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Abstract

Purpose: Several fermented foods are produced from sorghum flour in Africa, especially in the dryland regions
where it is the principal crop. It is important to explore the microbial communities in these foods to improve their
quality and organoleptic properties. In this study, the bacterial and fungal communities of two popular sorghum-
based fermented foods in Sudan (kisra and hulumur) were analyzed, for the first time, using a culture-independent
method of next-generation sequencing.

Methods: Fermented doughs for kisra and hulumur production were prepared according to the traditional
approach, and then the bacterial and fungal communities were investigated using high-throughput sequencing.

Results: Firmicutes and Proteobacteria phyla were the predominant bacteria in both fermented doughs. At the
genus level, the bacterial community was dominated by lactic acid bacteria, primarily Lactobacillus and Pediococcus,
which represented 95.7% and 72% of the bacterial population in kisra and hulumur, respectively. Next, acetic acid
bacteria (Gluconobacter and Acetobacter) were subdominant in hulumur. The fungal community was more
heterogeneous among the fermented doughs. Zygomycota (85.5%) comprised the major phylum in kisra
fermented dough, whereas Ascomycota (99.5%) was predominant in hulumur. The major fungal genera, Rhizopus,
Alternaria, Penicillium, Gibberella, Lasiodiplodia, and Aspergillus, were extremely varied between the fermented
doughs.

Conclusion: Exploration of kisra and hulumur microbial community structure will expand the knowledge about
their microbiota to manipulate the microbial community and improve their quality and organoleptic properties
using different microbial recipes.
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Introduction
Sorghum is the fifth most widely grown cereal crop in
the world. More than half of the entire sorghum pro-
duced each year is used for human consumption (Beta
and Isaak 2016). Its grain forms a staple food for people
in several parts of Africa, especially in the dryland re-
gions where it is the principal crop constituting a major

source of proteins and calories in the diet of large seg-
ments of the population (Belton and Taylor 2004). The
people consume sorghum grain as an ingredient of a
variety of meals such as bread, pancakes, biscuits, por-
ridge, noodles, beverages, sweets, and snack foods (Rat-
navathi and Patil 2014). Several processing techniques
are used during the preparation of these foods to im-
prove their quality, organoleptic properties, shelf life,
and nutritional values. These include soaking, dehulling,
germination, milling, fermentation, boiling, steaming,
and cooking (Dirar 1993). Among these techniques, fer-
mentation is the most common process performed in
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different methods and in combination with other tech-
niques to prepare meals based on sorghum flour. In this
process, the complex organic compounds such as carbo-
hydrates are oxidized into simple substances by micro-
bial enzymes. The produced metabolites enhance the
flavor, aroma, and texture of traditionally processed
foods, make them edible, enrich them with vitamins and
essential amino acids, and preserve the foods from de-
terioration (Blandino et al. 2003; Franz et al. 2014). Sev-
eral studies have confirmed the positive impact of
fermentation on the shelf life, palatability, in vitro pro-
tein digestibility, and nutritional value of sorghum flour
in indigenous foods (Elkhalifa et al. 2007; Nkhata et al.
2018; Simwaka et al. 2017).
In Sudan, sorghum grains are consumed as the major

ingredient in several fermented foods, including thin
pancakes (kisra), thick porridge (aceda), thin fermented
gruel (nasha), boiled grain (balela), and beverages such
as abreh and hulumur. Kisra is a thin pancake bread pre-
pared by the spreading of fermented sorghum flour on a
hot plate. The color, texture, and taste of the product
depend primarily on the sorghum variety and fermenta-
tion. Hulumur is a syrup prepared by soaking mahogany
red to brownish sheets obtained from packing fermented
sorghum enriched with the water extracts of dates, hibis-
cus, and several spices (Dirar 1993).
The microbes involved in the fermentation process of

Sudanese fermented foods prepared from sorghum flour
have earlier been investigated using culture-dependent
methods to isolate and identify the indigenous bacterial
and fungal composition. Consequently, several bacteria
and fungi have been reported, including Lactobacillus,
Pediococcus, Bacillus, Streptococcus, Enterococcus, Erwi-
nia, Enterobacter, Candida, Saccharomyces, Debaryo-
myces, Penicillium, Aspergillus, Fusarium, and Rhizopus
(AbdelGadir and Mohamed 1983; Agab 1985; Hamad
et al. 1992, 1997; Mohammed et al. 1991). These mi-
crobes are well-known for their useful effects on the or-
ganoleptic properties, maturation, and nutritive value of
different fermented foods. Moreover, several fermented
food bacteria have been used as probiotic microbes to
manipulate human microbiota and enhance several bio-
logical functions (Enujiugha and Badejo 2015; Melini
et al. 2019). However, culture-dependent methods are
useful for microbial enumeration, isolation, and
characterization only for cultivable microorganisms in
specific fermented foods. In addition, most of the iso-
lated microbes belonged to the dominant microbial taxa.
Therefore, there is limited information regarding the mi-
crobial communities of indigenous Sudanese fermented
foods, especially rare bacteria and fungi.
Other culture-independent approaches that have been

established to explore the microbial diversity and com-
munity include denaturing gradient gel electrophoresis,

temporal temperature gel electrophoresis, quantitative
real-time polymerase chain reaction, sequencing of 16S
rRNA gene clone library, and pyrosequencing or next-
generation sequencing. These culture-independent tech-
niques enhance the monitoring of microbial diversity,
structure, and dynamics in naturally fermented foods. In
addition to the dominant microbes, these advanced tech-
nologies can explore the rarer bacterial and fungal gen-
era to elucidate their possible role in the process of
fermentation.
In the present study, the relative abundance and differ-

ent taxonomic levels of bacterial and fungal communi-
ties of two popular Sudanese fermented foods (kisra and
hulumur) were investigated using high-throughput se-
quencing for the first time. The results of this study can
be applied to expand the knowledge about the micro-
biota of kisra and hulumur and manipulate their recipes
for large-scale production using an optimized starter
culture.

Materials and methods
Preparation of kisra and hulumur fermented doughs
Kisra fermented dough was prepared according to a con-
ventional Sudanese household method as described pre-
viously (Hamad et al. 1992), with minor modifications.
Sorghum (Tabat variety) was purchased from a local
market in Khartoum, Sudan. The flour was mixed with
water in a ratio of 1:2, and 10% starter (a previously fer-
mented sorghum sourdough that is exclusively used to
initiate sorghum fermentation for kisra making) obtained
from a Sudanese household was added. The mixture was
covered to avoid contamination and incubated at 37 °C
for 24 h.
Hulumur fermented dough was prepared following a

traditional method used by Sudanese households as de-
scribed previously (Dirar 1993). Sorghum grains (Feter-
ita), hibiscus, tamarind, dates, and spices (ginger,
fenugreek seeds, cumin, cardamom, and cinnamon) were
purchased from a local market in Khartoum, Sudan. Sor-
ghum grains were divided into two portions. The first
portion was immersed in water for 12 h and then spread
on a tray with a cloth. The seeds were kept wet with fre-
quent addition of water for germination. After 72 h, the
seeds were dried and ground to a fine flour. The second
portion of sorghum grains was ground to a fine flour
and cooked to make a thick porridge. Thereafter, the
flour of germinated seeds was added to the porridge,
mixed well, and then incubated overnight. Hibiscus,
tamarind, and dates were soaked overnight and filtered
using a metal mesh. The filtrate and the remaining
spices were added to the dough and mixed well, and the
incubation process was continued overnight to obtain a
fermented dough. The fermented dough was mixed well
using a sterilized glass rod, and 2mL from each
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fermentation bottle of kisra and hulumur was collected
and preserved in a freezer for DNA extraction. The fer-
mentation of kisra and hulumur was conducted in
triplicate.

Total DNA extraction
Total DNA was extracted from 0.5 g of fermented dough
using a DNeasy mericon Food Kit (Qiagen Dneasy, Val-
encia, CA, USA) according to the manufacturer’s proto-
col guidelines. The isolated DNA was eluted in 100 μL
of elution buffer. The quality and quantity of the ex-
tracted DNA were evaluated using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, DE,
USA). The extracted DNA was preserved at − 20 °C for
further analysis.

16S rRNA gene and ITS1 region amplification and
sequencing
To analyze the bacterial and fungal communities, the
16S rRNA gene and ITS region were amplified using the
primer pair of U519f/U785r (Klindworth et al. 2013) and
ITS1F_KYO2/ITS2_KYO2 (Toju et al. 2012), respect-
ively, with six base-specific barcode sequences to distin-
guish the sample. The PCR was conducted in an Applied
Biosystems veriti thermocycler (Thermo Fisher, Scien-
tific, USA) using a reaction mixture containing 10 μL of
Q5 high-fidelity 2 × master mix (New England Biolabs),
1.0 μL each of 10 mM forward and reverse primers, and
1.0 μL (0.9–2.2 ng) of DNA. Cycling conditions were as
follows: initial denaturation at 98 °C for 30 s, followed by
35 cycles at 98 °C for 10 s, 50 °C for bacteria and 55 °C
for fungi for 30 s, and 72 °C for 1 min, and a final exten-
sion step at 72 °C for 2 min. The amplification was con-
ducted two times for each DNA sample. The quality of
the amplified PCR products was verified using 1% agar-
ose gel electrophoresis, and the two replicates of the
PCR were mixed to make one solution for further
purification.
According to the manufacturer’s instructions, purifica-

tion was performed using Agencourt AMPure XP (Beck-
man Coulter Inc., Brea, CA, USA). After purification, the
DNA concentration of each sample was measured using
the Qubit dsDNA HS Assay Kit (Thermo Fisher Scien-
tific), and equal quantities of DNA from each PCR sam-
ple were combined into one tube. Based on the size and
quality of DNA in the mixture, which were assessed
using the Agilent High Sensitivity DNA Kit and Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA), respectively, a dilution library of approxi-
mately 10 pM was prepared. Using 25 μL of the targeted
dilution library, emulsion PCR was conducted using the
Ion PGM OT2 400 Kit (Thermo Fisher Scientific, USA)
according to the manufacturer’s instructions. After re-
covery of the ion spheres and enrichment, the samples

were loaded onto an Ion 318 Chip V2 instrument for se-
quencing using an Ion Personal Genome Machine
(PGM) (Thermo Fisher Scientific, USA). After the ana-
lysis, the sequence data with low-quality sequences and
polyclonal sequences were removed. The remaining se-
quences were exported as a FASTQ file from the PGM
software. The sequence data of the 16S rRNA gene and
ITS region were deposited in the Sequence Read Archive
of DNA Data Bank of Japan under the accession number
DRA010455. The 6-base pair barcode used for assigning
sequences to samples was removed from the sequences,
after which sequences shorter than 200 bp were re-
moved. Thereafter, the sequences were clustered into
OTUs at 97% similarity using USEARCH. After process-
ing, taxonomic classification was performed using the
RDP classification at an 80% confidence threshold. The
sequence numbers of each OTU from three samples
were calculated as a percentage of the total individual
sample sequencing, and the averages were presented.

Results
Summary of sequence information
A total of six dough samples were prepared to produce
two Sudanese fermented foods (kisra and hulumur) and
subjected to DNA pyrosequencing to analyze their bac-
terial and fungal communities. After removing of low-
quality sequences (polyclonal sequences, dereplicated,
chimeric, and shorter than 200 bp), a total of 190,236
and 143,649 16S rRNA gene sequences were obtained
for kisra and hulumur fermented doughs, respectively.
These sequences were further purified by removing the
sequences allocated as mitochondria and chloroplast
taxonomic groups, and the remaining sequences were
used for further analysis. As a result of this step, the
total bacterial sequences of hulumur fermented dough
dramatically decreased to 61,659 reads, representing 32%
of the initial total sequence number analyzed in hulumur
samples. In addition, 53,180 total reads were observed
for the fungi analyzed in the kisra samples compared to
11,897 reads observed for hulumur fermented dough.
The reading was further clustered at 97% similarity in
121 and 64 bacterial OTUs and 148 and 69 fungal OTUs
for kisra and hulumur fermented dough, respectively
(Table 1 and Additional file 2: Table S1 and S2). For
evaluating the richness of the bacterial and fungal OTUs
of the six samples, rarefaction analysis was performed by
plotting the number of OTUs against the sequencing
reads. The curves reached the saturation plateau, which
indicated that all samples had adequate reads to capture
most of the microbial diversity presented in the current
bacterial and fungal communities (Fig. 1). However, a
comparison of the sample position in the rarefaction
curves indicated that the diversity of the bacterial
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community in kisra was higher than that in hulumur fer-
mented dough.

Bacterial community of kisra and hulumur fermented
doughs
After the OTU table was constructed, all bacterial reads
were classified from phylum to species level at 97% simi-
larity (Additional file 2: Table S1). The reads that could
not be assigned to the specific genus level were allocated
as unclassified taxa, which together with minor repre-
senting groups were presented as others. The relative
abundance of the bacteria at phylum and genus levels is
summarized in Fig. 2. In the present study, eight phyla
were detected in the sorghum fermented doughs, includ-
ing Firmicutes, Proteobacteria, Bacteroidetes, Acidobac-
teria, Actinobacteria, Planctomycetes, Verrucomicrobia,
and Chloroflexi. Firmicutes was the predominant
phylum accounting for 99.3% and 75.7% of the total bac-
terial community in kisra and hulumur fermented
doughs, respectively. Proteobacteria was the subdomin-
ant phylum with a relative abundance of 24% in

hulumur compared to 0.62% in kisra fermented dough.
The remaining phyla together accounted for only 0.033%
and 0.014% of the total bacterial community in kisra and
hulumur fermented doughs, respectively (Fig. 2). The
bacterial reads of kisra fermented dough were further
clustered into 16 classes, 38 families, and 37 genera.
Meanwhile, 13 classes, 33 families, and 40 genera were
observed following the classification of the sequence
reads for hulumur fermented dough (Table 1). The
major bacterial genera in the sorghum fermented doughs
(Lactobacillus, Pediococcus, Gluconobacter, and Aceto-
bacter) varied between the two samples (Fig. 2). In Kisra
fermented dough, the dominant genera were Lactobacil-
lus and Pediococcus accounting for 81.7% and 14.1%, re-
spectively, whereas the bacteria genera in hulumur
fermented dough were more diverse, with the most
abundant genus being Pediococcus (37.6%), followed by
Lactobacillus (34.9%), Gluconobacter (17.9%), and Aceto-
bacter (6.3%). The sequences of the most abundant
genus Lactobacillus were clustered into 25 OTUs (Add-
itional file 2: Table S1). All dominant OTUs that repre-
sented > 1% of the total sequence reads were assigned as
Lactobacillus sp. However, other OTUs with fewer se-
quence reads were assigned as Lactobacillus zeae, Lacto-
bacillus brevis, and Lactobacillus coleohominis. In the
Pediococcus genus, OTUs were observed and assigned as
Pediococcus sp. However, in the taxonomic groups
assigned as others, 28 and 10 genera were observed with
trivial relative abundance (Additional file 1: Fig. S1) in
kisra and hulumur fermented doughs, respectively.

Fungal community of kisra and hulumur fermented
doughs
We observed that fungal communities were more het-
erogeneous than bacterial communities. Ascomycota
and Zygomycota were detected as the dominant phyla in
the sorghum-based fermented doughs. In kisra

Table 1 Summary of sequencing data of kisra and hulumur
fermented doughs

Parameters Bacteria Fungi

Kisra Hulumur Kisra Hulumur

Total sequences 180,131 61,659 53,180 11,897

Maximum sequences 64,457 22,905 29,889 4755

Lower sequences 52,734 18,207 5675 2843

Average 60,043 20,553 17,727 3966

Number of OTUs 121 64 148 69

Phylum 7 6 4 3

Class 16 11 13 8

Family 38 22 33 21

Genus 37 16 40 27

Fig. 1 Rarefaction analysis of observed OTUs at 97% similarity level
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fermented dough, most of the fungal reads belonged to
the phylum Zygomycota (85.46%), followed by Ascomy-
cota (9.49%), Basidiomycota (5.03%), and Glomeromy-
cota (0.006%). However, in hulumur fermented dough,
Ascomycota (99.46%) was the predominant phylum,
followed by minor sequences classified as Zygomycota
(0.26%) and Basidiomycota (0.28%). The downstream
taxonomic analysis of the fungal reads disclosed 50 gen-
era in the sorghum-based fermented doughs, of which
17 were detected in both fermented doughs (Additional
file 2: Table S2). The dominant genera in kisra fermen-
ted dough were Rhizopus, Gibberella, Lasiodiplodia, As-
pergillus, Candida, and Fusarium, which represented
85.45%, 2.54%, 1.93%, 1.35%, 1.16%, and 0.39% of the
fungal community, respectively. These genera were

classified primarily as Rhizopus arrhizus, Gibberella fuji-
kuroi, Lasiodiplodia theobromae, Aspergillus cibarius,
and Aspergillus flavus. In contrast, Alternaria (71%) and
Penicillium (19.66%) represented the major genera in
hulumur fermented dough, followed by Cochliobolus,
Gibberella, Rhizopus, and Aspergillus. Further genera
with mild influence on the relative abundance of the
fungal community of sorghum-based fermented doughs
are listed in Additional file 1: Fig. S2 and Additional file
2: Table S2. These least-detected sequences encom-
passed 30 and 19 genera in kisra and hulumur fermented
doughs, respectively, of which some yeasts (Rhodotorula
and Cryptococcus) and fungi (Mortierella and Mucor)
with biotechnological potential were observed with
minor sequence reads.

Fig. 2 Relative abundance of the bacterial communities in kisra and hulumur fermented doughs at phylum (a) and genus (b) levels
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Discussion
Numerous fermented foods are conventionally prepared
from sorghum flour in different parts of Sudan to im-
prove the organoleptic taste, nutritional values, and shelf
life of the final products. The microbes mediating these
processes have been investigated thoroughly using
culture-depended methods (Agab 1985; Hamad et al.
1992, 1997; Mohammed et al. 1991). However, there is a
lack of information about the entire microbial communi-
ties and their accumulated roles in the fermentation
process. Pyrosequencing analysis can provide a detailed
description of the microbial community of fermented
foods, which also helps in investigating the potential mi-
crobes and characterizing unexplored beneficial micro-
biota (Yang et al. 2016).
In the present study, the bacterial and fungal commu-

nities of two Sudanese sorghum-based fermented
doughs, kisra and hulumur, were analyzed using high-
throughput sequencing technologies. The sequencing
data provided sufficient reads for bacterial and fungal
communities (Table 1). As illustrated in the diversity
rarefaction curve (Fig. 1), all samples reached saturation
level, indicating that all phylotypes present in the bacter-
ial and fungal communities were detected and the re-
sults could be used to elucidate the microbial diversity
of the analyzed samples.
The results showed that the majority of bacterial com-

munities in kisra and hulumur fermented doughs
belonged to Firmicutes and Proteobacteria (Fig. 2). These
results align with previous studies (Agab 1985; Hamad
et al. 1997; Mohammed et al. 1991) conducted using
culture-dependent methods in which all isolated microbes
belonged to Firmicutes and Proteobacteria. In general, Fir-
micutes and Proteobacteria are the most dominant phyla
in most of the fermented cereals, beverages, and vegeta-
bles in different parts of the world (Diaz et al. 2019; Laur-
eys and De Vuyst 2014; Zabat et al. 2018).
At the genera level, Lactobacillus, Pediococcus, Clos-

tridium, Enterobacter, and Lactococcus were the most
dominant in kisra fermented dough compared to Lacto-
bacillus, Pediococcus, Gluconobacter, and Acetobacter in
hulumur fermented dough (Fig. 2). These differences in
the bacterial communities between kisra and hulumur
fermented doughs might be attributed to the numerous
raw materials used in the preparation of hulumur and
the process applied for preparation, including germin-
ation, soaking, and cooking. Lactic acid bacteria (Lacto-
bacillus and Pediococcus) are the most abundant group
in several African fermented foods prepared from sor-
ghum flour (Diaz et al. 2019), which is consistent with
our findings. However, the most dominant OTUs within
the Lactobacillus and Pediococcus genera could not be
classified to species level due to the short length of the
16S rRNA gene sequences. However, the dominant

species in kisra fermented dough were investigated using
culture-dependent methods and reported as Lactobacil-
lus fermentum, Lactobacillus reuteri (Hamad et al. 1997),
Lactobacillus confuses, L. brevis, Pediococcus pentosa-
ceus, and Enterococcus faecium (Mohammed et al. 1991).
A study conducted by Abdel Rahman et al. (2010) re-
ported that P. pentosaceus was dominant over Lactobacil-
lus coprophilus, Lactobacillus cellobiosus, and L. brevis.
Moreover, the superiority of specific Lactobacillus species
such as Lactobacillus delbrueckii, L. brevis, Lactobacillus
plantarum, Lactobacillus lactis, and L. fermentum was
confirmed in various sorghum-based fermented foods in
Africa (Adebo 2020). Several strains belonging to some of
these Lactobacillus species are well-known for their pro-
biotic properties in fermented foods and human health.
These include the elimination of pathogenic bacterial
growth, production of bacteriocin, improving flavors, and
improving the nutritive values of cereal products with
amino acids (Xu et al. 2020).
The acetic acid bacterial group (Acetobacter and Glu-

conobacter) was subdominant in hulumur fermented
dough. Together with Lactobacillus, Acetobacter was
found to dominate the bacterial community of several
African fermented foods such as Ogi, maize dough in
Ghana, Kwerionik, and Ugandan ghee (Diaz et al. 2019).
Acetic acid bacteria are known to play pivotal roles in
several fermented foods. They are important microbes in
the food industry because of their ability to oxidize vari-
ous types of sugars and alcohols into organic acids as
end products during the fermentation process (Sengun
and Karabiyikli 2011).
The results of the bacterial community observed in our

study were comparable with those reported in several stud-
ies conducted using culture-dependent methods, in which
Lactobacillus, Pediococcus, and Enterococcus were found to
be the dominant genera in kisra fermented dough (Abdel
Rahman et al. 2010; AbdelGadir and Mohamed 1983;
Hamad et al. 1997; Mohammed et al. 1991). However, the
bacterial genera observed in hulumur fermented dough in
the present study varied from those reported earlier (Agab
1985). Five of the seven bacterial genera (Bacillus, Strepto-
coccus, Micrococcus, Staphylococcus, Aerococcus, Coryne-
bacterium, and Actinobacillus) isolated during different
stages of fermentation were not detected in the current
analysis (Fig. 2 and Additional file 1: Fig. S1). Although py-
rosequencing results are more accurate, several factors such
as the microbial load of the raw materials, fermentation
conditions, and hulumur preparation techniques, which dif-
fer between areas, might affect the microbial community of
fermented foods. Moreover, the present study focused on
the final stage of the fermentation process. Therefore, other
bacterial genera might play essential roles in the early stage,
or they could not resist a lower pH at the end of the fer-
mentation process.
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Most of the sequencing reads of the potentially patho-
genic genus Clostridium in kisra fermented dough were
classified as Clostridium butyricum (0.6% of the total
reads). Strains belonging to this species have been used
as a probiotic bacterium in several food products, such
as milk and cheese, and several studies have confirmed
their beneficial effects in human gut microbiota. For in-
stance, a study reported that feeding rabbits with a diet
containing C. butyricum significantly increased their
growth rate by enhancing the immune function and the
improvement of intestinal microbiota (Liu et al. 2019).
However, the detection of a few reads belonging to the
pathogenic species Clostridium perfringens (> 0.01% of
the total bacterial reads) in kisra fermented dough might
be attributed to the uncontrolled conditions applied to
prepare the starter used in this study, which was pro-
vided by households. Therefore, using recognized starter
cultures to initiate the fermentation process might elim-
inate the incidence of such pathogenic microbes.
The fungal communities in kisra and hulumur fermen-

ted doughs were dominated by Zygomycota and Asco-
mycota, respectively (Fig. 3). This result was consistent
with previous results indicating that all the isolated fungi
from kisra and hulumur fermented doughs belonged to
those major phyla. Ascomycota and Zygomycota are the
largest fungal phyla, reported to be dominant in diverse
fermented foods such as Colombian fermented coffee
beans (de Oliveira Junqueira et al. 2019), fermented bean
curd (Wan et al. 2020), and Chinese fermented pepper
(Zhao et al. 2016).
At the genera level, the fungal community succession

revealed that Rhizopus was the predominant genus in
kisra fermented dough, whereas Alternaria and Penicil-
lium were the primary fungal microbiota in hulumur fer-
mented dough (Fig. 3). Several fungal genera were
isolated in the currently investigated Sudanese sorghum-
based fermented foods, and included Candida inter-
media, Debaryomyces hansenii, Aspergillus sp., Penicil-
lium sp., Fusarium sp., and Rhizopus sp. (Agab 1985;
Hamad et al. 1992, 1997; Mohammed et al. 1991). Ex-
cept for Debaryomyces, all these fungal genera were de-
tected in the current study with various relative
abundances (Fig. 3 and Additional file 1: Fig. S2).
The most abundant genus Rhizopus, found in kisra fer-

mented dough, is a group of filamentous fungi that con-
tains several potentially economically important species
used in fermented foods and other industrial applica-
tions. Rhizopus species are used in biotechnology to pro-
duce several important enzymes and metabolites such as
cellulase, glucoamylase, proteinase, lipase, pectinase,
amylase, lactic acid, fumaric acid, and biotin (Ghosh and
Ray 2011; Liu et al. 2016). The most dominant species in
kisra fermented dough, R. arrhizus (also known as Rhi-
zopus oryzae), was reported to be a dominant species in

several cereal-based fermented foods, including barley
tempeh (Feng et al. 2005), fermented rice (Blandino
et al. 2003), and weaning foods prepared from pearl mil-
let, sorghum, groundnut, and cowpea (Badau et al.
2006). In addition, an earlier study indicated an antifun-
gal effect of Rhizopus volatile metabolites during the fer-
mentation process, which might explain the decreased
rates of other fungal genera in the fermented dough
(Lanciotti and Guerzoni 1993).
In a previous study, Alternaria, a predominant genus

in the currently investigated Hulumur fermented dough
(Fig. 3), was isolated as a subdominant fungus during
the early stages of the fermentation of three sorghum
varieties used in kisra production (Abdel Rahman et al.
2010). The dominancy of Alternaria in the present study
might be due to its high level in sorghum grains or its
increment during the germination process of sorghum.
Although several Alternaria species have been reported
to be mycotoxin producers, an earlier study mentioned
that most of these toxins were completely degraded dur-
ing dry baking (Siegel et al. 2010). In addition, Alter-
naria was found to be a source of compounds with
potential properties such as antioxidant, antimicrobial,
antidiabetic, and antitumor activities (Eram et al. 2018).
The subdominant fungi Penicillium species are well-
known for their role in fermented foods and industrial
applications. They have been previously isolated from
different cereal-based fermented foods such as Injera,
Busaa, Chicha, Rabdi, Kenkey, Minchin, and Ogi (Blan-
dino et al. 2003).
On the other hand, complex and diverse bacterial and

fungal genera comprised the least detected group in fer-
mented doughs. Except three bacterial genera (Bacillus,
Streptococcus, and Flavobacterium) (Agab 1985), none of
these bacteria and fungi have been reported in kisra and
hulumur fermented doughs. However, some of these mi-
crobial group members exhibited numerous fermenta-
tion and biotechnological capabilities, such as Bacillus,
Streptococcus, Rhodotorula, Cryptococcus, and Mortier-
ella (Kimura and Yokoyama 2019; Markakiou et al.
2020; Rodrigues et al. 2019; Parka et al. 2017; Goyzueta
et al. 2020). Therefore, the diversity of this group and
their ability to produce several organic compounds that
might affect the organoleptic properties of fermented
doughs require further research to delineate their impact
on the process of fermentation.

Conclusions
Although the microbes present in Sudanese sorghum-
based fermented foods have been elucidated using
culture-dependent methods, these methods have several
limitations that can be overcome using pyrosequencing
technologies. In the present study, the bacterial and fun-
gal communities of kisra and hulumur fermented doughs
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were analyzed using pyrosequencing for the first time.
The results demonstrated different microbial community
structures between the two fermented foods. Lactobacil-
lus, Pediococcus, and Rhizopus were predominant in
kisra fermented dough, whereas Pediococcus, Lactobacil-
lus, Alternaria, and Penicillium were predominant in
hulumur fermented dough. These results support the
presence of previously isolated microbes. However, sev-
eral microbes identified in this study were not detected
in the previous microbial analysis of kisra and hulumur
fermented doughs. Further studies are required to ex-
plore the function of the detected microbes through the
fermentation process, which would help in manipulating

the microbial community of the starter to improve the
quality, safety, and organoleptic properties of kisra and
hulumur, as well as to enhance the large scale
production.
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