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ABSTRACT

Information on residual bacteria that keep cucurbitacin phytonematicides aseptic for extended periods is not 
available. At 35 weeks after initiating fermentation, samples were collected from Nemafric-BL phytonematicide, 
with the cultured strain subjected to various phenotypic and phylogenetic tests. Phenotypic tests characterized the 
test residual bacteria as Gram-positive Lactobacillus strain, with energy-efficient homolactic fermentative process, 
but without CO2 as an end-product. Phylogenetic analysis using ZymoBIOMICSTM DNA Miniprep Kit for Gram-
positive bacteria, with subsequent PCR and GenBank analyses resulted in 16S rRNA gene sequences that clustered 
the residual Lactobacillus strain with the Spanish HG794492 (acc. no.) Lactobacillus strain, AY681132 Lactobacillus 
vini and AB242320 Lactobacillus mobilis, with 75% 16S rRNA gene sequence similarity. In conclusion, findings in the 
study provided important operational information that was previously unknown about the residual bacterial strain 
in cucurbitacin phytonematicides..

Keywords: Actinomycete bacteria; Bacteriocins; Lactic acids; Lactobacillus species; Photosynthetic bacteria; 
Salivaricins

Abbreviation: EM: Effective Microorganisms; EDTA: Ethylenediamine Tetraacetic Acid; MRS: Magnetic Resonance 
Spectroscopy; LBC: Liquid-Based Cytology; ARB: Antibiotic Resistant Bacteria; RNA: Ribonucleic Acid; DNA: 
Deoxyribonucleic Acid; ATP: Adenosine Triphosphate.

INTRODUCTION 

Post withdrawal of the fumigant chemical nematicides from the 
agrochemical markets, cucurbitacin phytonematicides, produced 
through fermentation using Effective Microorganisms (EM) 
had high efficacy in suppressing nematode population densities, 
especially the root-knot (Meloidogyne species) nematodes. The 
products became integral in alternative products intended to 
manage nematode population densities in various cropping systems 
[1]. Broadly, EM constituents include the unidentified lactic acid 
bacteria, yeast bacteria, photosynthetic bacteria, actinomycetes, 
along with certain minor fungi and mycoplasms [2]. Roles of EM 
constituents had been articulated, but with limited information 
on the species used as part of protecting the intellectual property 
of the stock EM [2]. In EM technology, local bacterial strains are 
used in formulation of stock EM solutions in order to protect 

indigenous strains from interference, where the introduced 
bacterial strains almost always displace local strains to extinction. 
Among other roles, EM constituents have the capability to produce 
antimicrobial chemicals that sterilize phytonematicides, ensuring 
that the products remain aseptic for extended periods. 

Cucurbitacin phytonematicides, as alternatives to fumigant 
chemical nematicides, are EM-extracted from dried fruits of wild 
cucumber (Cucumis myriocarpus) and wild watermelon (Cucumis 
africanus) [1]. The products from the respective plants are available 
as Nemarioc-AL and Nemafric-BL phytonematicides, with A 
and B being active ingredients cucurbitacin A (C

32
H

46
O

9
) and B 

(C32H48O8), respectively, whereas L is indicative that the product 
is in liquid formulation. Cucurbitacins are highly oxygenated 
triterpenoids with tetracyclic cucurbitane nucleus skeletons: (the 
19-(10 → β)-abeo-10 α-lanost-5-ene [3,4]. Although cucurbitacins 
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have a common nucleus skeleton, the primary biosynthesized 
cucurbitacins in plant organs are cucurbitacin B and E, each with 
an acetyl function at C-25 [5]. All other known cucurbitacins, at 
least 20, are produced from the two primary cucurbitacins either 
through hydrogenation by cucurbitacin 23–reductase, deacetylation 
by cucurbitacin acetylesterases, hydroxylation, dehydrogenation or 
isomerization chemical reactions [5-8]. Generally, cucurbitacins 
differ from one another from hydroxylation at C-2, C-3, C-19 
and C-24, along with the existence of  double  chemical bonds 
between C-1 and C-2 or between C-23 and C-24, the acetylation 
of C-25 hydroxyl groups and the presence of a ketone function at 
C-3 [3,4,8]. Such chemical arrangements confer a wide array of 
biological activities to cucurbitacins. Pharmacological studies had 
since shown that cucurbitacins have the potential to treat various 
human diseases [3,4,9-11]. In traditional medicine, plant organs 
with cucurbitacins had been used for treatment of various human 
and animal diseases [9], including the deworming of canines [12]. 

During EM fermentation, unidentified lactic acid bacteria are 
responsible for degradation of cellulose (C6

H
10

O
5
)n, a polysaccharide 

comprising linear chains of several hundreds to thousands of β (1 
→ 4)-linked D-glucose units, which constitute pentose structures, 
cemented together by lignin [13,14]. The resultant structure being 
cellulose, is the toughest material in plant cell walls [15]. The end-
products of degradation of cellulose are lactic acid molecules, with 
capabilities to reduce pH of plant-based fermented products [2]. 
Yeast bacteria, is responsible for anaerobic breakdown of glucose 
(glycolysis) to pyruvic acid [16], which also lowers pH to acidic 
medium, contributing to decreasing pH from 7.0 to 3.7 at 14 days 
after initiating the fermentation process. Such acidic conditions 
stimulate the multiplication of bacteria, but inhibit growth of fungi 
[2]. Additionally, yeast bacteria release antimicrobial chemicals that 
add to the bio-sterilization of phytonematicides by preventing growth 
of pathogenic microbes that include Penicillium simplicissimum, 
the fungus associated with post-harvest fruit-rotting of Cucumis 
species [9]. Although this fungus has plant growth stimulating 
attributes [17], in its pure form it is not desirable for use as an 
agricultural input since it produces tremorgenic mycotoxins that 
might contaminate produce [18]. EM-fermented plant materials 
release copious quantities of sulfur (S) as Hydrogen Sulfured (H

2
S), 

used by photosynthetic bacteria, which is a constituent of EM, that 
reduces NAD to NADH by H

+
 ion from H

2
S, as illustrated during 

Photosystem II of photosynthesis, where H+ from H
2
O molecule is 

used in the reduction process [19]. Sulfur is promptly oxidized to a 
lethal gas, SO

4
2–, which is quickly reduced to sulfuric acid (H

2
SO

4
) 

by 2H+ from water (H
2
O) molecules–a strongly corrosive acid. The 

oxygen-tolerant actinomycete bacteria have the ability to release 
chitinase that hydrolyzes chitin in exoskeletons of insects, insect 
eggs, nematode eggs and fungal mycelia [9]. Apparently, none of 
the EM constituents releases reductase enzymes that biodegrade 
cucurbitacins [20]. The residual bacteria in EM constituents post 
fermentation of cucurbitacin phytonematicides had not been 
documented. The objective of this study, therefore, was to use 
phenotypic traits and molecular approaches to investigate the 
residual bacteria in stored cucurbitacin phytonematicides, along 
with its potential role in retaining the products aseptic, along with 
their potential survival mode.

MATERIALS AND METHODS

Phenotypic trait tests

Unidentified residual bacterial strains from well-mixed Nemafric-
BL phytonematicide samples from six 50 ml-plastic containers were 
collected at 35 weeks after storage for assays. The strains were mixed 
and further grown in modified MRS (mMRS) broth comprising 
MRS (Scharlab) supplemented with L-cysteine hydrochloride at 0.5 
g L-1 at 28ºC for 4 days [21]. The specimens were placed in air-sealed 
plastic bags and stored in 20% (v/v) glycerol at -80ºC for two weeks 
prior to phenotypic characterization tests using standard analytical 
procedures [20-28]. Width and length of rod-shaped strains were 
measured using ZEISS microscope equipped with AmScope digital 
measuring software. Specimens were subjected to the Heimbrook 
staining method [24], fixed in oil and assessed for the presence of 
flagella under the compound microscope at 100 X magnification.

DNA extraction, PCR and phylogenetic analysis

The DNA extraction was accomplished using protocols outlined in 
ZymoBIOMICSTM DNA Miniprep Kit for Gram-positive bacteria 
in Liquid-Based Cytology (LBC) specimens from a 35-week-stored 
Nemafric-BL phytonematicide [29-31]. Briefly, samples of LBC 
specimens were dispensed into four 2 ML sterile collection tubes 
(volume 500 µL) to form a sample size of 20 DNA extractions, with 
negative control comprising ThinPrep preservation solution as 
blank extraction [31].

16rRNA Marker gene sequencing 

Control and extracted DNA were sent to Inqaba Biotechnical 
Industries (Pty) Ltd (Pretoria, South Africa) for amplification and 
sequencing of the 16S rRNA gene on an IlluminaR MiSeqTM 
sequencing platform. Overlapping paired-end reads were assembled 
into complete amplicon sequences. Amplicon sequences were 
profiled with Qiime using 16S rRNA gene database (gg-13-8) 
[32,33]. PCR was conducted with 10-15 ng DNA template, 12.5 µl 
of 2X PCR Master Mix Red (Promega, USA) in 1 µl of each primer 
(10 pmol µl-1) and with dd H2O added for a final volume at 30 µl. 
Amplification of 16S rRNA gene was processed using an Eppendorf 
Master Cycler Gradient (Eppendorf, Hamburg, Germany), using 
the stepwise procedure of initial denaturation for 3 min at 94°C, 
followed by 37 cycles of denaturation for 45 s at 94°C, and then 
50°C annealing temperature, with extension for 45 s to 1 min at 
72°C. The final extension step of 6 min at 72°C was followed by a 
temperature on-hold at 4°C. After DNA amplification, 4 µl eluted 
DNA was loaded on a 1% agarose gel in TBE buffer (40 mM Tris, 
40 mM boric acid and one mM EDTA) for assessing DNA bands 
after staining with RedGel and photographing on a UV trans-
illuminator for visualization.

GenBank accession numbers of 16S rRNA gene sequences of 500 
bp corresponding to the phenotypically-identified South African 
Lactobacillus strain were conducted using the Mega-X software [34]. 
The data subsets were employed using the corresponding ARB 
program package [35]. Sequence similarity values were calculated by 
comparing nucleotides at the corresponding positions, using three 
alternative tree methods, namely, neighbor-joining, maximum-
parsimony and maximum-likelihood [36]. The tree in Figure 1 was 
constructed using the neighbor-joining method based on rRNA 
gene sequences [37], with NR114042 Escherichia coli used as an out-
group for comparison.
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RESULTS AND DISCUSSION

Phenotypic traits of residual strain

Width and length of the rod-shaped strain were 0.49-0.82 µm and 
1.36-2.8 µm, respectively, with mean value of 0.72 × 2.24 µm. Cells 
were non-spore forming, occurring singly, with occasional pairs 
of 2-5. No flagella were detected under the Heimbrook staining 
method, but most cells on wet mounts of mMRS appeared motile. 
The facultative anaerobic test strain was Gram-positive and catalase-
negative. Using the L-lactic kit and HPLC [23], the strain formed 
DL-lactate from glucose, without release of CO

2
 or inducing 

fermentation of gluconate, and thus the strain was categorized as 
having homofermentative process [36]. Additionally, the strain 
had transaldolase and transketolase activities, suggesting the 
capability to use pentose sugars from cellulose through the pentose 
phosphate pathway to yield lactates as end-products, which is a 
distinct feature in 6-phosphogluconate pathway that is commonly 
used by fermentative facultative bacterial strains [26]. Additionally, 
the test strain grew at 25oC, 37oC and 45oC, but never at 5oC or 
15oC, as well as at pH 3.7, 4.5 and 8.0 in media adjusted with 
either 5% or 10% NaCl (w/v). Additionally, the bacterial strain 
produced neither exopolysaccharides from sucrose nor any gas from 
glucose. Generally, the described phenotypic features characterize 
Lactobacillus strains [35]. Therefore, we referred to the test strain 
that occurred as the residual bacterial strain post EM-fermentation 

of Nemafric-BL phytonematicide as the South African Lactobacillus 
strain.

Phylogenetic analysis 

The phylogenetic tree was constructed using maximum-likelihood 
analysis of 16S rRNA gene. The latter clustered the South African 
Lactobacillus strain with the Spanish HG794492 (acc. No.) 
Lactobacillus strain, AY681132 Lactobacillus vini and AB242320 
Lactobacillus mobilis, with 75% 16S rRNA gene sequence similarity 
(Figure 1). Comparison of 16S rRNA gene sequence of the 
South African  Lactobacillus strain with corresponding B242320 
Lactobacillus mobilis from the GenBank database showed 87% 
similarity with 151 nucleotide differences. Additionally, comparison 
of 16S rRNA gene sequence of the South African Lactobacillus 
strain with AY681132 Lactobacillus vini had 87% similarity with 
151 nucleotide differences [38]. Generally, Lactobacillus vini 
bacterial strains are Gram-positive, motile, facultative anaerobic 
rods, catalase-negative, with the ability to biodegrade cellulose by 
attacking pentose sugars through the homofermentative process 
that produces lactic acid as end-products [35] as confirmed in our 
phenotypic tests. 

The high similarity of the South African Lactobacillus strain with 
Lactobacillus vini in EM provided cogent explanation on why lactic 
acid bacteria in EM was viewed as being capable of biodegrading 

Figure 1: Phylogenetic tree of the South African Lactobacillus strain using the neighbor-joining method based on rRNA 
gene sequences. The South African Lactobacillus strain, Lactobacillus vini, Lactobacillus mobilis and an unidentified 
           strain grouped together with approximately 75% similarity using  the maximum likelihood method 
through MegaX software.
Lactobacillus
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cellulose [2]. Generally, Lactobacillus vini bacterial strains are 
dominant in South African soils since such strains are widespread as 
contaminants in winemaking and ethanol fermentation industries. 
Similarly, 16S rRNA nucleotide sequence BLAST of the South 
African Lactobacillus strain had a similarity from 85% to 87% 16S 
rRNA gene sequence with those of other Lactobacillus strains in the 
GenBank. The high similarities on phylogenetic tree of the South 
African Lactobacillus strain with other globally-existing Lactobacillus 
strains, confirmed other observations using maximum likelihood 
methods through MegaX software, where results showed that the 
genus Lactobacillus was a highly diversified genus [39]. Due to the 
closely relatedness of the test strain to other Lactobacillus strains, 
the South African-produced EM-fermented phytonematicides 
could be used in various countries without affecting the indigenous 
Lactobacillus species in importing countries. 

Sustainability features of Lactobacillus strains in 
phytonematicides

Phenotypic and genomic outcomes of the current study showed 
that the residual bacteria in EM-fermented phytonematicides were 
Lactobacillus strains, where glucose molecules are metabolized 
through the phosphoketolase pathway, which comprises either the 
homolactic or heterolactic fermentative process [40]. Briefly, the 
two fermentative processes are summarized as follows:

• Homolactic fermentative process: glucose+2ADP+Pi 2lactic 
acids+2ATP

• Heterolactic fermentative process: glucose+ADP+Pi lactic 
acids+ethanol+CO

2
+ATP

The phenotypic outcomes suggested that the South African 
Lactobacillus strain was proficient in homolactic fermentative 
process, which is more efficient than the other since one glucose 
molecule is metabolized to two lactic acids and two ATP molecules. 
In both processes, Pi is phosphorus derived from the substrate [19]. 
Another advantage of the South African Lactobacillus strain inset 
that it does not release CO

2
 as end-product, which would result in 

accumulation of gases and the subsequent bulging of containers. 
Further, the released lactic acids and hydrogen peroxide (H2O2) in 
homolactic fermentation process, further suppress other anaerobic 
bacteria except for Lactobacillus strains, which are acid and 
oxygen-tolerant [40,41]. Due to the latter attribute, when opening 
containers during operations, there is no need to take precautionary 
measures related to       exposure. Lactobacillus strains also 
produce copious quantities of bacteriocins, salivaricins and sodium 
butyrate, which are antimicrobial chemicals to various pathogenic 
microbes [42]. The existence of these antimicrobial chemicals 
provide an explanation why cucurbitacin phytonematicides remain 
highly aseptic for extended periods, regardless of repeated opening 
of containers during operations [43].

CONCLUSION

Use of cucurbitacin phytonematicides is one of the most prominent 
alternative strategies for managing nematode population 
densities after the withdrawal of fumigant chemical nematicides 
from the agrochemical markets. Effective microorganisms used 
in fermentation of phytonematicides comprise unidentified 
strains of lactic acid bacteria, yeast bacteria, photosynthetic 
bacteria, actinomycetes bacteria and other minor entities such as 
mycoplasms and fungi, with each being country-specific. Isolation, 
phenotypic testing and next generation sequencing were performed 

on residual bacteria at 35 weeks post fermentation of Nemafric-
BL phytonematicide. The unidentified lactic-acid bacteria, 
phenotypically tagged the South African Lactobacillus strain, was 
clustered with five Lactobacillus strains, with 75% 16S rRNA gene 
sequence similarity. Similarity with Lactobacillus vini was of interest 
since the strain was previously used to explain how lactic acid 
bacteria in EM biodegrade cellulose, along with providing evidence 
on how cucurbitacin phytonematicides remain aseptic for extended 
periods.
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