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Abstract: Ganoderma is a genus of biomedical fungus that is used in the development of numerous
health products throughout the world. The Lower Volta River Basin of Ghana is an undulating
land surface covered by extensive vegetation and water bodies and is rich in polypore mushrooms
resembling various members of the Ganoderma genus. Despite the extensive biopharmaceutical
benefits of Ganoderma spp., the isolates from the Lower Volta River Basin have not been properly
characterized, thus limiting their use in the development of biotechnological products. In this study,
Ganoderma spp. collected from the Lower Volta River Basin were genetically analyzed using the nu-
clear ribosomal sequences, the internal transcribed spacer 2 (ITS 2), the complete internal transcribed
spacer (ITS), and the nuclear large subunit (nLSU). Blastn search and sequence analysis revealed that
the sample we coded as Ganoderma LVRB-2 belongs to G. mbrekobenum, whereas Ganoderma LVRB-1,
Ganoderma LVRB-14, and Ganoderma LVRB-16 belong to the species G. enigmaticum. Our analysis
further demonstrates that Ganoderma LVRB-17 belongs to the species G. resinaceum. Thus, the five
samples collected in the present study were positioned in three different distinct groups, namely
G. mbrekobenum, G. enigmaticum, and G. resinaceum. The current data may serve as reference points for
future studies.

Keywords: Ganodermataceae; lucidum; reishi; molecular phylogenetic; internal transcribed spacer;
nuclear large subunit

1. Introduction

Members of the genus Ganoderma are economically and ecologically important white-
rot fungi, with an extensive and impressive range of applications. The worldwide usage
of Ganoderma spp. for biomedical and alternative health purposes is significant, and an
ever-increasing number of products that incorporate ganoderma as an active ingredient
are commercially available. They include extracts and isolated constituents in various
formulations, which are marketed all over the world in the form of capsules, creams, hair
tonics, and syrups [1]. The genus Ganoderma, comprising more than 250 species [2,3],
has gained acceptance as a biomedical material for the development of many types of
health products in China, Japan, and the USA [4]. In China, for example, extracts from
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various Ganoderma species have been used for adjuvant anticancer clinical therapy [5].
Several natural bioactive compounds, including polysaccharides, triterpenoids, nucleosides,
sterols, alkaloids, polypeptides, fatty acids, and steroids, have been isolated from the
mycelia, fruiting body, and spores of ganoderma. These compounds have been reported to
demonstrate numerous biologically relevant properties, but perhaps the most significant
are their immunomodulatory and antitumor activities [6-8].

Given the growing importance of ganoderma as a health-promoting biomedical fun-
gus, the species used in formulating various health products must be properly identified.
Until recently, the identification of different Ganoderma spp. was based mainly on morpho-
logical and cultural characteristics, but this method is known to be affected by pleomorphic
and environmentally influenced characteristics, imposing serious limitations on their identi-
fication [9]. Furthermore, the identification of Ganoderma spp. based on their morphological
and cultural characteristics is an experience-based science; however, most mycologists lack
the necessary expertise to accurately differentiate the various species. The genetic approach,
involving DNA sequence analysis, is one of the most reliable methods for the identification
of Ganoderma spp. [10,11]; it is convenient, rapid, and accurate, and it only requires a small
quantity of sample [12].

Recent biogeographic studies suggest that Africa harbors the highest diversity of
Ganoderma spp. [13]. Unfortunately, many species have not been properly characterized
to establish their phylogenetic positions in relation to Ganoderma spp. from other parts
of the world. In Ghana, their identification is mainly performed by physical examination
of the phenotypic characteristics of the fruiting bodies using the naked eye. As a result,
most identified Ganoderma spp. from Ghana lack the supporting molecular data [14], thus
making their molecular phylogenetic positions dubious. Recently, the Food Research
Institute of Ghana, in collaboration with the University of Minnesota, conducted molecular
phylogenetic studies on Ganoderma spp. collected from the Brong Ahafo and Upper West
regions of Ghana. This collaborative research led to the identification and naming of three
new Ganoderma spp.: G. wiiroense [15], G. mbrekobenum, and G. enigmaticum [16]. Our goal,
as presented in this communication, was to characterize the various ganoderma samples
collected from the Lower Volta River Basin (LVRB) of Ghana through Bayesian phylogenetic
analysis, a statistical inference approach for estimating species phylogeny and divergence.

2. Materials and Methods
2.1. Chemicals and Reagents

Antibiotic malt extract agar (AMEA) and malt extract agar (MEA) were from Fungi
Perfecti, LLC (Olympia, WA, USA); UltraClean Plant DNA Isolation Kits were from MoBio
Laboratories, Inc. (Carlsbad, CA, USA); GeneClean Spin kits were from Qbiogene, Inc.
(Santa Ana, CA, USA); BigDye Terminator sequencing enzyme v.3.1 was from Applied
Biosystems (Foster City, CA, USA); and the PCR master mix was from Promega Corp.
(Madison, WI, USA).

2.2. Origin and Sampling of Isolates of Ganoderma Species

Fresh mushroom fruiting bodies resembling Ganoderma spp. were collected during
mycological surveys from May to June 2015. Samples were collected from different locations
(Agortigagorme, Azaglo Torkor, Lukunu, and Degorme) in Mepe and the surrounding
communities, all in the Lower Volta River Basin of Ghana (Figure 1). The fresh mushroom
fruiting bodies were cleaned and aseptically transferred in paper bags for transport to
the Science Laboratory Technology Department of Accra Technical University for hyphae
pseudoparenchyma fragment isolation.
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Figure 1. Locational map of sample collection sites in the Lower Volta River Basin of Ghana Subsection.

2.3. Hyphae Pseudoparenchyma Fragment Isolation

The fruiting bodies of the respective isolates (Ganoderma LVRB-1, Ganoderma LVRB-
2, Ganoderma LVRB-14, Ganoderma LVRB-16, and Ganoderma LVRB-17) were surface
sterilized with 70% alcohol, cut longitudinally with a sterilized scalpel, and then a small
piece of this sample was taken aseptically from the inner core of each fruiting body. The
isolated samples were placed on AMEA in a Petri dish and incubated in the dark at 28 °C
for 10 days. The resulting clean and genetically pure mycelium was transferred to MEA,
consisting of 2% w/v malt extract and 1.5% w/v agar without antibiotics, and cultured for
another 10 days to obtain pure mycelium from the fungal culture.

2.4. DNA Extraction

Genomic DNA extraction was performed following a slightly modified protocol
outlined in Aime and Phillips-Mora [17]. In brief, approximately 24 mm? of mycelium
was aseptically excised from the actively growing edge of the colony and extracted using
the UltraClean Plant DNA Isolation Kit (UltraClean Plant DNA Isolation Kits were from
MoBio Laboratories, Inc. (Carlsbad, CA, USA) per the manufacturer’s instructions. DNA
extractions with evidence of co-extracted fungal pigments were cleaned with the GeneClean
Spin kit according to the manufacturer’s protocol.

2.5. Polymerase Chain Reactions (PCR)

The ITS2 region was amplified with the primer pairs ITS3 and 1TS4 as previously
described and with a slightly modified protocol [18]. Briefly, PCR was performed in 25 pL
reaction mixtures, containing 12.5 uL of 2x PCR bulffer, 1 pL of each primer (2.5 uM), and
2 uL of DNA extract, and the total volume was adjusted to 25 uL with sterile, deionized
water. PCR amplification was conducted using the following procedure: 94 °C for 5 min,
40 cycles of 94 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min, and a final extension at 72 °C for
10 min [19].
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The primers ITS1F [20] and ITS4 [18] were used to amplify the internal transcribed
spacer (ITS) region. The PCR amplification of the ITS ribosomal region was performed
following the protocol outlined in [17], with a slight modification. Briefly, 12.5 uL of PCR
master mix, 1.25 pL each of 10 mM primers (upstream and downstream), and 10 puL of
diluted (10- to 100-fold) DNA template were mixed, yielding a 25 uL reaction volume [15].
Amplification was achieved with a 2 min denaturation step at 94 °C, then 35 cycles of 94 °C
for 39 s, 50 °C for 15 s, and a final extension of 45 s at 60 °C [17].

The nLSU ribosomal region was amplified using the primer pairs LROR and LR6 as
previously described [21], and the reaction was performed in 25 puL volumes, as described
above for the ITS. LSU amplification was carried out under the same cycling program for
the ITS, except the cyclic extension step was increased to 4 min. All the PCR products were
cleaned using MontageTM PCR Centrifugal Filter Devices, from Millipore Corp., Burlington,
MA, USA [17].

2.6. Cycle Sequencing

Sequencing reactions were cleaned using ethanol precipitation and sequenced with
BigDye Terminator sequencing enzyme v.3.1 following a modified protocol described
in [17]. The sequencing was performed as follows: 2 uL of diluted BigDye in 1:3 dilutions
of BigDye dilution buffer (400 mM Tris pH 8.0, 10 mM MgCl,); 0.3 puL of 10 mM primer;
10-20 ng of cleaned PCR template; and H,O to 5 pL total reaction volume. For ITS2 and
ITS, the sequencing primers were the same as those used for PCR, but for LSU, LROR, LR3R,
LR5, and LR16, they were used as internal sequencing primers [22].

2.7. DNA Sequence Comparisons and Data Sets

The identification of the isolates based on DNA sequence data was conducted by a
similarity search of the nuclear ribosomal ITS2, ITS, and LSU sequences using NCBI
BLASTn (release 2.12.0) search against Ganoderma spp. in GenBank of the National
Center for Biotechnology Information (NCBI). DNA sequences sharing at least 99% nu-
cleotide identity with those from the Lower Volta River Basin were downloaded and used
for comparison.

2.8. Phylogenetic Analyses

Phylogenetic trees were generated based on Bayesian inference (BI). The sequence
data set generated was aligned with Clustal Omega in Geneious Prime Version 2022.01
and refinements to the alignment were executed manually. BI analysis was conducted for
the ITS2, ITS, and nLSU using Mr. Bayes in Geneious Prime Version 2022.01 with the GTR
model and chain length set to 1,100,000 generations.

3. Results
3.1. Origin and Sampling of Ganoderma Species

Five isolates designated Ganoderma LVRB-1, Ganoderma LVRB-2, Ganoderma LVRB-
14, Ganoderma LVRB-16, and Ganoderma LVRB-17 were opportunistically collected from
different locations (Agortigagorme, Azaglo Torkor, Kizito Campus, Lukunu, and De-
gorme) in the Lower Volta River Basin of Ghana (Figure 1) during the rainy season of
May-June 2015.

Of the five collections, two isolates coded Ganoderma LVRB-2 (Figure 2B) and Gano-
derma LVRB-17 (Figure 2E) were found growing on a dead Acacia spp. tree, whereas the
isolate coded Ganoderma LVRB-16 (Figure 2D) was found growing on Mangifera indica. The
collections designated Ganoderma LVRB-1 (Figure 2A) were found growing on Azadirachta
indica, while the last collection, designated Ganoderma LVRB-14 (Figure 2C), was found
growing on Baphia nitida.
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D: Ganoderma LVRB-16 E: Ganoderma LVRB-17

Figure 2. (A) Ganoderma isolate LVRB-1 growing on dead Azadirachta indica collected from a house
in Agortigagorme. (B) Ganoderma isolate LVRB-2 growing on dead Acacia spp. collected from
Degorme. (C) Ganoderma isolate LVRB-14 growing on dead Baphia nitida collected from a farm in
Lukunu. (D) Ganoderma isolate LVRB-16 growing at the base of Mangifera indica collected from
Lukunu. (E) Ganoderma isolate LVRB-17 growing on dead Acacia spp. collected from Azaglo Torkor.

The fruiting bodies of the collections from M. indica and Acacia spp. were reddish
brown in color, while collections from A. indica and B. nitida were yellowish brown. The
sample collection site, along the Lower Volta River Basin, was found to have extensive
bodies of water (Volta River, Aklakpa, and Aklamador) and mostly undulating land covered
by luxuriant vegetation (Figure 1).

3.2. Sequence Generation

Amplification and sequencing of the ITS2 region were carried out for all five Gano-
derma isolates. The analysis, however, revealed that the ITS2 sequence was insufficient
for resolving the phylogenetic position of Ganoderma LVRB-2 and Ganoderma LVRB-17.
As a result, the complete ITS region was amplified and sequenced for these two isolates.
Similarly, the nLSU region was amplified and sequenced for all five isolates. The ITS2, ITS,
and nLSU sequences of the isolates are presented in Supplementary Table S1A, S1B and
51C, respectively.

3.3. DNA Sequence Comparisons

Blastn comparisons of the ITS2 sequence data revealed that Ganoderma LVRB-1, Gan-
oderma LVRB-14, and Ganoderma LVRB-16 showed the highest similarity (99.49%, 99.74%,
and 99.74%), respectively, with G. enigmaticum (Supplementary Table S1A). As indicated in
Supplementary Table S1A, Ganoderma LVRB-2 showed the highest similarity (100%) with G.
mbrekobenum, while Ganoderma LVRB-17 also showed the highest similarity (99.48%) with G.
mbrekobenum. Likewise, in the ITS Blastn search, Ganoderma LVRB-2 displayed the highest
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similarity (99.47%) with G. mbrekobenum, while Ganoderma LVRB-17 showed the highest
similarity (99.4%) with G. resinaceum in the ITS Blastn search (Supplementary Table S1B).
BLASTn search analysis of the nLSU sequence, however, revealed that Ganoderma LVRB-1,
Ganoderma LVRB-14, and Ganoderma LVRB-16, like the ITS2, showed the highest similarity,
99.90%, 100.00%, and 99.71%, respectively, with G. enigmaticum (Supplementary Table S1C). As
summarized in Supplementary Table S1C, Ganoderma LVRB-2 showed the highest similarity
(100%) with G. mbrekobenum. Finally, Ganoderma LVRB-17 showed the highest similarity
(100%) with G. resinaceum (Supplementary Table S1C).

3.4. ITS2 Phylogenetic Analysis

Bayesian posterior probability (BPP) was conducted for all the sequenced Ganoderma
spp. collections (n = 5) using MrBayes in Geneious Prime Version 2022.01, and the resulting
tree is presented in Figure 3. As described in Figure 3, Ganoderma LVRB-1, Ganoderma
LVRB-14, and Ganoderma LVRB-16 formed a well-supported clade (BPP = 0.984) with Gano-
derma enigmaticum. As illustrated in Figure 3, Ganoderma LVRB-2 and Ganoderma LVRB-17
statistically clustered strongly with G. mbrekobenum (BPP = 1.00). The ITS2 Bayesian phylo-
genetic analysis revealed the five isolates are separated into two distinct clades, namely
G. enigmaticum and G. mbrekobenum (Figure 3).

Trametes_hirsuta_CLF6_India_ ITS2

Trametes_hirsuta_P8 Philippines ITS2

Ganoderma_resinaceum_GR-101_India_ITS2

0.9995 ——— Ganoderma_resinaceum_GR_102_ITS2
Ganoderma_resinaceum_Gr 3 Iran_ITS2
0.9887 Ganoderma_resinaceum_Gr_5_Iran_ITS2
Ganoderma_resinaceum_F_2_France I'TS2
Ganoderma_mbrekobenum_SS5PGS_India_ITS2
—D.7947) [7 Ganoderma_mbrekobenum_SSPG6_India_ITS2
0.9561 Ganoderma_mbrekobenum_SSPG7_India_ITS2
; Ganoderma_mbrekobenum_SSP_10_India_ITS2
Ganoderma_IVRB_sp2_Ghana_ITS2
- Ganoderma_mbrekobenum_UMN7_4_Ghana_ITS2
Ganoderma_mbrekobenum_LUHS947_Nigeria_ITS2
Ganoderma_mbrekobenum_MIN_850481 GHana 1TS2

————  Ganoderma_LVRB_spl7_Ghana_ITS2
 Ganoderma_enigmaticum_LUHB961_Nigeria_ITS2
Ganoderma_LVRB_spl_Ghana_ITS2
Ganoderma_enigmaticum_Dai_15971_South_Africa_I'TS2

Ganoderma_LVRB_spl4_Ghana_ITS2
0.984

Ganoderma_ LVRB_spl6_Ghana_ITS2
Ganoderma_enigmaticum_Ghanala 938398 _1TS2

Ganoderma_enigmaticum_Ghana2 938397 _1Ts2

Ganoderma_enigmaticum_CBS_139792_South_Africa_ITS2

| Ganoderma_enigmaticum_Dai_15970_South_Africa_I'TS2

Figure 3. Bayesian phylogenetic tree showing the phylogenetic position of Ganoderma spp. collections
from the Lower Volta River Basin of Ghana compared with available ITS2 rDNA sequence data of the
Ganoderma genus in GenBank. Trametes hirsuta CLF6 and Trametes hirsuta P8 were used as outgroups.
Numbers at the branch nodes represent BPP values.
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3.5. ITS Phylogenetic Analysis

The ITS Bayesian phylogenetic analysis of Ganoderma LVRB-2 and Ganoderma LVRB-
17 is presented in Figure 4. As illustrated in Figure 4, Ganoderma LVRB-17 strongly
clustered with G. resinaceum (BPP = 1.00).

—— Trametes_hirsuta_CLF6_India_ITS
Trametes_hirsuta_P8_Philippines_ITS

0.9188 Ganoderma_enigmaticum_G_1_India_ITS
4@: Ganoderma_enigmaticum_Dai_15970_South-Africa_ITS
Ganoderma_enigmaticum_Ghana_1a_938398_Ghana_ITS

Ganoderma_enigmaticum_Ghana_2_938397_Ghana_ITS
Ganoderma_enigmaticum_CBS_139792 South_Africa ITS
Ganoderma_enigmaticum_Dai_15971_South_Africa_ITS
Ganoderma_enigmaticum_Dai_15971_South_Africa_ITS
Ganoderma_tsugae_UOC_KAUNP_MK26 _Sri_Lanka_ITS
——— Ganoderma_carnosum_UOC_MAH_MB10 _Sri_Lanka_ITS
0.9245 ———— Ganoderma_applanatum_UOC KAUMP_MK24 Sri-Lanka_ITS
——— Ganoderma_applanatum_DK7_India_ITS

Ganoderma_LVRB_sp2_Ghana_IT5
ﬂt Ganoderma mbrekobenum UMN7 4 GHA Ghana ITS
Ganoderma_mbrekobenum_MIN_850481_Ghana_ITS
_ﬂ: Ganoderma_hoehnelianum_GDGM25731_China_ITS
Ganoderma_hoehnelianum_Dai_12096_China_ITS
Ganoderma_hoehnelianum_GDGM25735_China_ITS
Ganoderma_hoehnelianum_Dai_11995_China_ITS
Ganoderma_resinaceum_HB_China_ITS

——— Ganoderma_LVRB_sp17_Ghana_ITS
——— Ganoderma_resinaceum_F_1_France_ ITS

0.9896

0.955

0.9899

0.9998

Ganoderma_resinaceum_Gr 5_lran_ITS
Ganoderma_sichuanense Cui_7691_China_ITS
Ganoderma_weberianum_SUT_H2_Australia-ITS
Ganoderma_lucidum_GL23_China_ITS
Ganoderma_sichuanense_G68_China_ITS
Ganoderma_weberianum_GW_11_India_ITS

—1: Ganoderma_wiiroense_UMMN_20_Ghana_ITS

Ganoderma_wiiroense UMN_20 Ghana_ITS

Figure 4. Bayesian phylogenetic tree showing the phylogenetic position of Ganoderma spp. collections
from the Lower Volta River Basin of Ghana compared with available ITS rDNA sequence data of the
genus Ganoderma in GenBank. Trametes hirsuta CLF6 and Trametes hirsuta P8 were used as outgroups.
Numbers at the branch nodes represent BPP values.

As shown in Figure 4, Ganoderma LVRB-2 strongly clustered with two isolates of
G. mbrekonenum from Ghana (BPP = 0.9264), thus providing further evidence that Gano-
derma LVRB-2 belongs to G. mbrekobenum. The ITS Bayesian phylogenetic analysis demon-
strated that Ganoderma LVRB-2 and Ganoderma LVRB-17 were separated into two clades,
namely G. mbrekobenum and G. resinaceum, respectively (Figure 4).

3.6. nLSU Phylogenetic Analysis

The nLSU was sequenced for the five isolates, and the resultant phylogenetic tree is
presented in Figure 5.

As illustrated in Figure 5, Ganoderma LVRB-2 strongly clustered with G. mbrekobe-
num (BPP = 0.9605), further confirming that Ganoderma LVRB-2 belongs to the species
G. mbrekobenum. Ganoderma LVRB-17, on the other hand, clustered with G. resinaceum
(BPP = 0.9212). The finding of nLSU phylogenetic analysis was consistent with the observa-
tion made in the ITS phylogenetic analysis, further suggesting that Ganoderma LVRB-17 be-
longs to the species G. resinaceum. The LSU phylogenetic tree generated from the Bayesian
analysis of the LSU in this study also revealed that Ganoderma LVRB-1, Ganoderma
LVRB-14, and Ganoderma LVRB-16 formed a clade with G. enigmaticum with high support
(BPP = 0.8272), as observed in the ITS2 phylogenetic analysis.
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e~ Trametes_hirsuta_CBS 282 73 Germany_LSI
Irametes_hirsuta_CBS_248 30_Russia_LSU
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{ Ganoderma_LVRB_spl_Ghana_LSU

Ganoderma_LVRB_splé_Ghana LSU
Ganoderma_enigmaticum_11386_India_LSU
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09605

0.7309

Ganoderma_resinaceum_LGAM_566_Greece_LSU

pez12f——— Ganoderma_resinacenm_LGAM_567_LSU
Ganoderma_resinaceum_LGAM_441 ACAM_Greece LSU
Ganoderma_resinaceum_LGAM_306_Greece_LSU

Ganoderma_LVRB_spl17_Ghana_LSU

Ganoderma_resinaceum_LGAM_353 Greece LSU

Figure 5. Bayesian posterior probability (BPP) tree showing the phylogenetic position of Ganoderma
spp. collections from the Lower Volta River Basin of Ghana compared with available nLSU sequence
data of the genus Ganoderma in GenBank. Trametes hirsuta CBS 282, Trametes hirsuta CBS 320, and
Trametes hirsuta CBS 248 were used as outgroups. Numbers at the branch nodes represent BPP values.

4. Discussion

Numerous studies have established that medicinal mushrooms have great therapeutic
potential in human health as they possess many significant medicinal properties, including
anti-diabetic, anticancer, anti-obesity, immunomodulatory, hypocholesteremia, hepatopro-
tective, and anti-aging [23]. Indeed, Ganoderma is one of the most extensively studied genera
of medicinal mushrooms, and it has proven to be a panacea in alternative medicine and a
significant reservoir of medically important bioactive compounds [24]. It is also worth men-
tioning that medicinal mushrooms represent an important source of functional enzymes
with biocatalytic potential [25,26]. In the present study, we conducted a mycological survey
and collected five novel Ganoderma isolates from different locations along the banks of the
Lower Volta River Basin of Ghana, in West Africa. Previously, molecular phylogenetic
analysis of the internal transcribed spacer 2 (ITS2) [19], complete internal transcribed spacer
(ITS) [25], and nuclear large subunit (nLSU) [26-28] were used to identify Ganoderma spp.
from different geographical regions of the world. Recently, G. mbrekobenum, a wood-rotting
fungus originally isolated from Brong Ahafo and Greater Accra, was characterized using
ITS and LSU genes and named after the Ghanaian Twi word ‘mbrekoben’, which translates
to reddish brown mushroom [16]. In 2021, Parihar and coworkers identified G. mbrekobe-
num in India [29], while Ofodile et al., just one year ago, isolated G. mbrekobenum from
Nigeria [30] based on ITS Blastn search and phylogenetic analysis. In the present study,
we targeted three nuclear ribosomal sequences to characterize Ghanaian Ganoderma spp.
using the Bayesian method instead of neighbor-joining (distance-based) and parsimony
methods. The choice for the Bayesian method is because neighbor-joining (distance-based)
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and parsimony are known not to perform well with molecular sequences that are evolving
at different rates [31]. Besides the above explanation, the Bayesian method is also known
to provide a faster measure of clade support and differs from the maximum likelihood
method in that it allows for complex models of nucleotide or amino acid evolution to be
implemented [31].

The results of the ITS2, ITS, and nLSU Blastn search and molecular phylogenetic
analysis revealed that the isolate designated Ganoderma LVRB-2 belongs to the species
G. mbrekobenum originally isolated from the Brong Ahafo and Greater Accra regions of
Ghana. Aside from Brong Ahafo and Greater Accra, G. mbrekobenum has not been reported
in any other region of Ghana, making the current isolation from the Volta River Basin a
very important observation. Since G. mbrekobenum from Ghana is not well studied, there
is a need to comprehensively study Ghanaian G. mbrekobenum to help reveal its poten-
tial utilization in comparison with Ganoderma species from other geographical regions
of the world. Recently, in search of medicinally active compounds in mushrooms of the
genus Ganoderma, eleven undescribed lanostane triterpenoids were isolated from artificially
cultivated fruiting bodies of G. mbrekobenum [32]. Interestingly, two of the undescribed
lanostane triterpenoids exhibited moderate antimalarial activity. This finding suggests that
Ganoderma LVRB-2, which formed a well-supported clade with G. mbrekobenum in this
present study, may also have antimalarial activity. In another recent study, extracts of the
G. mbrekobenum fruiting body collected from Tanzania effectively inhibited the proliferation
of the human liver cancer cell line HepG2, the human breast cancer cell line MDA-MB-231,
and the human brain cancer cell line U87 [33]. These findings suggest that G. mbrekobe-
num may prove to be a natural source of biological precursors for the development of
antimalarial and anticancer drugs.

Similar to G. mbrekobenum, several medicinally active compounds could be present
in the other Ganoderma species from Ghana. Coetzee et al., (2015) studied the Ganoderma
species, including a new taxon associated with root rot of the iconic Jacaranda mimosifolia
in Pretoria, South Africa. The phylogenetic trees, which were generated using DNA se-
quences obtained from the ITS and LSU regions of the ribosomal RNA operon, confirmed
G. enigmaticum as a new species [34]. Recently, G. enigmaticum was reported in Nigeria
using internal transcribed spacer sequences [32]. In the present study, ITS2 and nLSU
Blastn search and molecular phylogenetic analysis demonstrated that Ganoderma LVRB-1,
Ganoderma LVRB-14, and Ganoderma LVRB-16 belong to the G. enigmaticum described
previously from the Pretoria Province of South Africa [34]. The second ever G. enigmaticum
isolation reported in the literature was from the Upper West region of Ghana [16]. This cur-
rent isolation of G. enigmaticum from the Lower Volta River Basin is very useful information
and represents the second new record of G. enigmaticum in Ghana, although the third-ever
isolation was made from Nigeria [30]. Recently, four lanostane triterpenoids were identified
in the artificially cultivated mycelial biomass of G. enigmaticum from Ghana [35]. The iden-
tified lanostane compounds include ganoderic acid C6, ganoderenic acid D, ganoderenic
acid A, and ganoderic acid G, together with ganoderenic acid K and ganoderenic acid AM1
as annotated compounds.

G. resinaceum is used in ethnomedicine for immune regulation and treating hyper-
glycemia and liver disease [36,37]. Recently, El-Fallal et al., (2015) confirmed the status
of Ganoderma species collected in the Northeast Nile Delta, Egyptm as G. resinaceum by
analyzing the ribosomal 5.85 rRNA gene and the flanking internal transcribed spacers
(ITS) [38]. In the current study, ITS and nLSU molecular phylogenetic analyses revealed that
the Ganoderma sample LVRB-17 clustered with the species G. resinaceum. The isolation of
G. resinaceum in the present study represents the first molecular evidence of the occurrence
of G. resinaceum in Ghana. The results of the ITS2 phylogenetic analysis, on the other hand,
showed that Ganoderma LVRB-2 and Ganoderma LVRB-17 belong to the same species,
suggesting ITS2 was not able to resolve the identity of Ganoderma LVRB-17 in the current
study, contrary to the observations of some researchers [19,39] that suggest that ITS2 was
suitable for identification of Ganoderma species. In the present study, ITS1 was not used
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because ITS1 and ITS2 have been reported to yield, to a large extent, similar results when
used as DNA metabarcodes for fungi [40]. Since Ganoderma species from different geo-
graphic regions have different bioactive compounds and biological activities, the isolates
identified in the present molecular phylogenetic analysis need to be properly characterized
using metabolomics approaches and their bioactivities investigated to provide insight into
their biopharmaceutical potentials, thereby unlocking their potential nutraceutical and
biopharmaceutical applications.

5. Conclusions

The present study confirmed that the Ganoderma species collected from the Lower
Volta River Basin in Ghana belong to three distinct species, namely G. mbrekobenum,
G. enigmaticum, and G. resinaceum. The molecular phylogenetic analysis of Ganoderma
species from the Lower Volta Basin in this present study was generally consistent with the
earlier findings by the Food Research Institute of Ghana and the University of Minnesota,
in the USA, in which the occurrence of G. mbrekobenum and G. enigmaticum was reported
in Ghana. To the best of our knowledge, this is the first phylogenetic study that provides
molecular evidence for the occurrence of G. resinaceum in Ghana. The current study has pro-
vided information that will be useful for future studies regarding the molecular evolution,
biomedical implications, and phytopathogenic significance of Ganoderma species in Ghana.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jof10010006/s1, Table S1A: ITS2 sequence matching results of
isolates Ganoderma LVRB-1, Ganoderma LVRB-2, Ganoderma LVRB-14, Ganoderma LVRB-16 and
Ganoderma LVRB-17 from the Lower Volta River Basin of Ghana. Table S1B: ITS sequence matching
results of isolates of isolate Ganoderma LVRB-2 and Ganoderma LVRB-17 from the Lower Volta
River Basin of GhanalTS2 sequence. Table S1C: nLSU nucleotide sequence matching results of
isolates Ganoderma LVRB-1, Ganoderma LVRB-2, Ganoderma LVRB-14, Ganoderma LVRB-16 and
Ganoderma LVRB-17 from the Lower Volta River Basin of Ghana.
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