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Fig. 5 Heat map of
normalized relative
abundance of the top
92 fungal operational
taxonomic units
associated to RCR-
symptomatic beans
based on 18S rDNA
region lllumina
sequencing from the
pooled Chokwe growing
regions in 2014 and
2015.
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Fig. 6 Heat map of
normalized relative
abundance of the top
107 fungal operational
taxonomic units
associated to RCR-
symptomatic beans
based on 18S rDNA
region lllumina
sequencing from the
pooled Gurue growing
regions in 2014 and
2015.
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from both locations of farm fields, with the exception of samples from
Chokwe 2015, where Macrophomina phaseolina was the most virulent
isolate we encountered.

Detection of four primary pathogenic isolates associated with RCR

Microsatellite amplicon sequences from the infected samples and pos-
itive controls were consistent with the expected fragment sizes for Fu-
sarium spp., Pythium spp., Rhizoctonia solani, and Macrophomina pha-
seolina. With the primers we utilized, the presence or absence of each
genus and/or species per sample was detected (Fig. 7). The frequency
of detection varied with both location and year; however, Fusarium spp.
were detected in highest frequencies and in RCR tissue more than in
Whatman FTA® Cards (Fig. 7).

When Illumina sequencing was used for DNA analysis from both FTA®
Cards and RCR tissue, not surprisingly, we identified a greater depth of
species of fungi/Oomycetes than from the culture-based method (Fig.
7). By location and year, overall, E oxysporum was the most frequently
identified isolate in both FTA® Cards and RCR tissue, followed by F so-
lani and other Fusarium species, as well as Rhizoctonia solani (Figs. 4, 5,
and 7). Other fungal/Oomycete species that have been associated with
RCR symptoms such as Pythium ultimum were less frequently observed.
We found it notable that a fungal taxon identified in culture from RCR
infected legumes, M. phaseolina, was not detected by Illumina amplicon
sequencing in either location or year with the Whatman FTA® Cards. Fi-
nally, there was a significant correlation between information obtained
by FTA® Cards and RCR tissue values based on the Spearman correla-
tion coefficient for Gurue (0.759 and 9.86516, P < 0.001) and Chokwe
(0.70288 and 0.865, P < 0.001) for 2014 and 2015, respectively.

Phylogenetic affinities of Fusarium oxysporum and genetic variation
for Fusarium oxysporum assessed with microsatellite primers

To detect the four major pathogen genera and species (Fusarium spp.,
R. solani, P. ultimum, M. phaseolina), we employed Illumina amplicon se-
quencing, PCR-based microsatellites, and culture-based methods. The II-
lumina amplicon sequencing identified the most fungi and Oomycetes
from FTA® Cards. However, PCR-based methods from RCR tissue were
best at detecting M. phaseolina (Fig. 7). Every method that we employed
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seven well-defined clusters within E oxysporum species complex indicat-
ing intraspecific variability of the partial EF-1 gene. Additionally, most
of the isolate sequences were separated from those of published F oxy-
sporum accessions from the NCBI GenBank database indicating the new
isolates from Mozambique are not found in databases. There was no ev-
idence that geographical origins of the isolates influenced the clustering
pattern because sequences from both locations were found in species
complex clusters. Phylogenetically informative nucleotide positions in
the 18S rRNA sequences (generated by the [llumina amplicon sequenc-
ing) were used to compare common or shared OTUs in different com-
binations between the Chokwe and Gurue locations for both years and
presented in Venn diagrams (Fig. 10). These common, or shared, ampli-
con counts are displayed in the overlapping panels and unique OTUs in
the non-overlapping areas.
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from FTA® Cards and RCR diseased plant tissue, or from isolates recov-
ered through conventional culture methods. Other RCR disease- asso-
ciated fungi, such as R. solani, Pythium spp., A. rolsfii, and M. phaseolina,
were detected or isolated in cultured samples but were lower in abun-
dance and typically inconsistent in their presence and absence. The ex-
ception to this was found in the samples from Chokwe in 2015 where
we identified M. phaseolina from both the sequencing and culture meth-
ods. Other fungal species we detected by amplicon sequencing, widely
distributed across the Ascomycota and Basidiomycota, are not known
to be associated with RCR and could be considered plant endophytes.
The role of these fungi as endophytes in healthy or diseased dry bean
plant tissue is yet to be well established (Nair and Padmavathy 2014).
Despite the high frequency of isolation of M. phaseolina from the 2015
samples collected in Chokwe, the symptoms observed in the collected
root/crown samples did not match symptoms typically caused by M. pha-
seolina, which is known to infect the upper stem of more mature plants.
We hypothesize that increased rainfall in the Chokwe region during our
study resulted in this finding, as M. phaseolina has been reported to in-
crease abundance in regions of the tropics and subtropics where crops
might be exposed to water stress (Songa and Hillocks 1996). The high
isolation frequency of M. phaseolina is likely due to climate variability in
the 2014 and 2015 growing seasons, which were characterized by low
rainfall from October to December of 2014, and the resulting drought
in the southern region from January to March of 2015. Later, an El Nifio
phenomenon was reported in Mozambique in the 2015 growing season
which a rainy season in the south of the country was followed by addi-
tional pronounced and excessive rain or floods in the northern region (C.
Jochua, personal observations). Most of the symptomatic bean samples,
which exhibited signs of wilting and necrosis of the stem even before
the flowering stage, were associated with infection by species of Fusar-
ium. These symptoms were typically associated with recurrent cyclical
weather patterns in the country, such as flooding and drought, and have
caused environmental conditions which favor the abundance of Fusar-
ium species in all locations of Mozambique.

The results of this study are in agreement with previous work (Mu-
kuma et al. 2020) that found FE oxysporum was the predominant patho-
gen associated with RCR of bean in Zambia. However, Rusuku et al.
(1997) also studied soil-borne pathogens causing the RCR disease from
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culture isolation and found species of Pythium to be the most frequently
isolated pathogens, over F oxysporum, M. phaseolina, and R. solani in the
RCR complex in Rwanda. To complement the methods used in the pre-
vious studies conducted in Zambia and Rwanda, we implemented both
amplicon sequencing and microsatellite-based methods as they reveal
a finer scale genetic profile of pathogens rather than phenotypic pro-
files obtained via only using cultural methods (Hilton et al. 2016; Mu-
kuma et al. 2020).

In spite of the limitations of not being able to culture all possible
fungal isolates, the fungi that we did isolate could be directly tested for
pathogenicity to screen dry bean germplasm for disease resistance.
Collectively, we identified 333 fungi and/or Oomycetes isolates from
Chokwe and Gurue regions in the 2014 and 2015 growing seasons and
tested these for pathogenicity against a diversity panel of beans. At least
60% of the isolates were pathogenic to bean, and species of Fusarium,
primarily E oxysporum, collected from all locations and years produced
the longest mean lesion lengths in our pathogenicity assays. Based on
the isolation frequency from the field collections and overall pathoge-
nicity observed across the bean diversity panel, we conclude that F oxy-
sporum plays the most predominant role in the bean RCR complex in
Mozambique.

More than one pathogen causing RCR of bean was additionally re-
ported by Rusuku et al. (1997) and Mukuma et al. (2020), suggesting a
complex of pathogens such as Pythium spp., R. solani, M. phaseolina, E
oxysporum f. sp. phaseoli, and A. rolfsii may be interacting to cause bean
RCR. The hypothesis that more than one pathogen causes RCR on beans
may have implications in the identification and subsequent breeding
in response to broad pathogen-specific RCR disease resistance (Abawi
and Pastor-Corrales 1990; Wortmann et al. 1998; Chaudhary et al. 2006;
Clare et al. 2010).

With regard to the Fusarium species we identified, F oxysporum was
the most frequently isolated in our study and identified among the most
pathogenic fungi and/or Oomycetes isolated within Mozambique. These
results support other studies conducted in Latin America, Spain, and
the USA, where FE oxysporum has caused RCR outbreaks (Pastor-Cor-
rales and Abawi, 1987; Alves-Santos et al. 2002). In addition, F oxys-
porum has also been identified as a major pathogen in Central Africa
where serious losses on improved climbing bean varieties were reported
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(Buruchara and Camacho 2000). This study found that pathogenic iso-
lates of Fusarium, with E oxysporum being most notable, were coexist-
ing with other individual Fusarium taxa that were not observed to be
pathogenic within the same plant. The finding that some of the Fusar-
ium species were pathogenic and others were not detrimental to a plant
host may be explained by their ubiquitous nature in habitats such as soil,
water, and as plant endophytes (Lofgren et al. 2018). Therefore, it is not
unusual to have pathogenic and non-pathogenic isolates together in a
healthy plant, which contribute to the early development and severity
of disease when conditions are unfavorable for bean growth (Leslie and
Summerell 2006; Estevez de Jensen et al. 2004; Harveson et al. 2005).
It is important to note that Fusarium taxa that are typically recognized
as opportunistic pathogens and will infect plants under the induction of
stressful conditions such as those common in changing climate scenar-
ios (Valverde-Bogantes et al. 2019). We note that, along with F. oxyspo-
rum, a large portion of the Fusarium species complexes identified here
were identified as F. solani and F. equiseti and that we did not investi-
gate in more detail here. We expect these species complexes will be the
focus of additional studies inspecting morphotypes and genetic diver-
sity of all RCR bean-associated Fusarium taxa.

Based on the amplicon sequencing portion of our study, we identified
a diverse community of fungal and Oomycete taxa associated with RCR
diseases of bean in two geographically distant regions in Mozambique.
A relatively high fungal diversity in different environments has been re-
ported in other studies of the dry bean microbiomes in tropical regions
(Pastor- Corrales and Abawi 1987; Alves-Santos et al 2002, Buruchara
and Camacho 2000), supporting high-throughput sequencing methods
which provide better estimates of the overall fungal diversity of a sam-
ple when compared to other identification methods. High-throughput
sequencing methods, such as the amplicon sequencing methods we em-
ployed in this study, are sensitive methods to identify pathogens associ-
ated with RCR when compared to culture-based techniques using mor-
phological approaches that are better suited to only detect individual
taxa or those that are easier to culture. Culture-based assessments of
diversity can be problematic as some particular species can be isolated
with ease in a laboratory setting as they rapidly respond to simple me-
dia formulations and are quick to outgrow other organisms. It has been
estimated that many fungal taxa are difficult or are unable to be cultured
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with our current methodology which hinders the process of identifica-
tion and experimentation (Hilton et al. 2016). We emphasize that the im-
portance of culturing is vital for establishing cultural material of both
fungal and/or Oomycete pathogens which are needed for screening bean
lines for RCR resistance.

As previously mentioned, the DNA sequencing methods we used as
identification methods were not always in agreement with all the iso-
lated cultures we collected. In general, the combination of molecular-
and morphological-based methods, such as the microsatellite and cul-
tural isolation methods we employed here, was better for identifying
Macrophomina phaseolina, which was not detected by amplicon sequenc-
ing from either the FTA® Cards or direct RCR lesions. DNA-based meth-
ods, such as high-throughput I[llumina amplicon sequencing and PCR-
based microsatellite amplification we used in this study, are the most
sensitive technique available for the detection of plant pathogens, due
in part to the overall depth of sequencing and the specificity of the oli-
gonucleotide primers designed for Fusarium taxa (Capote et al. 2012).
We hypothesize that the poor amplification of numerous Macrophom-
ina phaseolina isolates can be explained by a lack of specificity regard-
ing the oligonucleotide primers and probes, but we have yet to test this
hypothesis. Sanger-based sequencing analyses were based on the direct
analysis of the genomic DNA of the ITS-2 region which may be variable
in the case of M. phaseolina. In addition, the high recovery of M. phaseo-
lina isolates in samples from the Chokwe region in 2015 may be attrib-
uted to environmental conditions in the field, such as high humidity and
temperature, where M. phaseolina has a high optimal temperature for
growth and infection (Songa and Hillocks 1996).

Amplicon sequencing using the [llumina high-throughput platform
was used to compare the efficacy of the FTA® Card method for collect-
ing fungi and/or Oomycetes with direct isolation from RCR tissue. The
taxonomic diversity assessed by both methods were highly correlated,
indicating that FTA® Cards are an acceptable alternative for collection
and storage of DNA, particularly in locations where DNA collection via
direct placement in liquid buffers may be prohibitive, such as field stud-
ies. These results are in agreement with the findings obtained by Ndung-
uru et al. (2005) who used FTA®Cards for sampling and retrieval of DNA
and RNA viruses from plant tissues and conducted molecular analysis
on viral diversity. Additionally, the proper use of FTA® Cards for DNA
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collection and storage largely circumvents the security issues related
to the import and export of infected plant tissues. These findings dem-
onstrate the importance of using a combination of diagnostic methods
to address identification and phylogenetic placement of primary patho-
gens associated with host-plants. In this study we used specific primers
for the ITS-2 and 18S rDNA regions from RCR fungal pathogen isolates,
in addition to species-specific oligonucleotide hybridization, which led
to the sequencing and analysis of target DNA suited for both taxonomic
and phylogenetic assessment of diversity (Herr etal. 2015; Hibbett et al.
2016). However, we stress the importance of culture-based methods for
establishing fungal isolate collections that can be used to test for patho-
genicity in field and greenhouse experiments with dry beans and assist
in breeding efforts to select for pathogen resistance.

A greater amount of genetic variance within fungal populations from
a specific location, rather than between the two regions, was most nota-
ble in our microsatellite analysis. Despite using the relatively small suite
of microsatellites we tested, our results suggest that either gene flow of
the fungi exist between the two regions we surveyed or the fungal iso-
lates are broad in their geographic ranges. Even though the Chokwe
and Gurue regions are 1200 km apart, this finding may be explained
by a number of factors. For example, many fungi may be seed derived,
and an active bean seed exchange between farming locations in Mozam-
bique, as well as with neighboring countries such as Zambia, could be
contributing to broad geographic ranges of these fungi. Fusarium oxys-
porum is known to be seed transmitted (Gargouri et al. 2000; Garibaldi
et al. 2004; Pires da Silva et al. 2014) and this species complex consists
of morphotypes consisting of similar genotypes with diverse lineages
(Pires da Silva et al. 2014; Gordon 2017). Additionally, the F oxysporum
species complex is not well understood and has no identified sexual re-
production system, and, as a result, the diversity among the isolates may
be typical resulting in a limited number of clonal lineages on a large geo-
graphic scale (Gordon and Martyn 1997; Valverde-Bogantes et al. 2019).

To our knowledge, this is the first study which utilized both molecu-
lar and culture methods to determine the primary pathogens associated
with RCR disease of bean in Mozambique. The fact that there are similar
pathogen profiles in the two main bean-growing regions of Mozambique
allows breeders to broadly screen for resistance to Fusarium species,
mainly F oxysporum, and cultural methods can provide the pathogen



