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Abstract
Finger millet blast caused by Pyricularia oryzae is the most globally important disease of finger millet. The disease rav-
ages cultivated finger millet, posing a threat to one of the world’s most important, climate-resilient, and nutrient-rich cereal 
crops, which serves as an important source of food security. Both pathogenic and mutualistic fungi colonize plant tissues 
and compete for the same niche, subsequently influencing the disease pathogenesis. We analyzed the natural dynamics of 
the fungal community associated with finger millet blast. Fungal culture was performed on blast-diseased finger millet tis-
sues collected from different agro-ecological regions in Kenya. Fifty-five isolates were obtained from finger, leaf and neck 
tissues with blast symptoms and characterized based on morphology and DNA sequencing of the internal transcribed spacer 
(ITS) and 28S rDNA regions. The identified fungal genera corresponded to Exserohilum, Sarocladium, Fusarium, Epicoc-
cum, Cochliobolus, Curvularia, Bipolaris, Penicillium, Setosphaeria, Phoma, and Alternaria, in addition to two unnamed 
fungal species. Many fungal pathogens of other crops that are not inherently expected to be present on finger millet were 
encountered, including Penicillium citrinum. Multi-gene phylogenetic studies using concatenated sequences for the ITS and 
28SrDNA regions were analyzed using IQ-tree on maximum likelihood basis and aligned using MAFFT to generate a tree 
with two distinct groups, which were further segregated into several subgroups. The outcome of this study provides useful 
information on the type of fungal community associated with finger millet blast, which may open avenues for understanding 
and protecting against finger millet blast disease in Kenya.
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Introduction

Finger millet blast disease, caused by the ascomycetous 
fungus Pyricularia oryzae (syn. Magnaporthe oryzae), is 
the most devastating disease of finger millet and threatens 
global finger millet production. The disease typically causes 
grain yield losses of 30–50% but can cause 100% yield loss 
during endemic seasons (Mbinda and Masaki 2020). Apart 

from finger millet, P. oryzae also infects other crops of the 
Poaceae family such as rice, wheat and oats and their wild 
relatives. However, pathogenicity experiments have dem-
onstrated that P. oryzae strains are host-specific, although 
cross-specificity has been established on a limited range of 
hosts (Klaubauf et al. 2014; Longya et al. 2020). The fungal 
infection occurs in the fingers, leaves and neck, with the first 
symptoms of the disease being small gray or brownish dots 
on the leaves that transition into diamond-shaped lesions 
with a white or grayish center after 2–3 days of infection. 
Leaf infection results in severely blasted leaves that eventu-
ally die off, while neck and panicle infections significantly 
reduce finger length, seed weight, number of seeds per fin-
ger, and total grain yield (Manyasa et al. 2019).

Finger millet (Eleusine coracana) is a staple food for 
many resource-poor farming households in the tropical 
semi-arid regions of southern Asia and sub-Saharan Africa 
because of its ability to grow in poor soils with minimal farm 
inputs. In addition, its superb nutritional quality, excellent 
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storage characteristics and climate resilience make finger 
millet an excellent crop for use as a staple food and famine 
reservoir (Gupta et al. 2017). Sadly, the incidence of blast 
disease has been on the rise due to the ability of the fungus 
to cross-infect other graminaceous species, climate change 
and an open free-trade market (Langner et al. 2018). Blast 
disease management has incorporated the use of approaches 
such as planting of resistant cultivars, chemical control, crop 
residue destruction and even biological control, but with 
limited success (Imam et al. 2015). This is due to the break-
down of pathogen resistance after some years as a result 
of the rapid and frequent genetic mutation of the pathogen 
to escape plant immunity, combined with the high cost of 
fungicides for already resource-poor farmers (Yadav et al. 
2019). Understanding the structure and genetic diversity of 
finger millet blast fungus populations is vital for the develop-
ment of durable, resistant cultivars that are regionally accli-
matized, which would contribute significantly to the control 
and management of the disease (Gladieux et al. 2018).

Plant tissues are colonized by highly diverse microor-
ganisms whose pathogenesis may be suppressed or aided 
by the presence of other microbes. Such microbial popula-
tions seem to be ubiquitous among plant species and are 
thought to coevolve within the plant in a mutually dependent 
manner (Card et al. 2016). Their interactions are not clearly 
understood owing to the complex web of relationships found 
within plant tissues, including differences between types of 
microbial communities and plant genotypes. It is therefore 
essential to understand their relationships and behavior 
during disease outbreaks, as they share the same biologi-
cal niche as the pathogenic microbe in question. Discerning 
which microbial species are present, how and when they 
occur, and the crucial roles that they play during these inter-
actions is key (Busby et al. 2015). If this approach is to be 
considered, it would be necessary to thoroughly understand 
their behavior when the pathogen appears and when the 
disease occurs (Latz et al. 2018). This novel microbiome 
perspective to plant–microbe interactions offers a more inte-
grated strategy to plant disease control and would open up 
new avenues for combating plant diseases. Moreover, a com-
prehensive understanding of the roles of these fungi would 
provide significant progress towards the deployment of 
improved management strategies for plant diseases, includ-
ing finger millet blast.

The use of morphological characteristics is a significant 
component of identifying fungal species. The discovery of 
molecular tools has, however, transformed fungal taxonomy. 
These tools provide highly discriminating information with 
good reproducibility and are relatively abundant. Most fun-
gal species have a high degree of similarity based on their 
morphological characteristics, often causing misidentifica-
tion. Accurate identification of fungal species is extremely 
critical for crop disease management (Kusai et al. 2016). 

The internal transcribed spacer (ITS) and 28S rDNA regions 
are frequently used as phylogenetic markers for taxonomic 
analysis of fungi (Chen et al. 2021). Considering the lack 
of information on the identities of fungal species associ-
ated with finger millet blast pathogen in Kenya, this study 
sought to use both morphological and molecular approaches 
to assess the overall fungal composition coexisting with P. 
oryzae in plants with finger millet blast disease.

Materials and methods

Isolation of fungi from finger millet plants

Sampling was conducted during the planting season from 
May–June 2018 and in February and June 2019 in five fin-
ger-millet-growing counties of Kenya (Machakos, Makueni, 
Kisii, Busia and Bungoma). A purposive sampling technique 
was employed to select finger millet farms, and at least six 
plant tissues infected with finger millet blast were randomly 
sampled from each farm surveyed per county. A total of 
290 finger millet plant tissues with typical blast symptoms 
(diamond-shaped lesions on the neck and leaves and red-
dish brown to rusty brown color on the inflorescence, Fig. 1) 
were collected and placed in clean sample collection bags. 
Approximately 4-mm segments of each plant tissue were 
aseptically excised, rinsed with tap water to reduce surface 
contaminants and sterilized with 3% sodium hypochlorite 
followed by three consecutive rinses with sterile distilled 
water to remove any other contaminants and excess sodium 
hypochlorite. The samples were dried on sterile blotting 
paper and cultured on oatmeal agar (OMA) media sup-
plemented with 50 mg/L of chloramphenicol at 27 °C for 
7–10 days. Emerging colonies were streaked on 4% water 
agar (WA) with a sterile 10-μl loop. After 48 h, the streaks 
were observed under a stereomicroscope until the most 
extended and germinated single conidium was observed. A 
single germinated conidium was then removed using a scal-
pel blade by cutting the agar closely around the conidium. 
The agar piece containing the spore was lifted and trans-
ferred onto OMA supplemented with chloramphenicol and 
incubated with a 12/12 h light/dark photoperiod at 27 °C 
to induce growth and sporulation. All of the resultant pure 
cultures were maintained in 30% glycerol containing half 
strength potato dextrose broth at -20 °C.

Morphological identification

The fungal isolates’ macro- and micro-morphological char-
acteristics were observed. Each pure fungal isolate was 
cultured on OMA amended with 50 mg/L chloramphenicol 
and incubated at 27 °C for five days. The mycelial char-
acteristics on the plates, such as colony color, margination 
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and elevation, were then recorded. Conidia production was 
induced by scraping the surface of the fungal mycelium with 
a sterile spreader, and the isolates were incubated in the dark 
for a further 5 days. Conidia characteristics such as conidia 
shape and hyphae were observed under a Leica ICC 50E 
compound microscope at 100 × magnification.

Molecular characterization based on ITS and 28S 
sequencing

Fungal genomic DNA was extracted using a modified CTAB 
method (Panda et al. 2017). PCR amplification was carried 
out using two primer sets, ITS1/ITS4 (ITS1: 5´-TCC​GTA​
GGT​GAA​CCT​GCG​G-3´ and ITS4: 5´- TCC​TCC​GCT​TAT​
TGA​TAT​GC-3´) and NL1/4 (NL1: 5’GCA​TAT​CAA​TAA​
GCG​GAG​GAA​AAG​-3’ and NL4: 5’GGT​CCG​TGT​TTC​
AAG​ACG​G 3’), for the fungal ITS and 28S rDNA regions, 
respectively (White et al. 1990). PCR conditions were set as 
follows: initial denaturation at 95 °C for 5 min followed by 
35 cycles of denaturation, annealing and extension at 95 °C 
for 30 s; 55 °C for 15 s (for ITS1) or 53 °C for 40 s (for 28S 
rDNA); 72 °C for 30 s (for ITS1) or 72 °C for 1 min (for 
28S rDNA); and a final extension at 72 °C for 5 min (for 
ITS1) or 7 min (for 28S rDNA). The PCR products were 
resolved by 1% agarose gel electrophoresis. ITS amplicons 
were sequenced by Macrogen Europe B.V. using an Applied 
Biosystems 3730xl DNA Analyzer and 28SrDNA amplicons 
by Inqaba Biotec using an ABI 3500XL Genetic Analyzer 

platform. Both the forward and reverse ITS and 28S rDNA 
sequence data were assembled and manually edited using 
BioEdit sequence alignment editor software. The taxonomic 
relationships between the isolates were ascertained with 
standard nucleotide BLAST searches against the nucleo-
tide database in the UNITE fungal database (http://​www.​
unite.​ee), NCBI RefSeq (http://​www.​ncbi.​nlm.​gov/​refseq/​
targe​tedlo​ci/) and GenBank (http://​www.​ncbi.​nih.​gov/​blast). 
The fungal ITS and 28S rDNA gene sequences obtained in 
this study were deposited in GenBank under accession num-
bers MW151763-MW151817 and MW644907-MW644961, 
respectively.

Community structure analysis

The sequences obtained from the ITS and 28S rDNA primers 
were analyzed both separately and in concatenated form to 
confirm their phylogenetic placement, using Methanoculleus 
thermophillus as the outgroup. Two phylogenetic trees were 
constructed using a neighbor-joining method with Molecular 
Evolutionary Genetic Analysis (MEGA X) software, while 
another tree was constructed using concatenated sequences 
for both ITS and 28SrDNA with MAFFT alignment software 
version 7.407. To evaluate the best DNA model substitu-
tion pattern, a Bayesian information criterion score (BIC) 
was considered, which revealed a K2 + G + 1 model as the 
best fit (Kumar et al. 2018). All ambiguous positions were 
removed for each sequence pair (pairwise deletion option). 

a

a

b c

Fig. 1   Typical blast disease symptoms on finger millet plant in Kenya a Rusty brown necrosis on finger and stem while b Brownish spots on 
severely infected leaf. c Healthy finger millet crop that is yet to mature
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Table 1   List of all isolates, locality, species and GenBank accession numbers for ITS and 28S rDNA sequences

Isolate code County(a) Plant part 
isolated (b)

`Conidia
Patterns (c)

Mycelial
features (d)

ITS
Accession 
numbers(e)

Closest match in 
BLAST

Size (bp) Similarity (%)

F11-1 Machakos F G Dark grey, filiform, 
raised

MW151763 Cochliobolus sp. 548 99

F17-2 Machakos F G Black, filiform, 
raised

MW151764 Setosphaeria
rostrata

596 100

F16-4 Machakos L G White, filiform, 
raised

MW151765 Fungal sp. strain 568 99

F1-M5 Machakos L R Whitish grey, undu-
late flat

MW151816 Curvularia peter-
sonii

542 99

F5-8 Machakos N G White with concen-
tric rings, entire, 
raised

MW151766 Sarocladium sp. 581 99

MK22-10 Makueni N G Greyish brown, fili-
form, umbonate

MW151767 Curvularia lunata 550 99

MK13-13 Makueni L E Grey with white 
spots, undulate, 
raised

MW151768 Bipolaris sp 570 100

MK91-18 Makueni F C Grey with white 
margin,undulate, 
raised

MW151769 Alternaria sp 548 100

MK95-19 Makueni N G Grey,entire,raised MW151770 Alternaria alter-
nata

548 99

MK49-20 Makueni F G pinkish, entire, 
raised

MW151771 Fusarium annu-
latum

535 100

MK74-21 Makueni F G Greyish brown, 
filiform, raised

MW151772 Curvularia lunata 580 99

MK7-22 Makueni L G Pinkish grey 
concentric rings, 
ciliate, raised

MW151773 Curvularia hominis 574 100

MK43-68 Makueni F I Greyish brown, 
undulate, raised

MW151804 Curvularia lunata 571 99

MK98-69 Makueni L G Grey, entire, raised MW151805 Fusarium sp. 520 100
MK3-71 Makueni L E Grey, filiform, 

raised
MW151806 Curvularia akai-

iensis
579 99

MK96-72 Makueni L R Greyish brown, 
undulate, raised

MW151807 Curvularia lunata 542 100

KIS2-M24 Kisii L C Grey,entire, raised MW151817 Exserohilum ros-
tratum

574 100

KIS30-25 Kisii F I Whitish grey, undu-
late, raised

MW151774 Curvularia lunata 548 100

KIS53-27 Kisii W R Pinkish, undulate, 
raised

MW151775 Sarocladium sp 571 99

KIS62-28 Kisii L C Pinkish, undulate, 
raised

MW151776 Fusarium chla-
mydosporum

521 100

KIS65-29 Kisii L I Pinkish, rhizoid, 
raised

MW151777 Epicoccum sp. 507 100

KIS51-30 Kisii N R Grey, entire, raised MW151778 Curvularia 
mebaldsii

540 100

KIS47-32 Kisii F I Grey, entire, raised MW151779 Curvularia clavata 561 100
KIS9-33 Kisii F I Grey, entire, raised MW151780 Bipolaris bicolor 486 99
KIS58-34 Kisii L R Purplish, entire, 

raised
MW151781 Epicoccum sorghi-

num
534 99

KIS88-35 Kisii F R White, entire, 
raised

MW151782 Fungi 562 99
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Table 1   (continued)

Isolate code County(a) Plant part 
isolated (b)

`Conidia
Patterns (c)

Mycelial
features (d)

ITS
Accession 
numbers(e)

Closest match in 
BLAST

Size (bp) Similarity (%)

KIS8-74 Kisii L I Grey, entire, raised MW151808 Curvularia trifolii 581 100
KIS46-75 Kisii F I Greyish brown, 

entire, raised
MW151809 Curvularia lunata 541 100

KIS37-78 Kisii L E Black, entire, raised MW151810 Bipolaris sim-
mondsii

562 99

BU229-36 Busia W G Greyish brown, 
entire, raised

MW151783 Curvularia lunata 546 100

BU188-37 Busia F R Black, entire, raised MW151784 Penicillium citri-
num

485 100

BU155-40 Busia N C Whitish grey, 
entire, raised

MW151785 Epicoccum sp. 524 100

BU180-41 Busia F R Pinkish grey, entire, 
raised

MW151786 Epicoccum sorghi-
num

511 99

BU2-42 Busia F C Whitish, rhizoid,  
raised

MW151787 Fusarium oxyspo-
rum

522 100

BU4-44 Busia L E Grey, entire, raised MW151788 Fusarium equiseti 522 95
BU56-45a Busia F R Whitish, rhizoid, 

raised
MW151789 Fusarium incar-

natum
520 100

BU29-46 Busia L C Pinkish, undulate, 
raised

MW151791 Epicoccum sorghi-
num

515 99

BU85-47 Busia L C Greyish black, 
entire, flat

MW151792 Exserohilum ros-
tratum

579 100

BU19-49 Busia F C Whitish grey, 
entire, raised

MW151793 Bipolaris bicolor 508 99

BU91-52 Busia L C Greyish black, 
entire, flat

MW151794 Exserohilum ros-
tratum

574 100

BU49-53 Busia F C Whitish grey, 
entire, raised

MW151795 Epicoccum sp. 507 100

BU17-A Busia F C Whitish grey, 
entire, raised

MW151812 Curvularia lunata 573 99

BU49-CA Busia F C Whitish grey, 
entire, raised

MW151813 Curvularia lunata 557 99

BU198-D Busia L C Greyish brown, 
entire, raised

MW151814 Curvularia lunata 550 100

BU229-G Busia N G Greyish brown, 
entire, raised

MW151815 Curvularia lunata 548 100

BG1-54 Bungoma L G Greyish, filiform, 
raised

MW151796 Curvularia clavata 561 100

BG2-55 Bungoma W I Grey, entire, raised MW151797 Curvularia lunata 553 100
BG9-56 Bungoma L E Greyish black, 

entire raised
MW151798 Curvularia trifolii 577 100

BG11-57 Bungoma N E Greyish black, 
entire, raised

MW151799 Curvularia trifolii 582 100

BG17-58 Bungoma N E Greyish black, 
entire, raised

MW151800 Curvularia 
mebaldsii

551 100

BG29-60 Bungoma F E Grey black, entire, 
flat

MW151801 Bipolaris cyno-
dontis

556 100

BG43-61 Bungoma F E Greyish,entire, 
raised

MW151802 Curvularia trifolii 578 99

BG10-66 Bungoma N E Black, entire, flat MW151803 Curvularia panici 601 96
BG26-45b Bungoma L I Grey, entire, raised MW151790 Bipolaris cyno-

dontis
557 100
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Table 1   (continued)

Isolate code County(a) Plant part 
isolated (b)

`Conidia
Patterns (c)

Mycelial
features (d)

ITS
Accession 
numbers(e)

Closest match in 
BLAST

Size (bp) Similarity (%)

BG69-81 Bungoma F C White, entire, 
raised

MW151811 Epicoccum sorghi-
num

510 100

Isolate code County(a) Affiliated to(f) 28SrDNA
Accession numbers(g)

Closest match in BLAST Similarity (%) Size
(bp)

Affiliated to(h)

F11-1 Machakos KT199720.1 MW644907 Cochliobolus kusanoi 99 605 JN941507.1
F17-2 Machakos KT933711.1 MW644908 Setosphaeria

rostrata
99 606 LT883458.1

F16-4 Machakos KT923234.1 MW644909 Sarocladium kiliense 98 609 KT878333.1
F1-M5 Machakos MH414905.1 MW644960 Curvularia 

lunata
99 616 MH867853.1

F5-8 Machakos MF784844.1 MW644910 Sarocladium
kiliense

98 609 KT878333.1

MK22-10 Makueni MN173127.1 MW644911 Curvularia lunata 99 616 MT516307.1
MK13-13 Makueni KX219610.1 MW644912 Bipolaris 

woodii
99 618 MH656721.1

MK91-18 Makueni MN473278.1 MW644913 Alternaria alstroemeriae 99 574 NG_069882.1
MK95-19 Makueni KT192393.1 MW644914 Alternaria alternata 99 616 JN936957.1
MK49-20 Makueni MN548436.1 MW644915 Fusarium annulatum 99 606 NG_057717.1
MK74-21 Makueni MH183196.1 MW644916 Curvularia lunata 99 615 MH012072.1
MK7-22 Makueni HG779006.1 MW644917 Curvularia lunata 99 615 MH012072.1
MK43-68 Makueni MN213745.1 MW644948 Curvularia lunata 99 615 JN941540.1
MK98-69 Makueni KX982211.1 MW644949 Fusarium pseudocircinatum. 100 608 MG838055.1
MK3-71 Makueni LT631342.1 MW644950 Curvularia akaiiensis 99 616 MH876133.1
MK96-72 Makueni MN173127.1 MW644951 Curvularia lunata 99 615 MT516304.1
KIS2-M24 Kisii MN326698.1 MW644961 Exserohilum rostratum 99 606 MT516299.1
KIS30-25 Kisii KR012913.1 MW644918 Curvularia lunata 99 616 KM246065.1
KIS53-27 Kisii MF784844.1 MW644919 Sarocladium kiliense 99 608 KT878333.1
KIS62-28 Kisii MK729132.1 MW644920 Fusarium chlamydosporum 99 608 MH872870.1
KIS65-29 Kisii MK809031.1 MW644921 Epicoccum proteae. 99 616 NG_069875.1
KIS51-30 Kisii MH414903.1 MW644922 Cochliobolus hawaiiensis 99 615 JN941535.1
KIS47-32 Kisii MK736276.1 MW644923 Curvularia geniculata 99 615 MW186197.1
KIS9-33 Kisii KJ909762.1 MW644924 Bipolaris woodii 99 614 MH656721.1
KIS58-34 Kisii MN555348.1 MW644925 Epicoccum sorghinum 99 616 LT965998.1
KIS88-35 Kisii JN897397.1 MW644926 Phoma sp 99 616 KT462714.1
KIS8-74 Kisii MH855614.1 MW644952 Curvularia coatesiae 99 615 MT341911.1
KIS46-75 Kisii MF101868.1 MW644953 Curvularia lunata 99 605 MT416004.1
KIS37-78 Kisii KX452454.1 MW644954 Bipolaris woodii 99 615 MH656721.1
BU229-36 Busia MN173127.1 MW644927 Curvularia lunata 99 614 MT516307.1
BU188-37 Busia MT186193.1 MW644928 Penicillium citrinum 99 615 LT558889.1
BU155-40 Busia LT592927.1 MW644929 Epicoccum nigrum 99 616 KR094452.1
BU180-41 Busia KT989557.1 MW644930 Epicoccum sorghinum 99 614 MN559398.1
BU2-42 Busia MK429839.1 MW644931 Fusarium oxysporum 99 607 LT746251.1
BU4-44 Busia MK780235.1 MW644932 Fusarium equiseti 99 607 NG_068575.1
BU56-45a Busia MN534779.1 MW644933 Fusarium incarnatum 99 607 MH877332.1
BU29-46 Busia KT989557.1 MW644935 Epicoccum sorghinum 99 616 MN559398.1
BU85-47 Busia MN599590.1 MW644936 Exserohilum rostratum 99 615 MT516299.1
BU19-49 Busia KJ909762.1 MW644937 Bipolaris woodii 99 591 MH656721.1
BU91-52 Busia MT075801.1 MW644938 Exserohilum rostratum 99 616 MT516299.1
BU49-53 Busia MH824376.1 MW644939 Epicoccum nigrum. 99 615 KR094452.1
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The evolutionary history was inferred using the Maximum 
Likelihood method. The tree was drawn to scale with branch 
lengths in the same units as those of the evolutionary dis-
tances used to infer the phylogenetic tree. The evolutionary 
distances were computed using the Maximum Composite 
Likelihood method and are in the units of the number of 
base substitutions per site (Tamura et al. 2004). The differ-
ences in composition bias among sequences were considered 
in evolutionary comparisons (Tamura and Kumar 2002). 
The concatenated sequences were analyzed using MAFFT 
alignment v.7.407 (Katoh and Standley 2013); alignment 

curation was performed via the Block Mapping and Gather-
ing with Entropy (BMGE) package v.1.12 (Criscuolo and 
Gribaldo 2010); the IQ-Tree v2.03 (Nguyen et al. 2015) 
algorithm was used to infer the tree by maximum likelihood 
and visualized in Figtree v.1.4.4.

Data analysis

SPSS version 25 (SPSS Inc., Chicago, IL, USA) was used 
to determine the percentages for the variables of interest 
based on the descriptive data. The chi-squared test (α = 0.05) 

Table 1   (continued)

Isolate code County(a) Affiliated to(f) 28SrDNA
Accession numbers(g)

Closest match in BLAST Similarity (%) Size
(bp)

Affiliated to(h)

BU17-A Busia MN213745.1 MW644956 Curvularia lunata 99 605 MH012072.1
BU49-CA Busia KR012913.1 MW644957 Curvularia lunata 100 616 KM246065.1
BU198-D Busia LC317566.1 MW644958 Curvularia lunata 99 615 MT416004.1
BU229-G Busia MN173127.1 MW644959 Curvularia lunata 99 605 MT516307.1
BG1-54 Bungoma MK736276.1 MW644940 Curvularia lunata 99 606 MH012069.1
BG2-55 Bungoma KRO12913.1 MW644941 Curvularia lunata 99 616 KM246065.1
BG9-56 Bungoma MK370649.1 MW644942 Curvularia trifolii 99 606 KM246062.1
BG11-57 Bungoma MG664782.1 MW644943 Curvularia trifolii 100 605 JN712522.1
BG17-58 Bungoma MH414902.1 MW644944 Curvularia hawaiiensis 99 605 MH414902.1
BG29-60 Bungoma MH856862.1 MW644945 Bipolaris cynodontis 100 606 NG_069234.1
BG43-61 Bungoma MG664782.1 MW644946 Curvularia coatesiae 99 615 MT341911.1
BG10-66 Bungoma AB164703.1 MW644947 Curvularia geniculata 97 604 JN941528.1
BG26-45b Bungoma MT032464.1 MW644940 Bipolaris cynodontis 100 557 MT032464.1
BG69-81 Bungoma MN420978.1 MW644955 Epicoccum sorghinum 99 614 LT965998.1

a Finger millet blast sampling site
b Plant part from which fungi was isolated; F: finger, L: leaf, N: neck and W: weed
c Fungal mycelia characteristics on oat meal agar (OMA), including colony color, margin and elevation
d Conidial structure under light microscope. G: globose, E: elliptical, C: cylindrical, R: round and I: irregular
e GenBank accession number for sequences generated in this study for ITS gene
f GenBank accession numbers for reference relatives
g GenBank accession numbers for 28SrDNA sequences generated in this study
h GenBank accession numbers for reference relatives using 28SrDNA gene

a b c ed

Fig. 2   Morphological variation in selected fungal mycelia on OMA 
medium, showing differences in colors and mycelial growth patterns. 
a: grey, entire, raised; b: white, rhizoid, raised; c: pinkish, undulate, 

raised; d: greyish white, undulate, flat; e: black, entire, raised (a: is 
isolate BU229-G, b: BU2-42, c: BU29-46, d: F1-M5, e: BG17-58)
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was used to compare the proportion of fungal compositions 
from different plant tissues, namely leaf, finger and neck. 
Phylogenetic analysis was performed using MEGA X. and 
MAFFT alignment v.7.407.

Results

Morphological characteristics

A total of 55 pure fungal isolates were recovered from 
290 plant tissues sampled from Machakos (5), Makueni 
(11), Kisii (13), Busia (16) and Bungoma (10) counties, 
consisting of different blast-diseased tissues (finger, leaf 
and neck) of finger millet (Table 1). The percentages of 
fungal isolates obtained from the different host tissues 
were 45.4%, 38.2% and 14.4% for the finger, leaf and neck 
tissues, respectively, showing typical blast symptoms. The 

macroscopic characteristics (colony color, margin and ele-
vation) and microscopic characteristics (conidia shape) of 
the 55 fungal isolates associated with finger millet blast 
disease were examined (Table 1). These strains were puri-
fied based on their distinct morphology on OMA and PDA 
media and differentiated based on their macroscopic and 
microscopic characteristics. At the macroscopic scale, the 
isolates cultured on OMA media showed mycelia with var-
ied features in terms of appearance and color. Five major 
mycelial colors were observed, gray (27), white (6), pink-
ish/purplish (8), grayish white (7) and black/grayish black 
(5), while 2 were brownish (Table 1, Fig. 2). The num-
ber of mycelial growth patterns, characterized by colony 
color, elevation and margin, also varied across the blast-
infected plant tissues. The highest number of mycelial 
growth pattern combinations was observed in the finger 
tissues (46%), followed by the leaf (38%) and neck tissues 
(16%), as shown in Fig. 3. Hyphal characteristics were 

Fig. 3   The mycelial growth 
patterns on different plant parts. 
The proportion of mycelial 
growth pattern combinations 
exhibited by different fungal 
genera isolated from different 
plant parts sampled from five 
finger millet growing counties 
in Kenya
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differentiated as either septate or non-septate. Forty fungal 
isolates had septate hyphae while 15 were aseptate. None 
of the fungal isolates showed a pseudo-hyphae type of 
septation in their hyphal structures. The conidial shapes 
observed under the microscope were differentiated into 
four main patterns: globose, elliptical, irregular and cylin-
drical (Fig. 4). Most of the conidia shapes were either 
cylindrical (25.5%) or globose (23.5%), while 18.2% had 
an irregular pattern, 16.4% had an elliptical shape and 
16.4% had a round shape (Table 1, Fig. 5). All of the 
conidia patterns lacked observable appendages and had 
smooth surfaces. The conidia color ranged from pale yel-
low to deep pigmentation, but none were hyaline (Fig. 4). 
Some of the conidia were either simple (lacking septa; 
Fig. 4a, e) or septate (having cross walls; Fig. 4b, c, f). 
These cross walls were either transverse (Fig. 4b), pseudo 
septate (Fig. 4 c, d) or longitudinal (Fig.  4f). Isolates 
having similar conidial features and morphology were 
grouped in the same genus. However, due to the similar-
ity of fungal morphological characteristics and the risk of 
misidentification, molecular identification was pursued for 
confirmation of fungal identities.

Molecular analysis determined by the ITS and 28S 
rDNA regions

Genomic DNA was extracted from 55 samples of fungal 
strains cultured from blast-infected finger millet tissues for 
molecular analysis. The DNA was successfully amplified 
and sequenced. The sizes of the 28S rDNA and ITS regions 
ranged from 557–616 and 484–601 bp, respectively, after 
sequence editing (Supplementary material 1). After a nucleo-
tide BLAST search, the ITS and 28S rDNA sequences exhib-
ited high percentage similarities of between 99 and 100% 
with the UNITE and GenBank databases. The identities of 
the isolates based on the ITS and 28S rDNA sequences are 
as shown in Table 1. The isolates were assigned to three 
classes of Phylum Ascomycota, namely Eurotiomycetes, 
Dothiodeomycetes and Sordariomycetes, and further sepa-
rated into 10 genera and two unnamed fungi. For the ITS 
sequences, the isolates are related to Exserohilum rostratum 
(3), Sarocladium sp. (2), Fusarium equiseti (1), Fusarium 
sp. (1), Fusarium annulatum (1), Fusarium oxysporum (1), 
Fusarium incarnatum (1), Fusarium chlamydosporum (1), 
Epicoccum sp. (3), Epicoccum sorghinum (4), Cochliobolus 

Fig. 4   Variation in conidia shape under a light microscope. a, globose; b, elliptical; c, irregular; d, cylindrical; e, round and f, cylindrical with 
longitudinal septate. (a: is isolate F17-2 b: isolate MK49-20; c: isolate KIS47-32; d: isolate BU85-47; e: isolate KIS53-27; f: isolate KIS2-M24)
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sp. (1), Curvularia lunata (12), Curvularia mebaldsii (2), 
Curvularia panici (1), Curvularia trifolii (4), Curvularia 
clavata (2), Curvularia petersonii (1), Curvularia hominis 
(1), Curvularia akaiiensiis (1), Bipolaris bicolor (2), Bipo-
laris cynodontis (2), Bipolaris simmondsii (1), Bipolaris 

sp. (1), Penicillium citrinum (1), Setosphaeria rostrata (1), 
Alternaria alternata (1), and Alternaria sp. (1). The 28S 
rRNA sequences are related to Exserohilum rostratum (3), 
Sarocladium kiliense (2), Sarocladium sp. (1), Fusarium 
equiseti (1), Fusarium pseudocircinatum (1), Fusarium 

Fig. 5   Phylogenetic tree for the concatenated sequences of ITS and 28SrDNA regions
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annulatum (1), Fusarium oxysporum (1), Fusarium chla-
mydosporum (1), Epicoccum nigrum (2), Epicoccum pro-
teae (1), Epicoccum sorghinum (4), Cochliobolus kusanoi 
(1), Cochliobolus hawaiiensis (1), Curvularia lunata (16), 
Curvularia akaiiensis (1), Curvularia hawaiiensis (1), Cur-
vularia trifolii (2), Curvularia geniculata (2), Curvularia 
coatesiae (2), Bipolaris woodii (4), Bipolaris cynodontis (2), 
Phoma (1), Penicillium citrinum (1), Setosphaeria rostrata 
(1), Alternaria alternata (1), and Alternaria alstroemeriae 
(1).

Three phylogenetic trees were constructed and the rela-
tionships between all isolates evaluated for ITS, 28SrDNA, 
and their concatenated sequences, as shown in Supplemen-
tary material 2 and Fig. 5. Each dataset consisted of the 
55 fungal isolates recovered after culture. A further 33 and 
19 sequences for ITS and 28S rDNA, respectively, includ-
ing the outgroup species, were retrieved from GenBank. 
Several clustering methods including neighbor-joining, 
maximum-evolution, and unweighted pair group method 
with arithmetic mean (UPGMA) generated nearly identical 
topologies in MEGA. The optimal trees generated by the 
individual ITS and 28S rDNA sequences as well as their 
concatenated sequences together with their relatives yielded 
similar topologies. The trees were divided into two major 
groups based on the three classes of Phylum Ascomycota. 
The first category consisted of Fusarium species, Sarocla-
dium and Penicillium of classes Sordariomycetes and Euro-
tiomycetes (Fig. 5, Supplementary material 2). Notably, 

isolate BU188-37 was the only isolate in the three trees that 
clustered with Penicilium citrinum, a member of the Asper-
gillaceae family, which are known for secondary metabolite 
production. The second category was assigned to members 
belonging to class Dothiomycetes including Curvularia 
species, Exserohilum, Bipolaris, Cochliobolus, Alternaria, 
Epicoccum and Dothidiomycete sp. (Supplementary mate-
rial 2). Setosphaeria (synonym for Exserohilum) and Phoma 
formed an ambiguous branch and were therefore removed 
from the tree. All trees displayed a high species richness of 
genus Curvularia, since a majority of the isolates clustered 
with a number of its species. Methanoculleus thermophilus 
was used as an outgroup to root the tree. BLASTN and phy-
logenetic analyses both indicated that a total of 11 genera for 
28SrDNA and 10 together with two unnamed fungi for ITS 
were generated from this study. Although the total numbers 
of genera found were the same for both genes (Fig. 6a, b), 
the total species count was slightly higher for 28S rDNA 
than for ITS (Table 1).

Distribution of different fungal species on different 
blast‑infected finger millet tissues

The fungal composition varied among the different blast-
infected finger millet tissues, as shown in Fig. 6. The genus 
Curvularia made up the highest proportion of the species 
obtained from all of the sampled plant tissues compared to 
the other genera, representing 44% of the composition of 

Fig. 6   Proportional distribution of different fungal species obtained using a ITS and b 28S rDNA primers from finger millet samples
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fungal isolates followed by Epicoccum (13%) and Fusarium 
(13%). Notably, genera Curvularia and Epicoccum were rep-
resented by species in all of the sampled blast-infected finger 
millet tissues (finger, leaf and neck). The genera Saroclad-
ium, Bipolaris, unassigned fungal strain and  Fusarium each 
had at least one species obtained from either finger and neck 
or finger and leaf but not from all three blast infected plant 
tissues (Table 1). The rest of the genera, namely Setospha-
eria, Cochliobolus, Exserohilum, Penicillium and Alternaria 
each had only one species from the sampled blast infected 
plant tissues (Table 1). The results of the chi-square test on 
fungal compositions in the finger, leaf and neck tissues indi-
cated that they were not statistically significant at p = 0.05, 
χ2 = 25.5, df = 24. The fungal communities recovered from 
the five sampling sites did not show a distinct distribution, 
and the fungal taxa were randomly distributed across the 
different sites. Fungal richness was mainly observed in the 
western agro-ecological zone made up of Busia, Bungoma 
and Kisii, where a total of 39 fungal species were recovered, 
compared to the eastern agro-ecological zone (Machakos 
and Makueni) with only 16 fungal species.

Discussion

This is the first report of fungal species associated with the 
finger millet blast disease pathogen P. oryzae that combines 
multigene sequence phylogenetic analysis with a morpho-
logical approach. Our study identified twenty-six species 
based on the 28SrRNA gene and twenty-eight species plus 
two unnamed fungal species with the ITS gene as fungi 
coexisting with P. oryzae during finger millet blast infection. 
The genera identified included Cochliobolus (C. kusanoi, C. 
hawaiiensis, Cochliobolus sp.); Setosphaeria (S. rostrata); 
Sarocladium (S. kiliensis, Sarocladium sp.); Curvularia 
(C. hawaiiensis, C. geniculatus, C. lunata, C. coatesiae, C. 
hominis, C. petersonii, C. panici, C. clavata, C. trifolii, C. 
mebaldsii); Bipolaris (B. woodii, B. cynodontis, B. bicolor, 
B. simmondsii, Bipolaris sp.); Fusarium (F. annulatum, 
F. pseudocircinatum, F. chlamydosporum, F. oxysporum, 
F. equiseti, F. incarnatum, Fusarium sp.); Alternaria (A. 
alstroemeriae, A. alternate, Alternaria sp.); Epicoccum (E. 
nigrum, E. proteae, E. sorghinum); Exserohilum (E. rostra-
tum); Penicillium (P. citrinum) and Phoma. Overall, these 
fungal species were grouped into three classes of Phylum 
Ascomycota—Eurotiomycetes, Dothiodeomycetes and  
Sordariomycetes—for both genes.

The results from this work show that Curvularia species 
were the most frequently isolated in all the blast-infected tis-
sues. P. oryzae is known to be a weak saprophyte (Rajashekara  
et al. 2016). It is therefore challenging to detach the blast 
fungus from these two genera using conventional host tissue 
transplant isolation techniques. Growth of the blast fungus 

on media was likely eclipsed by the genus, which is why 
most of the fungal isolates were from the genus Curvularia 
at the expense of P. oryzae. Accurate identification of P. ory-
zae causing finger millet blast can therefore easily be clouded 
by the necrotic spots exhibited by Curvularia species on 
blast-infected finger millet samples. However, in culture, the 
visual characteristics of the two can be easily differentiated. 
The mycelium for Curvularia tends to have a greyish black 
appearance on oatmeal agar media with a black underside 
(Kusai et al. 2016), while that of blast fungus displays fea-
tures ranging from white to greyish/black (Gowrisri et al. 
2019; Longya et al. 2020). Saprophytic fungi such as Alter-
naria and Curvularia species are of great interest because 
they primarily infect necrotic lesion centers from behind 
the advancing front of parasitic mycelium (Rajashekara  
et al. 2016). Our findings further identified Curvularia 
lunata as the most common compared to other Curvularia 
species. This genus is made up of more than 40 species, 
which include saprophytes, endophytes and pathogens. This 
pathogenic group has been implicated in heavy losses among 
cereals and vegetables because they form necrotic spots 
on the leaves of these plants (Kusai et al. 2016; Kee et al. 
2020; Khemmuk et al. 2016; Schoch et al. 2020). From these 
findings, we questioned the role played by the identified fun-
gal isolates in P. oryzae pathogenesis. Perhaps some of the 
microbes could be enhancing the aggressiveness of P. oryzae 
during colonization. For example, Epicoccum nigrum has 
been identified as a beneficial co-inhabiting fungus in sug-
arcane due to its secretion of cell-wall-degrading enzymes 
that facilitate the successful invasion of plant cell walls and 
ultimately cause disease, especially during the saprophytic 
phase of the fungal cycle (Kubicek et al. 2014). A compre-
hensive study is therefore recommended to understand the 
impacts of some of the identified species on the severity of 
the blast disease and the likely endophytic co-inhabitants in 
finger millet.

A. alternata has a wide host range and is known to be 
prevalent on the surface of finger millet seeds as well as 
a causative agent for leaf spot and other diseases in sev-
eral plants (Jain 2020). This fungus has been identified as 
seed-borne mycoflora in sorghum and foxtail millet together 
with Curvularia lunata, Aspergillus flavus, and Phoma sp. 
in Korea (Yago et al. 2011). A. alstroemeriae has also been 
implicated as the causative agent for black spot on Alstroe-
meria, a perennial ornamental plant (Yamagishi et al. 2009). 
This is the first report of its presence in the finger millet 
plant, a finding that requires further investigation.

Fusarium is a widely distributed genus of pathogens 
that affects several plants. Finger millet and other millets 
including proso, pearl and foxtail millets have been identi-
fied as hosts to various species of this pathogen. F. equiseti 
is known to cause ear rot in foxtail millet, while F. oxyspo-
rum is very destructive to most millet varieties (Chala et al. 
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2019). Other than causing diseases, Fusarium species are 
also known to produce mycotoxins that contaminate the 
millet, making it unfit for human consumption (Akanmu 
et al. 2013). F. chlamydosporum has been implicated in 
mycotoxin contamination of millet, although it tends to be 
host-selective and region-specific. F. solani has previously 
been obtained from African millet (Choi et al. 2021). Several 
other Fusarium species not isolated in this study have also 
been implicated as pathogens associated with millets. Some 
of these include F. nygamai, F. compactum, F. fujikuroi, and 
F. semitectum (Choi et al. 2021).

Bipolaris species have also been recorded as causative 
agents for a number of diseases in cereals and grasses. B. 
australiensis, for example, is pathogenic in Chloris and Pen-
nisetum species in Australia, India and Kenya. This species 
has also been implicated as the causative agent of brown leaf 
spot in Cynodon spp. and pearl millet as well as leaf spot 
in betel vine (Piper betle) and date palm from China, India, 
Pakistan and Iraq (Fang et al. 2007). More recently, it was also 
established as a pathogen in foxtail millet in Iran (Mirzaee 
et al. 2020). Other species such as B. oryzae, B. cynodontis, 
B. sorghicola and B. victoriae have been involved as causal 
agents of rice brown spot disease in Iran (Nazari et al. 2015). 
In finger millet, B. setariae has been reported as a pathogen 
(Jain 2020) but not B. bicolor, B. cynodontis, B. woodii or B. 
simmondsii. In Kodo millet, Sarocladium oryzae has been 
implicated as the causal agent for sheath rot, which causes 
grain discoloration, thus lowering grain quality (Nagaraja 
et al. 2016). This fungus has also been detected in rice resi-
dues and several weed species present in rice fields in India 
(Yadav and Thrimurty 2006). Cochliobolus lunatus has been 
detected as the causal agent of rice sheath rot, which causes 
black kernel disease in India and Bangladesh (Bigirimana 
et al. 2015). In this study, C. kusanoi, C. hawaiiensis, and 
Cochliobolus sp. were identified in finger millet.

Exserohilum rostratum is reported in finger millet for 
the first time in this study. Some Exserohilum species have 
been reported as pathogenic among the small millets, includ-
ing E. oryzicola, which has been identified as the causal 
agent of leaf spot in barnyardgrass in Japan. This species 
has also been pathogenic in rice, barley, bread wheat and 
durum wheat, with milder but nonpathogenic foliar symp-
toms in soybean (Tomioka et al. 2021). E. turcicum is the 
causal agent for maize northern leaf blight (NLB) and has 
been reported as a serious pathogen in maize in East Africa 
and elsewhere (Nwanosike et al. 2015). Isolate BU188-37 
clustered with Penicillium citrinum. Although this fungus 
causes mold in maize and rice (Gowrisri et al. 2019), the 
genus Penicillium is largely known for producing commer-
cially valuable secondary metabolites such as alkaloids, 
antibiotics, hormones and mycotoxins (Shahid et al. 2020). 
The results therefore suggest that isolate BU188-37 could 

possess valuable secondary metabolites whose potential 
needs to be exploited.

Although the distribution of isolated fungi varied across 
the agro-ecological zones, Curvularia, Epicoccum, Bipo-
laris and Fusarium were the most dominant genera in all 
four of the agro-ecological zones under study. Moreover, 
the samples collected from Kisii County showed higher 
fungal community richness than those from Machakos. The 
observed variation in fungal composition could be associ-
ated with the environmental characteristics of the different 
agro-ecological zones where the samples were collected. For 
example, certain areas in eastern Kenya experience a dryer 
environment as opposed to the wet and humid conditions in 
western Kenya. In our previous study on the occurrence, dis-
tribution and severity of finger millet blast disease in Kenya, 
we reported that blast disease varied according to ecological 
characteristics (Odeph et al. 2020). The high humidity in 
some agro-ecological zones could facilitate the relatively 
high percentage of finger, leaf and neck infections. A similar 
observation was reported for Colletotrichum species associ-
ated with anthracnose in avocado (Sharma et al. 2017). Our 
findings further revealed that of the three sampled tissues 
infected with finger millet blast, the percentage of fungi iso-
lated from fingers was significantly higher (46%) compared 
to leaves (38%) and neck tissues (16%). P. oryzae is a hemibi-
otrophic pathogen, and it combines both biotrophic and 
necrotrophic characteristics. The pathogen attacks all plant 
tissues by sustaining both lifestyles concurrently (Marcel  
et al. 2010). The mechanism of pathogenesis is hypothe-
sized to be the same in all plant tissues. However, it is now 
clear that the fungus has tissue invasion preferences. The 
ability of P. oryzae to use either hyphopodia or appressoria 
allows the pathogen to modify its invasion mechanisms to 
the physiological and nutritional characteristics of the target 
organ (Tucker et al. 2010). This raises questions as to the 
degree of similarity between finger, leaf and neck infection 
approaches. The fungus therefore combines the common 
and organ-specific components described in the P. oryzae 
genetic toolbox to achieve its initial infiltration. From our 
findings, we could not specifically deduce why more fungi 
species were isolated from finger tissues compared to the 
leaf and neck.

Conclusions

In summary, findings of this work sheds light on the exist-
ence of diverse fungal plant species associated with finger 
millet blast pathogen in Kenya, which may lay the founda-
tion for future studies related to management of the path-
ogen. A total of 10 fungal genera and 2 unnamed fungal 
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species are reported. All the isolates recovered belong to 
the same group as species that are known to be serious plant 
pathogens. The diverse genetic structure of fungal commu-
nities associated with blast disease attests to the probabil-
ity of their association with P. oryzae during pathogenesis. 
Future work may include exploiting the potential of isolate 
BU188-37 which clustered with P. citrinum: a member of 
one of the highly prolific secondary metabolites producing 
fungal genera.
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