Bio rad, USA) under 
constant 300 mA for 15 min using transferring buffer contained 25 
mM tris-HCL, 192 mM glycine and 20% methanol pH 8.3. The 
transferred nitrocellulose membrane was blocked by 3% Blocker 
Bovine Serum Albumin BSA (10X) (Thermo fisher, USA) diluted in 
PBS overnight 0.05% Tween-20 (TBST) at room temperature 
followed by two time washing with 0.05% Tween-20 (TBST) for 10 
min. The membrane was incubated with sera (1/10 dilution) with 
gentle agitation on rocking shaker at 4°C overnight followed by four 
time washing with 0.05% Tween-20 (TBST) for 10 min to remove 
any residuals of primary antibodies (Sera). After washing steps, the 
membrane was incubated with the secondary antibody (goat 
antihuman IgG(H+L) conjugated with HRP) (Invitrogen, USA) (Cat 
number 31410) with the dilution 1:10,000 with gentle agitation on 
rocking   shaker  at room temperature for 1 h followed by  three time 
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Figure 1. Cloning primer analysis. 

 
 
 
washing with 0.05% Tween-20 (TBST) for 10 min. Finally, Super 
Signal West Pico PLUS substrate (Thermo scientificTM, USA) was 
applied to the membrane and incubated at room temperature 
(30°C) for 5 min. The signal was captured. 

 
 
RESULTS 
 
Primer design  
 
All the designed primers (screening and cloning primers) 
in this study were specific to their templates with low 
undesired secondary structure annealing. The structure 
of the designed cloning primers was illustrated in Figure1.   
 
 
Cloning and screening of the correctly inserted aur in 
MCS of plasmid 
 
The insert was cloned in PH6HTN His6HaloTag® 
plasmid between XbaI site and NotI site of multiple 
cloning sites (Figure 2). After screening of positive 
colonies that harbored the recombinant plasmid and 
negative colonies that harbored the empty plasmid by 
colony PCR technique using confirmatory primers 
previously mentioned, the amplicon size of positive 
colonies was detected at ~ 1500 bp (Figure 3). While, 
negative colonies were detected at ~245 bp.  
 
 
Expression and purification of aur 
 
After application of different expression conditions 
(different concentration of IPTG, incubation times and 
temperatures) and analysis of these conditions by SDS-
PAGE, the optimum condition for Aur expression was 0.5 
mM IPTG at 37°C after 4 h that showed heavy band at 
~86 KDa (the molecular weight of the expressed Aur + 
His6 tag) (Figure 4). The supernatant of this condition 
was purified by IMAC and analyzed by SDS-PAGE 

showed single band at the expected molecular weight (86 
KDa). 

 
 
Demonstration of reactivity with serum antibodies  

 
The reactivity of aur was demonstrated by using western 
blot assay. Positive reaction of the purified aur band was 
showed at ~86 KDa that was the molecular weight of the 
purified aur protein (his6halo tagged).  Each human 
serum sample was tested individually and the positive 
reaction of aur against patient’s serum is illustrated in 
Figure 5.  
 
 
DISCUSSION 
 

The increasing rate of prevalence of antibiotic resistance 
in S. aureus necessitated the research into the 
development of a protective vaccine against the 
organism, but unfortunately all the clinical trials that were 
carried out to date failed as reported by Proctor (2015).  

The new vaccines will be targeted at preventing 
infections by reducing biofilm formation and / or adhesion 
to the foreign body. This criterion has already been tested 
in some clinical trials where anti-capsular polysaccharide 
(types 5 and 8), anti-SdrG and   anti-Clamping factor A 
(ClfA) were tested either for passive or active immunity 
(Rupp et al., 2007) but, all of them have failed in human 
clinical trials.  

Clinical trial failures can be attributed to many reasons, 
some of which includes: Many of the trial targeted B-cell 
activation rather than T-cell activation especially Th17 as 
suggested by Proctor (2012). These are essential for 
activation and mobilization of neutrophils as reported by 
Lin et al (2009).   Furthermore, S. aureus causes variety 
of diseases therefore there is a need for more than a 
single vaccine that will be potent against many of the 
strains as stated by Anderson et al. (2012). Another
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Figure 2. Recombinant PH6HTN His6HaloTag®-aur plasmid structure. aur was 
cloned between XbaI and NotI sites of plasmid. The PH6HTN His6HaloTag® 
plasmid contains many features such as T7 promoter that promote the expression 
of the recombinant plasmid in E. coli strains having T7 RNA polymerase, The N-
terminal His6HaloTag® region that facilitate simple purification of protein via 6 
histidine tag. A TEV protease site that cleaves the expressed protein form 
His6HaloTag® region by the action of Halo TEV protease and ampicillin resistant 
gene (Ampr) that facilitates the selection of the transformed colonies. This figure 
was modified from the Promega pH6HTN His6HaloTag®T7 Vector Certificate 
analysis part no. 9PIG797, printed 2/2017. 

 
 
 

 
 

Figure 3. Gel electrophoresis of the amplified positive colonies after transformation of 
recombinant PH6HTN His6HaloTag®-aur plasmid into E. coli (DH5α) strain. M was 
100 bp DNA Ladder RTU (GendireX, Germany).  Lane 1, 2 and 3 was the amplified 
recombinant PH6HTN His6HaloTag®-plc plasmid that detected at 1232 bp while lane 
5 was non-specific amplification. Lane 4 and 6 was the amplified recombinant 
PH6HTN His6HaloTag®-aur plasmid that detected at 1500 bp.   

 
 
 
important factor is the variability between isolates which 
may give rise to triggering of inappropriate immune 
response, and may cause organs failure as reported by 
Lloyd et al. (2020). Finally, S. aureus is one of the normal 
flora and has the ability to develop several mechanisms 
for escaping from host immunity particularly 
opsonophagocytic processes (Fowler et al., 2013; Van 
Kessel et al., 2014).  
   Soltan   et   al.   (2020)   reported  the   use   of  reverse  

vaccinology to nominate genes that are surface localized 
and showed with high antigenicity scores, the nominated 
genes (16 genes) were screened for presence in a large 
panel of S. aureus clinical isolates. The genes present in 
almost all the tested isolated were used further to test 
their vaccine potential. Phosphatidylinositol 
phosphodiesterase (PI) was selected for cloning, 
expression and B cell and T cell epitope mapping. PI was 
shown to be highly reactive with antibodies obtained from  
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Figure 4. SDS-PAGE analysis of the optimum condition of His6HaloTag®-aur expression under the induction of 
IPTG. Lane M: Unstained Protein Standard (10-200 kDa) (NEB, USA). Lane C: The culture condition without the 
addition of IPTG. Lane 1-4: Culture growth under 0.1, 0.2, 0.5 and 1 mM IPTG respectively at 37°C after 3 h. Lane 
5-8: Culture growth under 0.1, 0.2, 0.5 and 1 mM IPTG respectively at 37°C after 4 hours. Lane 7: The best 
condition of recombinant His6HaloTag®-Aur expression.  

 
 
 

 
 
Figure 5. Western blot analysis of the purified His6HaloTag®-Aur. 
Lane M: Protein marker; lane1: Purified recombinant Aur at 86 KDa.

 
 

 



 
 
 
 
serum of humans infected with S. aureus. The in-vivo 
induction of immune response against PI in a bacteremia 
mice model resulted in protection of the mice injected 
with B cell and T cell epitope mixture.     

The second nominated gene by Soltan et al. (2020) 
was aur gene; it was detected in large number of S. 
aureus isolated (96%). In addition to its critical role in S. 
aureus pathogenesis, aur has a role in S. aureus 
resistance to innate immunity because it degrades the 
antimicrobial peptide dermicidin and cathelicidin LL-37 
(Beaufort et al., 2008). Also aur has a role in transition of 
S. aureus form adherent to invasive stage by cleavage of 
staphylococcal surface- associated proteins (Stach et al., 
2018). Therefore, immunization against aur antigen can 
affect S. aureus invasiveness. 

For proper cloning and expression of different proteins 
of S. aureus, many researches use two vectors (one for 
cloning and other for expression) as mentioned in Das 
and Biswas (2019) who use pGEM-T Easy  cloning 
vector and pET28a expression vector for Phi11 gp07, 
however, this approach is expensive. On the other hand, 
other studies employ one vector for cloning and 
expression as mentioned by Chen et al (2019), in which 
pJET1.2 vector in serine acetyltransferase cloning was 
used. In this study, aur gene was cloned and expressed 
in pH6HTN His6HaloTag® T7. 
As reported in some of the previous research works, 
different IPTG concentrations ranged from 0.1 to 1 mM 
and different induction periods (2 to overnight) at different 
temperature (20 to 37

°
C) were used for optimization of 

the protein expression. But in this study, the optimal IPTG 
concentration was 0.5 mM. In contrast, Nickerson et al. 
(2008) study has induced aur by using 1 mM IPTG. 
There was a little increment in the yield of aur expression 
between overnight induction and after 4 h. Therefore, 
induction after 4 h is economical compared with overnight 
as it saves energy that was been consumed by the shaker 
incubator. This 4 h conditioning was consistent with 
Nickerson et al (2008) where they induced aur after 4 h. 

Many affinity tags can be used to purify the expressed 
protein and in this study, the His-tag was selected as it is 
highly specific in target protein purification and highly 
effective more than 80% of pure protein can be obtained 
in one chromatographic step as stated by Kimple et al 
(2013). His-tag was also used by Nickerson et al. (2008) 
study. 
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Developing a protocol for somatic embryogenesis (SE) for adult mother plants of Jatropha curcas, aids 
to overcome problems such as harvesting time and an uneven yield, providing the opportunity to 
propagate proven elite genotypes. Until now, several authors have achieved SE in J. curcas using 
different explants, however, in none of these protocols adult plants have been used as mother plant 
material. Furthermore, the challenge of overcoming the morphogenesis limitations successfully and 
further regeneration of adult plants of J. curcas has been great. The main objective of this study was to 
develop a somatic embryogenesis protocol for adult plants of the oil producing J. curcas. transverse 
thin cell layers (tTCL) of young petioles were used as explants. Half strength Y3 and MS media were 
used containing three different concentrations of 2,4-dichloropherioxyacetic acid and 6-benzil-
aminopurine in a factorial trial. Nine accessions of J. curcas of various ages (3-12 years.) were tested 
using this protocol. All accessions responded positively to callus induction and to the induction of 
somatic embryos, demonstrating the protocol to be genotype-independent. This study enables 
micropropagation of adult of proven elite plants of J. curcas via somatic embryogenesis.  
 
Key words: Jatropha curcas, transverse thin cell layers (tTCL), somatic embryos, half strength media, 
regeneration. 

 
 
INTRODUCTION 
 
In a world of an increasing demand for energy, fossil 
fuels are becoming more scarce and less favourable due 
to their CO2 emissions and impact on global warming 
(Rehman et al., 2019). The focus on renewable energies 
has identified Jatropha curcas L. as a promising  plant  to 

contribute to a more sustainable alternative. This is due 
to the yield and quality of the oil extracted from the 
seeds, having a relatively high oil content, ranging from 
~30% to ~35% (Barros et al., 2015; de Oliveira et al., 
2009).  
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Nevertheless, even though J. curcas is highly promising 
as a renewable energy source, some challenges have 
been encountered whilst attempting to exploit the crop 
(Mulpuri et al., 2019). The plant is still a wild type plant, 
that is not domesticated yet and this presents high 
heterogeneity between individuals within cultivars 
(Bahadur et al., 2012). Consequently, agronomical and 
harvesting processes are challenging (Mulpuri et al., 
2019). In order to minimize and overcome these 
challenges, the selection and mass propagation of elite 
genotypes has become an encouraging solution (Mulpuri 
et al., 2019).  

To achieve mass propagation, the somatic 
embryogenesis (SE) technique was chosen due to its 
high amount of plants obtained per explant, considering 
that, the plants regenerated from this technique are 
mostly non-chimeric and the populations derived are true 
clones (Egertsdotter et al., 2019). However, adult plants 
are highly recalcitrant to tissue culture (Jyoti et al., 1998). 
To achieve SE in J. curcas, different explants have been 
used: embryo axis and cotyledons (Nindita et al., 2014); 
root and hypocotyl (Galaz-Ávalos et al., 2012); leaf and 
shoot tips (Medipally et al., 2014); young leaves from 
young plants (Baran Jha et al., 2007); and immature 
zygotic embryos (Cai et al., 2011). However, there are no 
reports on SE protocols using transverse Thin Cell 
Layers (tTCL) in adult plants of J. curcas. TCL explants 
are small pieces of somatic tissue that usually consist of 
different types of cells (parenchyma, epidermal, 
cambium, vascular and medullar tissues) (Van, 1980). As 
explained by Nhut et al. (2003), TCLs are very responsive 
and the morphogenic responses are dependent on 
different factors, also involving growth conditions (PGRs, 
light quality, temperature, photoperiod). 

The aim of this paper was to develop an efficient 
protocol to induce SE in adult plants of J. curcas, to 
obtain successful micropropagation of elite genotypes, 
using transverse Thin Cell Layers of young petioles. 
 
 
MATERIALS AND METHODS 

 
Nine accessions of J. curcas L. were used, with an age range of 4 
to 12 years from different countries (Table 1) where the plant is 
widely cultivated and economically important. The reason for the 
wide location range and age span was to develop a robust 
genotype-independent micropropagation protocol, which could be 
applied to elite material. 

Mother plants growing in two different conditions, greenhouse 
and field, were used. Second and third leaves were excised from 
apical buds in active growth (Figure 1). The leaves were rinsed with 
Milli-Q water, and subsequently, the petioles were separated. The 
excised petioles were washed in 70% alcohol for 1 min. For the 
plants derived from the field, 2 g of disinfectant soap was used for 2 
min, as an extra step. The petioles were washed with Milli-Q water 
for 1 min and placed into a laminar flow chamber. Petioles were 
surface sterilized with a solution of 0.5% sodium hypochlorite 
(Sigma-Aldrich 10-14% W/W) with 0.02 % of Tween® 20 for 7 min. 
The field plants were additionally treated with a fungicide solution 
(Carbendazim 2% (Sigma-Aldrich 97%) + 2 g Tween® 20), before 
surface sterilization  with  sodium  hypochlorite.  The  petioles  were  

 
 
 
 
then rinsed three times ( at 5, 10 and 20 min) with autoclaved 
double distilled water. Both ends of the petioles were removed and 
the middle part was sectioned using a sterile scalpel to obtain the 
tTCLs. Subsequently, the tTCLs were used as explants to induce 
somatic embryogenesis (Figure 1). In addition, different types of 
explants were used, that is, leaf discs, petiole segments, 
longitudinal and transverse TCL of leaf and petiole. 

Two basal media, Y3 salts and vitamins (Eeuwens, 1976) and 
MS salts and vitamins (Murashige and Skoog, 1962) at full and half 
strength, were tested. Both media were supplemented with 30 g.L-1 
sucrose, 100 mg.L-1 Myo-inositol, 100 mg.L-1 arginine, 100 mg.L-1 
asparagine, 100 mg.L-1 L-glutamine and jellified with 3.8 g.L-1 of 
Gelrite™ (DUCHEFA Biochemie B.V, Netherlands). The pH was 
adjusted to 5.7 ± 0.1, prior to autoclaving for 15 min at 121°C. The 
growth chamber conditions for all the experiments were darkness 
and temperature 26 ± 1°C. Light conditions were only used for the 
maturation of embryos.  

The two basal media, were supplemented with different 
concentrations of the auxins 2,4-D, indole-3-acetic acid (IAA), 
Picloram, the cytokines 6-Benzyl-aminopurine (BAP) and Kinetin, 
alone and in combinations. When alone, the hormones were added 
in a decreasing gradient of 0.5 from 5 to 0 mg.L-1, and when in 
combination, in a decreasing gradient of 0.5 from 2.5 to 0 mg.L-1. 30 
ml of culture medium was poured post-autoclaving into polystyrene 
Petri dishes (9 cm). Seven tTCLs from petioles were inoculated per 
Petri dish, and the Petri dish was sealed with Parafilm before being 
placed in a growth chamber.  

After 4 weeks of initial inoculation, the explants with developed 
callus were transferred onto callus multiplication medium consisting 
of the two basal media supplemented with 0.05 mg.L-1 of 2,4-D and 
2 mg.L-1 BAP. The Petri dishes were sealed and placed in the 
growth chamber. 

Two weeks after multiplication, to induce SE, calli were 
transferred onto regeneration media. The regeneration media 
consisted of the two basal media, supplemented with 2 mg.L-1 of 
BAP. Petri dishes containing the callus were sealed with Parafilm 
and kept in the growth chamber.  

After 2 weeks in the induction phase, the calli showing embryo 
structures were transferred to both basal media containing 2 mg.L-1 

of BAP. The Petri dishes were kept in the growth chamber for 
further two weeks.   

For the maturation of the embryos, they were transferred to both 
basal media, containing 2  mg.L-1 of BAP, and the Petri dishes were 
moved to a growth chamber with 26 ± 1°C with a photoperiod of 16 
h light/8 h darkness and an irradiance of ± 40 µMol.m-2 s-1. 

 
 

RESULTS AND DISCUSSION 
 

In order to overcome the recalcitrance, characteristic of 
adult plants of J. curcas for micropropagation (Jyoti et al., 
1998; Nhut et al., 2013), it was sought to develop a 
protocol to induce SE using different types of explants 
from adult mother plants. Several types of explants were 
tested, and it was found that tTCLs of young petioles 
were the most suitable explants (Figure 2B). As shown in 
Figure 2A, tTCL of the petiole contains a small number of 
cells of different types, which means that this type of 
explant includes a new and greater number of patterns 
for morphogenesis compared to those present in other 
somatic cell systems (Gendy et al., 1996).  

Contamination was not observed in the plant material 
from the greenhouse and in less than 10% of the plant 
material coming from the field. Thus, the methodology 
used for  partial  surface sterilization and disinfestation on  
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Table 1. Nine different accessions of Jatropha curcas L. used for the induction of  somatic embryogenesis of adult 
plants.   
 

Accession  Age (year) Location Condition 

Ghana 1 12 Norwegian University of Life Sciences - NMBU Greenhouse 

Ghana 2 12 Norwegian University of Life Sciences – NMBU Greenhouse 

Cape Verde 11 Norwegian University of Life Sciences – NMBU Greenhouse 

Tanzania 12 Norwegian University of Life Sciences – NMBU Greenhouse 

Ethiopia 4 Norwegian University of Life Sciences – NMBU Greenhouse 

Indonesia 1 10 Norwegian University of Life Sciences – NMBU Greenhouse 

Indonesia 2 10 Norwegian University of Life Sciences – NMBU Greenhouse 

Colombia  6 Antioquia University – Medellín, Colombia Field 

Brazil 5 Antioquia University – Medellín, Colombia Field 

 
 
 

 
 

Figure 1. System used for obtaining somatic embryos from adult plants of J. curcas using young petioles tTCL and two different 
basal media, 5 different hormones and 85 different hormones combinations and concentrations.  
Source: Nhut et al., (2005). 

 
 
 
both plant materials was efficient, allowing the in vitro 
establishment of the selected accessions.  

In this study, the results indicate that half-strength Y3 
medium supplemented with 0.5 mg.L

-1
 of 2,4-D and 0.5 

mg.L
-1 

of BAP gave the best results for callus induction 
(100%) in all accessions and more embryogenic cells 
compared to the other treatments (Figure 3). The other 
explants either died or the cells were hyper hydrated. To 
induce somatic embryos, Medipally et al. (2014) used the 

same concentration and type of hormones as were used 
in this paper, but with very young plants (9-months-old) 
and using leaf lamina and shoot tips as explant. For this 
protocol, responses were obtained from adult plants 
using petioles. Calli showed granular/nodular aspect, 
were friable and of a light green/yellow colouration. The 
cells were rounded and obtained seven days after first 
inoculation (Figure 2D).   

It  could  be  observed that callus started developing on  
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Figure 2. Somatic embryogenesis development and maturation from young petioles tTCL of J. curcas (A-D) Embryogenic 
callus obtained using half-strength Y3 medium supplemented with 0.5 mg.L-1 of 2,4-D and 0.5 mg.L-1 of BAP. (E-G) Callus 
multiplication and formation of pro-embryo structures using half-strength Y3 supplemented with 0.05 mg.L-1 of 2,4-D and 2 
mg.L-1 of BAP. (H-L) Embryo formation and maturation using half-strength MS medium supplemented with 2 mg.L-1 of BAP 
and under light conditions. Red arrow shows formation of somatic embryos. Bar = 1 mm. 

 
 
 
the central part of the petiole TCL and continued all over 
the explant (Figure 2C). Moreover, Nhut et al. (2013) 
described a protocol for propagating J. curcas through 
direct and indirect SE and Organogenesis using tTCL. 
However, they also performed it on very young plants 
and used leaves lamina, while in this study, adult plants 
were used given the advantage that the protocol can be 
used for elite genotypes. Even though in a more recent 
study (Galaz-Ávalos et al., 2018), SE was obtained using 
relatively low concentrations of exogenous hormones. 
The time for each stage (seed germination, plantlet 
preparation, individualisation of explant, embryo 
induction, etc.) was extremely long (≥100 days before 
first response was seen), whilst in this study, somatic 
embryos were obtained before 45 days after first 
inoculation and from in vivo explants.  

The four-week-old calli were then transferred to 
multiplication media containing 0.05 mg. L

-1
 of 2,4-D and 

2 mg.L
-1 

of BAP. Shortly after, callus cells started to 
multiply rapidly and form small clumps, mostly on the 
edges of the callus as well as on the central part (Figure 
2E). It could be observed that the cells started growing 
and forming globular structures on the edges of the callus 
45 days after first inoculation (Figure 2F-G), which was 
also recorded in carrot (Masuda et  al.,  1995),  J.  curcas 

(Kalimuthu et al., 2007), Coffea arabica (Bartos et al., 
2018) and macaw palm (Meira et al., 2019). 

For this experiment, the embryogenic cells were 
obtained only when both 2,4-D and BAP were present in 
the culture media. The importance of the interaction 
between auxins and cytokinins has been well studied and 
described previously (Litz and Gray, 1995) to improve cell 
organisation in morphogenetic processes (Fujimura and 
Komamine, 1980). Baran Jha et al. (2007) obtained 
embryos when the embryogenic calli were transferred 
onto MS supplemented with 0.5 mg.L

-1
 Kinetin and 0.25 

mg.L
-1 

IBA, also proving the importance of auxin-cytokinin 
interaction.  

Once the exogenous auxin 2,4-D was completely 
removed, and 2 mg.L

-1 
of BAP was kept in the medium, 

embryos started to form 55 days after inoculation (Figure 
2H). Medium free of added auxins induces a reduction in 
the level of endogenous auxins in the explant, which has 
triggered somatic cells in the callus to start differentiation 
processes and also leads to the maturation of the 
embryos (Ribnicky et al., 1996). The somatic embryos in 
this protocol presented a white/yellow colouration and 
could be easily separated. (Figure 2I). Several authors 
have shown that callus growing in medium with 2,4-D, 
and  thereafter,  complete  removal  of  the  hormone  has  
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Figure 3. Type of calli of J. curcas obtained with the different PGR concentrations. (A) 1 mg.L-1 of 2,4-D and 0,5 mg.L-1 of 
Kin. (B) 2 mg.L-1 of 2,4-D. (C) 1 mg.L-1 of 2,4-D and 1 mg.L-1 of BAP. (D) 2,5 mg.L-1 of Kin. (E) 1 mg.L-1 of IAA and 1 mg.L-1 
of BAP. (F) 2 mg.L-1 of Picloram (G) 1 mg.L-1 of 2,4-D and 2 mg.L-1 of BAP. (H) 1,5 mg.L-1 of IAA and 2 mg.L-1 of BAP. (I) 2,5 
mg.L-1 of BAP. 

 
 
 
induced SE (Cheema, 1989; Godbole et al., 2002; 
Seldimirova et al., 2019). Kalimuthu et al. (2007)  
managed to induce direct somatic embryos from green 
cotyledons using 2 mg.L

-1 
of BAP. In this study, when the 

embryos were moved onto half-strength MS medium, 
supplemented with 2 mg.L

-1 
of BAP under a photoperiod 

of 16h/8h, the embryos started to mature and advance 
into further stages after 85 days after inoculation (Figure 
2J-L). In accordance with previous publications, BAP 
showed higher responsiveness on the somatic embryos, 
for maturation (Agarwal and Kamal, 2004; Cai et al., 
2011; Kumar et al., 1994) and germination 
(Payghamzadeh and Kazemitabar, 2012; Raemakers et 
al., 1993; Siang et al., 2012).  

Up to the date of submission of this study, there has 
not been a report on the importance of shifting between 
different basal media for inducing somatic embryo-
genesis. However, there are many reports describing the 

importance of media composition on stimulating 
subsequent stages of SE, as well as for the optimisation 
of the morphogenetic response (Kumar et al., 2008; Pinto 
et al., 2008; Rodríguez-Sahagún et al., 2011; Walker and 
Sato, 1981). 

As far as we are aware, this is the first report on the 
successful induction of somatic embryogenesis from 
several accessions of adult plants of J. curcas L., using 
tTCL of petioles. The fast and high response from the 
type of explant and the developmental stage of the 
mother plants make this protocol a great tool for inducing 
somatic embryogenesis from elite genotypes of J. curcas. 
This protocol also provides a great opportunity for plant 
breeders to develop improved varieties. 
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Identification of zygotic and nucellar seedlings of Harumanis mango by morphological approach is 
impossible or hard to be performed. Therefore, this research were to identify zygotic or nucellar 
seedlings from Harumanis mango polyembryonic seeds through simple sequence repeat (SSR)  
molecular markers in relation with germination sequence and vigour of seedlings for source of true-to-
type cutting material. The results showed that there were 3 seedlings per seed on average. The result 
from the molecular analysis of 136 seedlings (45 seeds) showed four zygotic seedlings in seeds 1, 15, 
29 and 43 representing 8.9% of seeds evaluated. Most of the zygotic seedlings were found towards the 
end of germination sequence except for seed number 15 and the rest were considered as nucellar 
seedlings. Based on the fitted logistic regression, the predicted sequence to obtain 90% nucellar 
seedlings is 5.47. This means that, the germination sequence of less than 6 has 90% chance of getting 
nucellar seedlings compared to zygotic seedlings. Morphological characters such as number of leaves, 
stem diameter and leaf area could also be used as references with germination sequence. The results 
showed that there were significant (p<0.01) relationships between germination sequence and all the 
growth variables. All growth variables were negatively correlated with germination sequence. This 
suggested that in order to have 90% chances of getting nucellar seedling (germination sequence below 
6), the seedling needs to exhibit several morphology characters; big stem girth, tall plant, high leaf 
number and large leaf area. Therefore, choosing vigour seedling will increase chances of getting 
nucellar seedlings, which can be used as cutting source for true-to-type planting material or for 
breeding purposes. 
 

Key words: Harumanis, molecular, morphology, nucellar, SSR markers, zygotic. 
  
 

INTRODUCTION  
 

Harumanis mango (Mangifera indica) is a mango variety 
that is economically important  and  classified  as  one  of 

the sought-after mango variety in Malaysia (Farook et al., 
2013). The demand for Harumanis  mango  is  increasing  



   
 

 
 
 
 
yearly due to the exquisite taste and aroma of the fruit 
(Khalid et al., 2017). However, the plant is only cultivated 
in the Northern region of Peninsular Malaysia such as in 
Perlis and Kedah since the weather is suitable for the 
growth of the Harumanis mango (Muhamad Hafiz et al., 
2019; Rosidah et al., 2010). As recorded in 2019, there 
was about 6,373 ha of mango cultivation in Malaysia with 
15,766 metric tons production (Department of Agriculture, 
2019). This valuable crop is generally propagated by the 
means of grafting rather than via seedlings to ensure 
true-to-type planting material (Ahmad Hafiz et al., et al., 
2020). This method of propagation however is laborious, 
costly, requires skilled worker, time-consuming and 
dependable on availability of seeds for rootstock; which 
explain the deficit in supply of Harumanis mango planting 
materials in Malaysia. An alternative method of mass 
production of true-to- type mango planting material is via 
cutting, which is reported to be more cost effective, 
efficient and uniform planting materials (Deependra et al., 
2018). This method however is hindered in mango due to 
the polyembryonic attributes of the mango seed.  

Harumanis mango is one of the several mango fruit 
trees that possess polyembryonic genotype (Mohd Asrul 
et al., 2018). Generally, cultivars originating from 
Southeast Asia, as well as tropical Latin America are 
polyembryonic, while those originating from Florida and 
India are largely monoembryonic (Vasanthaiah et al., 
2007). Polyembryony is defined by the development of 
more than one seedling in a single seed, and one may be 
zygotic and the rest are nucellar (Simon et al., 2010; 
Ravishankar et al., 2004), in some reports all could be 
nucellar (Degani et al., 1993). This trait is genetically 
controlled, and in mangos, it is linked to a single 
dominant gene (Aron et al., 1998). The number of 
seedlings per seed varies with the cultivar and 
environmental conditions (Aline et al., 2014). The nucellar 
embryos in mango trees are developed in the nucellar 
tissue that covers the embryo sac, and the seedlings 
derived from these embryos are genetically identical to 
the parent plant (Aron et al., 1998). In contrast, the 
zygotic embryo is derived from fertilization by self- 
pollination or by cross-pollination. It is the objective in 
breeding programs for the selection of superior genotypes 
and variability achievement (Aline et al., 2014).  

The identification of nucellar seedlings by morphological 
criteria is impossible or hard to be performed (Desai, 
2004). Different morphological and biochemical markers 
had been used to distinguish nucellar from zygotic 
seedlings, but none was as efficient as molecular marker 
(Elisa Del et al., 2012). Thus, the use of molecular or 
isoenzymatic   markers   is    necessary   to   observe  the  
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differences. Since it was difficult  to  select nucellar 
seedlings  in  seeds  of  polyembryonic  mangos  using 
morphological characteristics, several researchers had 
reported on the usage of  genetic  markers to  identify 
zygotic  and  nucellar  embryos. Some of the genetic 
markers used were Amplified Fragment Length 
Polymorphism (AFLP) (Eiadthong et al., 2000), Random 
Amplified Polymorphic DNA (RAPD) (Ravishankar et al., 
2000; Elisa Del et al., 2012) and Inter Simple Sequence 
Repeat (ISSR) polymorphism (Aline et al., 2014).  
However, seedling industries find difficulties in identifying 
these markers and continuously choosing plants 
according to their morphological characteristics. To make 
identification of nucellar seedlings an easy task in 
selecting of cutting source, germination sequence and 
vigour of Harumanis seedlings were investigated in this 
study, to determine whether these characteristics exhibit 
relationship to their genetic origin. The objectives of this 
work were to identify the genetic origin, zygotic or 
nucellar of seedlings from Harumanis mango 
polyembryonic seeds by using SSR molecular markers 
and thereafter relating it to the seedling germination 
sequence and vigour. 
 

 
MATERIALS AND METHODS 
 

Plant and growth conditions 
 

Seeds for the experiment were collected from Harumanis mango 
fruits obtained from Malaysian Agriculture Research and 
Development Institute (MARDI) Station, Sintok, Kedah on May 
2019. Forty-five mature fruits of Harumanis mango were chosen. 
The flesh and seed coat were removed and washed with clean 
water and soaked in 0.2% Benomyl before the seeds were sown in 
the sandy seedbed. The seedbed was shaded with black netting 
(70%) and watered daily.  
 
 

Germination sequence and seedling vigour determination 
 

Seedlings that germinated from each seed were colour-tagged 
according to their germination sequence until 30 days of 
germination period. At 30 days after germination, plant height, stem 
diameter, number of leaves and leaf area of each seedling were 
determined. Measurement of plant height was taken from the soil 
surface to the highest shoot tip using a measuring tape. Stem 
diameter was measured at the lowest part of stem using Electronic 
Digital Caliper (Model SCM DIGV-6) while the leaf number was 
manually counted based on fully expanded leaves. Leaves areas 
were measured using an automatic leaf area meter (MODEL LI-
300, LI-COR) and recorded as a total leaf-area per plant (Figure 1). 
 
 

DNA extraction 
 

Genomic  DNA  was extracted  following  the  method  described by  
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Figure 1. Seedlings of Harumanis mango at 30 days after germination in sandy seedbed.   

 
 
 
Mace et al. (2003) with some modifications in term of incubation 
time. Leaf samples of each seedling at 30 days after germination 
was ground using the Tissue Lyser (Qiagen, Netherlands) before 
incubated with extraction buffer (2% CTAB, pH 8, 100 mMTris-HCl, 
20 mM EDTA, 1.4 M NaCl, 0.05% β-mercaptoethanol) at 65°C for 1 
h. Then, an equal volume of cold isopropanol was used to 
precipitate the DNA before being washed with 70% ethanol. The 
DNA pellet was air-dried before being eluted in 50 μl of TE-RNase 
buffer. The DNA concentration and integrity was measured using 
Epoch Biotek (Thermo Scientific, USA), and a 0.8% agarose gel, 
respectively.   

 
 
SSR genotyping 

 
The SSR markers were selected from Ravishankar et al., (2011) for 
the assessment of nucellar and zygotic seedlings presented in 
Table 1. The genotyping process followed the protocol as 
suggested by Schuelke (2000) by concatenating each of the 
forward primer with M13 sequence. The PCR was conducted in 
final volume of 10 µl reaction mixtures containing 10 × Invitrogen 
PCR Buffer, 2.5 mM MgCl2, 1 μl genomic DNA (20 ng/μl), 2 μM 
dNTPs (0.2 μM/μl), 10 μM of each primer pair (0.5 μM/μl), 5 μM of 
fluorescent dye (FAM/NED/PET/VIC) (0.5 μM/μl) and 1 Unit of Taq 
polymerase (Invitrogen, California). The amplification of the target 
region was performed using the Applied Biosystem Gene Amp 
(Thermo Fischer Scientific, California). The PCR profile was set 
with an initial denaturation for 2 min at 95°C followed by 35 cycles 
of denaturation at 94°C for 30 s, annealing at 45 to 60°C for 30 s 
and extension at 70°C for 45 s before being terminated with a final 
extension for 5 min at 70°C. Then, the PCR products were resolved 
using an ABI3730xl DNA Analyzer (Thermo Fischer Scientific, 
California) with Gene Scan TM 500 LIZ (Applied Biosystems, 
California) used as the DNA ladder. 

Scoring and data analyses 
 
The output files (fsa. file) from ABI3730 DNA Analyzer were 
analyzed using Gene Mapper 5.0 (Applied Biosystems). The allele 
peaks were identified and scored as suggested by Arif et al., 
(2010). The seedlings alleles were compared with the parental 
alleles. POWERMARKER (Liu and Muse, 2005) was used to 
calculate the genetic distance. Number of seedlings germinated in 
for each seed was analyzed using descriptive analysis while the 
responses (zygotic or nucellar) was analyzed using logistic 
regression. The logistic regression model was used to estimate the 
sequence of germination for a certain odd ratio of nucellar: zygotic 
seedlings. Pearson correlation coefficient (r) was determined 
between the sequence of germination and all the vegetative 
parameters at p ≤ 0.05%. 

 
 

RESULTS AND DISCUSSION 
 

Polyembryony in Harumanis mango 
 

The results in this study revealed that there were 3.07 
seedlings per Harumanis mango seed on average; 
ranging from 1 to 7 seedlings. Most of the seeds, 51.1% 
had 2 or 3 seedlings per seed while only 4.4% had 7 
seedlings (Figure 2). The results in this study are in 
accordance with Zakaria et al. (2002) that reported 2 to 6 
seedlings per seed in M. indica (cultivar Sala and 
Tangkai Panjang) while 1 to 2 seedlings per seed in 
Mangifera foetida and Mangifera caesia. The difference 
between the numbers of seedlings in species of 
Mangifera  has  been  reported  by  Cordeiro et al. (2005)  
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Table 1. List of SSR markers used in this study based on Ravishankar et al.,(2011). 
 

SSR ID Forward Reverse Motif Size (bp) 

MiIIHR01 GGATGCACAACAACAAGCAC TCAGCAAGCAATCCCTTCTT (GAA) 4 CAG(CAA) 2 (TA) 2 237-261 

MiIIHR02 CCCCAACATTTCATAAACACA CCTCCTTACATGCCTCCTTG (CA) 2 A(CA) 7 AG(CA) 5 165-221 

MiIIHR03 GTCGATGCCTGGAATGAAGT AAGCATCGAACAGCTCCAAT (CTT) 6 (CA) 2 227-235 

MiIIHR06 CGCCGAGCCTATAACCTCTA ATCATGCCCTAAACGACGAC (CA) 7 CG(CA) 5 93-122 

MiIIHR07 GCCACTCAGCTAAATAGCCTCT TGCAGTCGGTAAAGTGATGG (GA) 11 159-185 

MiIIHR09 GTTGTGACCGAGGCCTTAAA CTTTGACATCGCTGATCTGG (CT) 3 TTGC(CT) 2 GT(CT) 4 TC(GT) 2 (CT) 2 273-291 

MiIIHR10 CGATTCAAGACGGAAAGGAA TTCAAGCACAGACGACCAAC (GTT) 6 161-184 

MiIIHR11 CAGTGAAACCACCAGGTCAA TGGCCAGCTGATACCTTCTT (CT) 2 TT(CTT) 5 203-213 

MiIIHR12 GCCCCATCAATACGATTGTC ATTTCCCACCATTGTCGTTG (GA) 11 154-188 

 
 
 
and is due to the genetic differences between the 
species. 
 
 
Molecular analysis 
 
The analysis of 136 seedlings which were derived 
from 45 seeds using microsatellite markers 
showed a total of four zygotic seedlings and they 
were identified in seeds 1, 15, 29 and 43 
representing 8.9% of seeds evaluated (Table 2). 
Most of the zygotic seedlings were found towards 
the end of germination sequence except for seed 
number 15. This was in agreement with the study 
conducted by Aline et al. (2014) on Uba cultivars. 
However, details and depth study are required to 
understand the sequence order and the 
occurrence of the zygotic seedling in Harumanis 
seed. Meanwhile, the remaining seedlings were 
considered as nucellar seedlings as the SSR 
based DNA profile match with the parent DNA 
profile of Harumanis mango. In the present study, 
seedlings that showed polymorphism at least by 
one primer were also considered as zygotic  since 

this study was using codominant marker system. 
However, in this study, zygotic seedling from seed 
15 showed the least polymorphic across all nine. 
As we were using codominant marker, we can 
directly and perfectly identified the heterozygote 
seedling which happened due to the pollination 
with the external pollen source.  Hence, the 
seedlings with the presence of heterozygote allele 
form even at one marker were considered as 
zygotic seedling. Figure 3 describes the allelic 
segregation of nucellar and zygotic seedling on 
locus. The number of polymorphic marker was 
different between the zygotic seedlings which 
might be caused by receiving a different pollen 
donor. There is the successful study on 
identification of pollen donor in European Plum 
using microsatellite markers (Meland et al., 2020).  
Unlike previous studies which were using 
dominant marker system such as RAPD and 
ISSR, the researcher was required to set at least 
three polymorphic primers in order to consider the 
seedling is zygotic (Aline et al., 2014). Since the 
dominant marker system such RAPD and ISSR is 
unable to differentiate  between  homozygote  and 

heterozygote of allele which lead to numerous 
number of marker is needed in order to identify 
the occurrence of zygotic and nucellar seedlings 
(Miah et al., 2013). The present study also 
showed there was no occurrence of double 
zygotic seedling in a single seed (Policaulismo).  
 
 
Relationship of genetic material in accordance 
with germination sequence and vigour 
 
In computing the probability of getting nucellar 
seedling for source of true-to-type cutting material 
based on germination sequence, the logistic 
regression model fitted from the data of 
germination sequence and genetic material 
(nucellar or zygotic) is:  
 
Y = 5.29 - 0.57x 
 
where Y is the outcome of nucellar or zygotic 
(nucellar (1) or zygotic (0)) and X is the 
germination sequence. Based on the parameter 
estimate  in  Table  3,  the  estimated  odd  ratio of  
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Figure 2. Number of seeds with different number of seedlings 
germinated 

 
 
 

Table 2. Seedlings evaluated from 45 seeds of Harumanis mango. 
 

Seed Germination sequence  Seed Germination sequence  Seed Germination sequence 

1 1, 2, 3, 4, 5, 6, 7  16 1  31 1, 2, 3, 4, 5 

2 1, 2, 3, 4, 5  17 1, 2, 3  32 1, 2, 3, 4 

3 1  18 1, 2  33 1, 2, 3, 4, 5 

4 1, 2, 3  19 1  34 1, 2, 3 

5 1, 2, 3  20 1, 2  35 1 

6 1  21 1, 2  36 1, 2 

7 1, 2, 3, 4  22 1, 2  37 1, 2 

8 1, 2, 3, 4, 5  23 1, 2, 3  38 1, 2, 3 

9 1, 2, 3  24 1, 2, 3  39 1, 2 

10 1, 2, 3  25 1  40 1, 2, 3, 4 

11 1, 2, 3  26 1, 2  41 1, 2 

12 1, 2  27 1  42 1, 2, 3, 4, 5, 6, 7 

13 1, 2, 3  28 1, 2, 3, 4  43 1, 2, 3, 4, 5 

14 1, 2, 3, 4, 5, 6  29 1, 2, 3, 4  44 1, 2 

15 1, 2, 3, 4  30 1, 2  45 1, 2, 3, 4, 5, 6 
 

*Numbers underlined on the germination sequence column are zygotic seedlings; not underlined are nucellar 

 
 
 
getting a nucellar seedling is . This 

means that as the germination sequence increases by 
one unit, the odds of getting nucellar seedlings reduces 
by 57%.  

Based on the fitted logistic regression, the predicted 
sequence to obtain 90% nucellar seedlings is 5.47. This 
means that, the germination sequence of less than6 has 
90% chances of getting nucellar seedlings compared to 
zygotic seedlings. Figure 4 shows the logistic regression 
plot for the germination sequence vs. predicted 
probability of getting a nucellar seedling.  

Using germination sequence as a reference in getting 
nucellar seedlings for source of cutting materials serve 
some challenges as the nurserymen have to closely 
monitor germination and tag the seedlings. Alternatively, 
morphological characteristics such as leaf number, stem 
diameter and leaf area could also be used as reference 
with germination sequence. The results showed that 
there were significant (p<0.01) relationships between 
germination sequence and all the growth variables 
(Figure 5). All growth variables were negatively correlated 
with germination sequence, with the strongest relationship  
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Figure 3. Allelic size of nucellar and zygotic seedlings with their respective parent (Harumanis) 
on locus MiIIHR06. Zygotic seedling received an extra allele (125 bp) from external pollen 
source. S1G1 (seed 1, germination sequence 1), S1G6 (Seed 1, germination sequence 6). 

 
 
 

 
 

Figure 4. Predicted probability plot of getting nucellar seedlings (Pr (X=1)) 

 
 
 
(r= -0.39; p ≤ 0.01) was recorded between germination 
sequence and stem diameter. This was followed by plant 
height (r= -0.38; p ≤ 0.01), leaf number (r = -0.29; p ≤ 
0.01) and lastly leaf area (r = -0.27; p  ≤ 0.01)  (Figure  3). 

However, leaf number showed positive correlation with 
plant height (r = 0.49; p ≤ 0.01), stem diameter (r = 0.43; 
p ≤ 0.01) and leaf area (r = 0.43; p ≤ 0.01). These results 
showed that there  was  an  increase  in  leaf number with 
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Figure 5. Matrix plot of germination sequence with vegetative variables. 

 

 
the increase of plant height, stem diameter and leaf 
area. The same result was obtained by Shaban (2010) 
who found that leaf number was correlated positively 
with leaf area and plant height and leaf area for Zebda 
mango seedlings from Egypt. In term of plant height, 
there was a strong positive correlation with stem 
diameter (r = 0.76; p ≤ 0.01) and leaf area (r = 0.64; p ≤ 
0.01). The stem diameter also had strong positive 
correlation with leaf area (r = 0.65; p ≤ 0.01). Zakaria et 
al. (2002) found that the seedlings from different variety 
of Mangifera species seeds differ in terms of vigour, 
plant size or height depending on whether they are 
nucellar or zygotic in origin. Zakaria et al. (2002) and 
Muralidhara et al. (2015) suggested that the removal of 
seed coat might had given a superior response in all 
initiation of plant height, stem diameter, number of 
leaves per plant and leaf area. At the same time, the 
different response growth of seedlings produced after 
germination and emergence that may be caused by 
competition between seedlings for nutrient uptake, light 
and space.  

This suggested that in order to have 90% chances of 
getting nucellar seedling (germination sequence below 
6), the seedling needs to exhibit several morphological 
characteristics; big stem girth, tall plant, high leaf 
number and large leaf area. These are morphological 
characteristics of vigor seedlings. Generally, the most 
vigorous seedling from each seed are used by the 
nurserymen for the production of rootstock however the 
nucellar seedling is not always the most vigorous, which 
results in uneven orchards (Simon et al., 2010).  In ‘Uba’ 
mangos, 60% of the seedlings tested were discovered 
as zygotic, and not correlated with the vigorous 
character tested (Aline et al., 2014). In addition, 90% of 
the  most  vigorous  seedlings  from  seeds  of  ‘Rosinha’ 

mangos collected in 2002 and 2003 were of zygotic 
origin, while seedlings from seeds harvested in 2004 
were mostly identified as nucellar, indicating no 
relationship between the type of embryo and seedling 
size (Cordeiro et al., 2005). 
 
 
Conclusions 
 
Harumanis is a polyembryonic mango with average 3 
seedlings per seed. Based on SSR molecular markers, 
zygotic seedlings were found towards the end of 
germination sequence with 8.9% of total seeds 
evaluated. DNA marker system was proven to be the 
ideal approach in identifying zygotic and nucellar 
seedlings as the identification is not influenced by 
environmental factor and agronomic practices. Choosing 
vigour seedling will increase the chances of getting 
nucellar seedlings, which can be used as cutting source 
for true-to-type planting material or for breeding 
purposes. 
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Medicinal and edible mushrooms have biological properties that are important in promoting health. In 
the last decades, an increasing number of studies have explored various aspects of the cultivation and 
metabolism of various species. Many isolated substances have potential for use in medicine and among 
them are polysaccharides, which have been shown to have physiological properties such as anti-tumor, 
immunomodulatory, anti-hypercholesterolemia, antiviral and antiinflammatory. The most common way 
of obtaining products from mushrooms is through cultivation in a solid medium. However, in this type 
of cultivation there is a difficulty in controlling the physical and chemical parameters and, 
consequently, the quality of the product. In this context, the submerged fermentation of the mycelial 
form of the mushroom has received attention as an alternative for the efficient production of biomass 
and, therefore, of polysaccharides. Technical problems and forms of cultivation are studied so that the 
standardization of cultivation is more effective. This review describes some aspects about the 
submerged fermentation technique in bottles and bioreactors, exploring the two main ones, which are 
the stirred tank fermentator and the air lift reactors and the species that are in these cultivated systems. 
 
Key words: Mushrooms, polysaccharides, submersed fermentation, biorreactor. 

 
 
INTRODUCTION 
 
In recent decades, a large number of publications have 
presented the possibility of using mushrooms in the 
production of several metabolites of interest of low molar 
mass (Shu and Lung, 2004; Zou, 2006; Tang et al., 2007) 
and high molar mass, such as polysaccharides, which 
are shown as potent pharmacological agents with diverse 
activities. In addition, mushrooms have been widely 
consumed for centuries in the East and Europe, given 
their high nutritional value, with around 2000 edible 
species recognized  and  approximately  25  grown  on  a 

commercial scale (Jong and Donovick, 1989; Furnali and 
Godoy, 2007). In its composition, there are essential and 
non-essential amino acids, carbohydrates, organic acids, 
minerals, vitamins low lipids and high protein and fiber 
contents (Ghorai et al., 2009; Kawagoe et al., 2004; 
Sales-Campos et al., 2011a, 2013). 

Special attention is given to fungal polysaccharides 
because they have biological activity as antioxidant, 
antitumor, hypoglycemic, aintinflammatory and 
immunomodulatory  (Bai  et   al., 2020; Fan  et  al.,  2007; 
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Zhang et al., 2011; Silveira et al., 2015; Wang et al., 
2019). Polysaccharides are metabolites of great interest 
in the cultivation of basidiomycetes. The molecular 
arrangement of these polysaccharides is well distributed, 
but most belong to the groups of β-glucans, whose main 
chain connections are of the type β-(13) and varying 
number of β-(16) branches (Seo et al., 2019). However, 
at least one example of a β-(13) glucan, containing β-(12) 
and β-(16) branches has already been described (Ruiz-
Herrera and Ortiz-Castellanos, 2019). 

Traditionally, mushrooms are grown on a solid substrate 
under controlled temperature and humidity conditions. 
However, this method requires a long cultivation time and 
low yield, in addition to the possibility that the culture is 
contaminated by other microorganisms (El-Enshasy et 
al., 2010). 

In addition to solid-state crops, fungi are grown in liquid 
media in bottles or bioreactors. This type of cultivation 
presents a fast, efficient and less expensive alternative 
form (Wu et al., 2003, 2004; Tang and Zhong, 2002), in 
which organisms can be obtained in limited physical 
spaces under conditions controlled and optimized for the 
production of biomass, exopolysaccharides (EPS) and 
endopolysaccharides (IPS), simultaneously (Cui et al., 
2006; Confortin et al., 2008; Liu and Zhang, 2019; 
Guillén-Navarro et al., 1998), also showing the ease of 
separating the mycelium from the culture medium, 
obtaining products of uniform quality, in addition to the 
possibility of being cultivated all year round (Leonowicz et 
al., 1991; Rosado et al., 2002). 

Many species are grown in flasks of liquid medium or 
even in bioreactors, including Lentinus edodes, 
Ganoderma, lucidum, Schizophyllum commune, Trametes 
versicolor, Inonotus obliquus and Flammulina velutipes. 
For the production of polysaccharides, an important step 
in submerged culture is the type of bioreactor used, since 
it directly influences the development of the mycelium. 
When it comes to flasks or stirred tank reactors, even 
optimized conditions can behave differently (Burns et al., 
1994; Maziero et al., 1999; Rosado et al., 2003; Zhang et 
al., 2003). 

Many studies are carried out with the aim of optimizing 
culture media for the production of fungal metabolites 
using statistical techniques (Fan et al., 2007; Joo et al., 
2004; Assis et al., 2013). Studies, such as the one carried 
out using the fungus Grifola frondosa, were conducted in 
order to optimize the production of biomass and 
exopolysaccharide by response surface techniques 
(RSM) (Cui et al., 2006). 

The bioprocesses used in the cultivation of fungi are 
carried out under optimal conditions such as temperature, 
pH, aeration, types of nutrients, pressure, type of reactor 
used, shear stress, the use of surfactants or defoamers 
and produced biomass. These processes involve 
complex and multiple biochemical reactions as well as a 
particular kinetics for each type of organism grown 
(Garcia-Ochoa and Gomez, 2009). 

Campestrini and Salles-Campos           101 
 
 
 
Thus, the objective of this work is to review some fungi of 
interest grown in a submerged manner for the production 
of polysaccharides, in flasks and bioreactors in agitated 
and pneumatic tanks. 
 
 
CULTIVATION IN SUBMERGED FERMENTATION: A 
NEW PERSPECTIVE OF CULTIVATION 
 
The submerged fermentation process is the process of 
cultivating microorganisms in liquid culture medium. This 
type of cultivation has several advantages over solid state 
fermentation. One of the main advantages is the 
possibility and ease of homogenization during the 
process. Homogenization is possible, as the medium is 
easily mixed, eliminating the differences that are 
generated as the microorganism grows. The liquid 
medium allows important factors, such as temperature 
and pH, to be easily measured and controlled. In 
addition, the consumption of nutrients is more complete, 
allowing maximum use of nutrients and maximum growth. 
These variables can be measured and controlled due to 
the greater precision of the samples taken during 
cultivation (Rossi et al., 2002; Elisashvili, 2012). Another 
advantage associated with submerged fermentation is the 
speed with which crops are grown, reducing production 
time and, consequently, the chances of contamination 
occurring. This is due to the ease with which nutrients are 
dispersed in the environment, maximizing the contact 
area between microorganisms and nutrients (Wu et al., 
2003). 

Cultivation can be carried out in static and agitated 
flasks, with forced aeration and also in bioreactors. The 
studies in small flasks aim to evaluate the best cultivation 
conditions so that the process can be scaled, reducing 
the risk of failure in the process at the industrial level. The 
cultivation of filamentous fungi by submerged fermentation 
is already a widespread practice, with a primary focus on 
obtaining products from primary or secondary metabolism 
secreted in the medium such as proteins, enzymes, 
acids, antibiotics, exopolysaccharides (EPS) intracellular 
polysaccharides (IPS) and other bioactive, medicinal 
and/or industrial compounds and also biomass for use as 
a food supplement (Saeki et al., 2011; Elisashvili, 2012; 
Vamanu, 2012; Singh et al., 2013). 
 
 
Cultivation in flasks 
 
The medium used for the cultivation of microorganisms 
must contain in a balanced way all the elements and 
nutrients for the synthesis of cellular substances and for 
the production of metabolites. Chemically defined culture 
media are used in laboratory research, but on an 
industrial scale, for economic reasons, complex 
substrates of variable composition are used, by-products 
of other industries. These substrates must be adapted for 
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cultivation by means of extraction, supplementation and 
balancing the composition of the medium in order to 
increase the production yield of the selected 
microorganism, using screening experiments prior to 
cultivation in bioreactors or even aiming at the production 
of polysaccharides in the plants themselves (Crueger and 
Crueger, 1990). 

Submerged fermentation techniques are widely 
developed to be applied to most medicinal mushrooms 
for the purpose of mycelium propagation (Smith et al., 
2002). Factors such as nutrients (macronutrients and 
micronutrients), temperature, pH and agitation are factors 
that can influence the growth rate of macromycetes, the 
biomass yield and the production of metabolites (Sales-
Campos et al., 2011b). Thus, it is essential to optimize 
the parameters in advance and to maintain them during 
the cultivation period (Singh et al., 2013). 

Fungi of the genus Pleurotus, are widely studied and 
reports for cultivation methodologies are described for 
several strains (Table 1). 

Pleurotus sajor-caju, grown in flasks, were studied for 
the optimization of the medium, with the different variables 
being a source of nitrogen (NH4)2SO4, yeast extract and 
soy peptone. For this fungus, two concentrations of 
(NH4)2SO4 and yeast extract were tested in addition to 
the high concentration of soy peptone, which caused the 
EPS concentration to reach 0.60 g/L (Assis et al., 2013). 
The cultivation of this species served as a model for an 
optimization process based on the response surface 
methodology, taking into account three parameters, with 
a number of combinations of 2

3
. In 500 mL flasks, 

Erlenmeyer flasks containing 100 mL of medium were 
established that the highest concentrations of soy protein 
and yeast extract, combined with the lowest concentration 
of (NH4)2SO4, were more efficient in biomass production 
(Confortin et al., 2008). 

Also for Pleurotus djamour, whose optimization of the 
carbon source (glucose) and pH were tested as a 
function of biomass and EPS production, showed that the 
initial combination of 40 g/L of glucose and pH 3.0 
decreased the consumption time of carbohydrate when 
compared with the other conditions (Borges et al., 2013). 

Maftoun et al. (2013) cultivated Pleurotus ostreatus of 
250 and 50 mL of medium. 7 different means were tested 
in order to select the most suitable one. For the growth of 
biomass and generation of EPS, the medium containing 
glucose and corn steep liquor as a source of carbon and 
peptone and yeast extract as a source of nitrogen, 
favored the production of EPS over the other media. In 
this study, the kinetics of obtaining EPS showed a 
dependence on the carbon source, especially glucose. 
Another similar experiment conducted by Gern et al. 
(2008) studied the effect of different culture media on the 
production of biomass and polysaccharides in the same 
species. The media placed in 500 mL Erlenmeyer flasks 
containing 100 mL of the media showed different growth 
rates, affected by the interaction of the factors. Differently  

 
 
 
 
from what was previously reported, the growth rate is 
affected by the interaction between the factors, with 
organic nitrogen increasing the studied variables and the 
inorganic nitrogen having a negative effect, except in the 
global polysaccharide productivity. 

In two other strains, P. ostreatus “Florida” and Pleurotus 
ostreatoroseus, Rosado et al. (2003) used a medium 
containing a high concentration of glucose as a carbon 
and peptone source, yeast extract, K2HPO4, 

MgSO4⋅7H2O, (NH4)2SO4  in pH 6.0, in 500 mL flasks with 
100 mL of medium. The results showed that for this 
medium, low concentrations of (NH4)2SO4 and high 
concentration of glucose favored both fungi with higher 
EPS production, 22.8 g/L for P. ostreatus “Florida” and 
16.8 g/L for P. ostreatoroseus. 

The cultivation of Agaricus brasiliensis was performed, 
aiming at the production of EPS, in which sucrose, yeast 
extract, pH at 6.1 and temperature of 30°C were the most 
effective in increasing EPS production (Fan et al., 2007). 
This type of behavior shows that different species have 
different cultivation behavior and, therefore, there is a 
need to adapt the culture medium. 

Ganoderma lucidum, widely cultivated for its nutritional 
characteristics, is also among the most cultivated by the 
submerged environment. In flask cultivation, to develop 
effective and economical solid seeds suitable for use in 
submerged culture for the production of EPS, four 
supplements were examined as sources of nitrogen for 
the formulation of substrate with sawdust as the basal 
ingredient. The higher biomass and EPS yield obtained 
for the four solid test seeds on the liquid seed were 
attributed to the formation of a large number of growth 
points of hyphae in cultures, resulting from the 
dissociation of inoculated solid seeds into numerous tiny 
particles (Liu and Zhang, 2019). 
 
 
Cultivation in biorreactors 
 
Larger-scale crops use bioreactors, which are closed 
growing equipment, in which fermentation processes take 
place. The size of the equipment varies according to its 
use and the object of use, since they are adapted to the 
research and industrial scale. The term fermenters is 
used because primarily, bacteria and yeasts were 
cultivated and as a rule, almost all are anaerobic 
(Oosterhuis et al., 2013, Camelini et al., 2014). 

In the same way that flask culture media are optimized 
for the production of the metabolites of interest and for 
switching to production in a bioreactor, in the latter, there 
will also be a need for scaling in relation to 
thermodynamic aspects, fluid dynamics, transfers of 
gases and mass, need for aeration and agitation must be 
carried out (Schmidell, 2001).  

Within the universe of cultivation in bioreactors, there is 
a series of equipment that can be used for the cultivation 
of fungi. The  materials from which they are manufactured  
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Table 1. Current state of cultivation of mushrooms and polysaccharides production in submerged culture. 
  

Mushroom Cultive type Result Reference 

Agaricus brasiliensis Flasks 250 - 50 mL medium 382 mg/L Fan et al. ,(2007) 

Agaricus brasiliensis Stirred tank bioreactor - 5 L working volume 1.67 g/L Zou (2006) 

Agaricus brasiliensis Stirred tank bioreactor (Inceltech) - 1 L 321.2 mg/L Fan et al. ,(2007) 

Agaricus blaezei Flasks 500 - 100 mL medium 0.84 and 1.269 g/L Hamedi et al., (2007) 

Agrocybe cylindraceaa Stirred tank reactor (KoBiotech - South Korea) - 5 L 3.0 g/L Kim et al. ,(2005a) 

Antrodia camphorata Stirred tank reactor (Biostat B, B. Braum, Germany) - 5 L 5.05 mg/g Shu and Lung (2004) 

Auricularia polytricha Stirred tank reactor (KoBiotech - South Korea) - 5 L 3.1 g/L Xu and Yun (2003) 

Auricularia polytricha Flasks 250 - 50 mL médium 2.12 g/L Xu and Yun (2003) 

Ganoderma lucidum Flasks 250  - 50 mL medium 1.33 g/L Liu and Zhang (2019) 

Ganoderma lucidum Biorreactor in lab scale 5.23 mg/mL Petre et al., (2010) 

Ganoderma lucidum Flasks 250 - 40 mL medium IPS: 0.130 g/L; EPS:1.20 g/L Fang and Zhong (2002) 

Grifola frondosa Stirred tank reactor (KoBiotech - South Korea) - 5 L EPS: 7.2 g/L Kim et al., (2007) 

Grifola frondosa Reactor with three six blade discs (Biostat C10-3, Germany ) - 15 L EPS: 1.326 g/L Cui et al., (2006) 

Inonutus obliquus Stirred tank reactor (KoBiotech - South Korea) - 5 L 0.495 g/L Kim et al., (2005b) 

Lentinula edodes Stirred tank reactor (Inaltec) - 1 L 1.44 g/L Garcia-Cruz et al., (2020) 

Lentinula edodes Biorreactor in lab scale 4.75 mg/mL Petre et al., (2010) 

Lentinus edodes Biorreactor – 10L Not informed Wang et al., 2019 

Phellinus gilvus Stirred tank reactor (KoBiotech – South Korea) - 5 L 5.3 g/L Hwang et al. , (2004) 

Phellinus baumii Stirred tank reactor (KoBiotech – South Korea) - 5 L 3.59 g/L Hwang et al., (2004) 

Phellinus linteus Stirred tank reactor (KoBiotech – South Korea) - 5 L 2.43 g/L Hwang et al., (2004) 

Pleurotus Sajor-caju  Flasks 2 L  3.84  g/L per h Assis et al., (2013) 

Pleurotus Sajor-caju Stirred tank reactor (Biostat B, B. Braum, Germany) - 5 L  0.94 g/L Silveira et al., (2015) 

Pleutorus djamour Stirred tank reactor (Biostat B, B. Braum, Germany) - 5 L  32.2 mg/L h Borges et al.,(2013) 

Pleurotus ostreatus BioFlo 310 biorreactor (New Brunswick) - 5L  IPS: 1.15 g/L; EPS: 2.0 g/L Vamanu (2012) 

Pleurotus ostreatus Biorreactor in lab scale 5.10 mg/mL Petre et al., (2010) 

Pleurotus ostreatus Flasks 250 - 50 mL medium 1.48 a 1.52 g/L Maftoun et al., (2013) 

Pleurotus ostreatus Stirred tank reactor 16L (Bioengeneering, Switzerland) - 8 L  EPS: 0.55g g/g Maftoun et al., (2013) 

Pleurotus ostreatus Flasks 500 - 100 mL medium 20.05 mg/L Gern et al., (2008) 

Pleurotus ostreatus Stirred tank reactor (Biostat C15 L, Germany) - 15 L 0.69 g/L El-Enshasy et al.,(2010) 

Pleurotus ostreatus Flasks 250 - 50 mL medium 2.1 g/L El-Enshasy et al., (2010) 

Sarcodon aspratus Stirred tank reactor (KoBiotech - South Korea) - 5 L 2.68 g/L Joo et al., (2004) 

Tuber melanosporum Flasks 250 - 180 mL medium EPS: 7.09 g/L; IPS: 4.43 g/L Liu et al., (2009) 

Tuber sinense Flasks 250 - 180 mL medium EPS: 5.45 g/L; IPS: 2.40 g/L Tang et al., (2008) 

 
 
 

also vary from stainless steel to glass, which can 
withstand variations in pressure and temperature, 
especially   at   the   time  of  sterilization.  Another  

advantage of bioreactors over flask culture lies in 
the control factor. The bioreactors are equipped 
with  temperature,   pH   and   oxygen   availability 

control systems by coupling sensors, which are 
also sterilizable. Unlike flask cultivation, 
bioreactors  allow  sampling  and thus the process
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can be followed over the culture period (Oosterhuis et al., 
2013; Xu et al., 2013). 

As the culture is established, the rheological 
parameters in the medium are modified by the increase in 
mycelial mass and by the production of metabolites 
secreted into the medium. This modification also alters 
the transference and in the case of filamentous fungi, this 
viscosity determines its growth mode in the free form or 
forming pellets. The form of pellets is widely observed in 
the cultivation of fungi and this morphology helps to avoid 
variations in the density of the medium. At the same time, 
this formation interferes with the rheological properties 
that can cause difficulty in transferring oxygen to the 
interior of the pellets, generating anaerobic conditions 
(Prosser and Tough, 1991; Rossi et al., 2002). 

In the industry, two types of bioreactors are widely 
used, according to the characteristics of the cultivation 
and the microorganism used: those with agitated tanks 
and tires (Chisti, 1989; Kavanagh 2005). Currently, what 
limits the full use of the potential of bioreactors and the 
scheduling of processes for some types of 
microorganisms is the limited knowledge of bioprocess 
engineering (Elisashvili, 2012). 
 
 
The cultivation of fungi in bioreactors 
 
The most mentioned type of bioreactor used in fungus 
cultivation is the stirred tank reactor (STR), which is 
equipped with a system of blades or turbines to agitate 
and aerate the culture medium (Table 1). This model has 
a sophisticated construction that includes axles, supports 
and blades, which influences the cost. The aseptic mode 
of this model also makes it a choice, since the set of the 
vessel, sensors and culture medium can be sterilized in a 
single step and remains aseptic for a long time. A 
problem in relation to sterilization lies in the many moving 
parts that increase the points of contamination and the 
complexity of the mechanical seals of the equipment 
(Nienow, 2014). 

Even though they are the most common, agitated tank 
bioreactors are not always the most suitable. The 
agitation generated by the equipment's blades necessary 
for aeration and mass transfer can cause damage to cells 
due to high shear (Duobin et al., 2013). 

Mushrooms like P. sajor-caju showed good growth in an 
optimized medium with glucose, soy protein, yeast 
extract and ammonium sulfate, producing a good amount 
of biomass quickly even without pH control in agitated 
tank bioreactors (Confortin et al., 2008). In other strains 
of fungi of the genus Pleurotus such as P. ostreatus 
grown in an 18 L volume bioreactor with an 8 L working 
volume, two experiments with pH 5.5 and uncontrolled 
were studied in terms of biomass production and EPS.  

This study showed the importance of pH control in 
cultures, where at 5.5 there was an increase in EPS in 
the order of 0.445 g/g (Maftoun et al.,  2013),  as  well  as 

 
 
 
 
influencing glucose consumption rates (Kurosumi et al., 
2006). Changes in the pH of the culture are usually 
caused by the presence of organic acids and other 
metabolites excreted in the medium, produced by the 
fungi themselves (Xiao et al., 2006; Fang et al., 2002; 
Kim et al., 2005a). 

Other variables are also important in cultivation in 
bioreactors. This is demonstrated for P. ostreatus grown 
in a stirring bioreactor, where the cultivation conditions 
varied in terms of agitation (120-180 rev min

-1
); the initial 

pH (pH, 4.5-5.5) and keeping the temperature fixed at 
25°C. This type of test, allowed the variation of the 
constitution of the medium, when it is desired to study the 
optimization, separating them from the physical factors 
(Petre et al., 2010). 

Bioreactors from agitated tanks of different volumes are 
reported in experiments in the cultivation of fungi of the 
genus Agaricus in which the optimization of 
exopolysaccharide production conditions was determined 
by response surface, in which starch was established as 
the best source of carbon and yeast extract as a source 
of nitrogen (Hamedi et al., 2007). Likewise, Agaricus 
brasiliensis showed a similar behavior when grown in the 
presence of glucose (Fan et al., 2007). 

For other species of fungi, such as the Ganoderma 
genus, the optimization processes established in STR 
also show the importance of controlling the inoculum 
density in the growth process, biomass production and 
intra and extra-cellular polysaccharides. In the study 
conducted by Fan and Zhong (2002), the higher inoculum 
density promoted a stimulus in production. This species 
when cultivated at an initial pH 6.5 showed lower 
biomass and intra and extra-cellular polysaccharides 
compared to pH 3.5 (Fang and Zhong, 2002). 

A less used type is represented by pneumatic 
bioreactors, which do not have mechanical agitation, as is 
the case of bubble column and airlifts bioreactors (AR). 
Pneumatic bioreactors are bioreactors with high height, 
usually above 10 times the diameter, in contrast to the 
STR that have a height of two to three times their 
diameter. This is necessary because the bubbles need 
time to contact the liquid to transfer oxygen and absorb 
carbon dioxide. In STR, forced agitation keeps the 
bubbles in contact longer with the liquid, in addition to 
being continuously broken, increasing the transfer area 
(Merchuk, 2003). 

The first is made in a single part, with an internal 
column that receives the injection of air, whereas the 
airlift bioreactor is composed of a column, which is 
divided into the region that contains the upward flow of 
liquid gas (the riser) and the region containing 
thedownward flow of liquid gas (the downcomer) and in 
this model, the difference in liquid density between these 
regions causes the fluid to circulate in the bioreactor by 
an air-lift action (Znad et al., 2004; Merchuk and Yunger, 
1990; Chisti, 1989). The circulation of liquid within the 
bioreactor is essential for its proper performance, as it is 



 
 
 
 

related to the most important variables of the process, 
such as the turbulence that affects the size of the bubbles 
and the mixing time. 

The cultivation of fungi in this type of bioreactor has an 
advantage when studying the shear force imposed on the 
pellets or in the cell. These biological processes, another 
advantage of airlift over the bubble column and agitated 
tank reactors is related to the shear force imposed by the 
turbulent field in cells or “pellets”. Numerous studies have 
been conducted investigating the effects of shearing on 
microorganisms and cells in an effort to quantify the level 
of shear variation that microorganisms can tolerate 
(Merchuk and Yunger, 1990). Thus, in biological 
processes the shear force generated by the turbulence in 
the pellets generated during the growth of the fungi is 
less than in the agitation tanks, causing less damage. 

Many fungi of medicinal and food interest were grown 
in bioreactors (Table 1). According to work by Xu et al., 
(2013), the cultivation of fungi of the genus Trametes 
demonstrated a similar behavior, regardless of the design 
of the bioreactor or the agitation rate, since the yield of 
products was similar. Higher EPS yield was achieved in 
STR than AR, and higher EPS production was related to 
advantageous morphological characteristics of the fungus 
defined by lower shear forces in AR. Recently, the 
cultivation of T. ochracea was optimized according to the 
different carbon sources, in a bioreactor of the stirred 
tank type, where sucrose proved to be the best sugar for 
the development of the fungus and the production of IPS 
and EPS (Bai et al., 2020). Other species, such as 
Phellinus vaninii grown in a stirred tank bioreactor, using 
lactose as a carbon source, proved to be efficient, 
producing EPS at a rate of 3.75 g/L (Li et al., 2019). 

Pneumatic systems based on airfilt-type bioreactors 
showed important effects on Agaricus subrufascens 
crops when compared with agitated tank bioreactors, 
even when pH parameters were not controlled (Camelini 
et al., 2013). Likewise, different formulations of culture 
media for Pleurotus flabellatus, grown in an airlift 
bioreactor, showed the highest biomass productivity 
(0.180 g/L/day), with potato extract and a β-glucan yield 
of 7.70±1.11 g/100 g (Mohamad et al., 2015). 

In some cases, as in Trametes trogii cultivation, the 
pneumatic airlift system did not promote biomass and 
EPS production in 6 days of cultivation, when compared 
with STR cultivated for 5 days. In this case, agitation can 
be beneficial to the growth of fungi and performance, 
improving the characteristics of mass transfer in relation 
to substrates, products by-products and oxygen (Xu et 
al., 2013). 

One application of pneumatic bioreactors lies in the 
production of mycelium for use as an inoculant for 
growing mushrooms. Another great advantage is that due 
to the simplicity of these bioreactors, they can be 
manufactured at a lower cost and applying only basic 
techniques of turning and welding in stainless steel. The 
reduced diameters of these equipment also imply the 
need for less thick walls than  the  STR  with  consequent 
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material savings. For these simple reasons, you can 
easily build a cultivation system that can be used by 
mushroom producers or companies that work with this 
type of inoculant. 
 
 
CONCLUSION AND PERSPECTIVES 
 
The experimental results described for submerged 
fermentation methods are important to direct and plan 
equipment configurations, improve the culture media 
according to the species studied or that have not yet 
been cultivated using this methodology. When aiming at 
greater productivity in terms of biomass and 
polysaccharide production, the definition of the type and 
quantity of the culture media and the inoculum are 
particularly important. The submerged culture systems 
described in this review include fungi that have a 
medicinal or edible use and are cultivated in that system. 
In the works described, the system proved to be quite 
efficient when compared with what is described in solid 
state fermentation, regarding the control of parameters. 
Certainly, the results described demonstrate that much 
can still be improved even if other elements are inserted 
in the system, such as extracts, and broths. 

The biotechnological processes that involve the 
cultivation of fungi have a potential yet to be explored. 
Tropical forests are a repository of fungi that can be 
explored for the metabolites of interest, especially 
polysaccharides. For these species, the described 
methods can be a guide to direct the cultivation of these 
species in order to take advantage of their maximum 
potential. The polysaccharides obtained from these 
species represent a promising and attractive field and 
can be used in future research projects, where they will 
be used against a wide range of diseases. 
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