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New endemic Fusarium species hitch-hiking with pathogenic
Fusarium strains causing Panama disease in small-holder
banana plots in Indonesia
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Key words Abstract Fusarium species are well known for their abundance, diversity and cosmopolitan life style. Many members
Indonesia of the genus Fusarium are associated with plant hosts, either as plant pathogens, secondary invaders, saprotrophs,
new species and/or endophytes. We previously studied the diversity of Fusarium species in the Fusarium oxysporum species
non-pathogenic complex (EOSC) associated with Fusarium wilt of b_anana .in Indongsia. Ir.1 that study, several Fusarium ;pecies
phylogeny not belonging to the FOSC were found to be associated with Fusarium wilt of banana. These Fusarium isolates

belonged to three Fusarium species complexes, which included the Fusarium fujikuroi species complex (FFSC),
Fusarium incarnatum-equiseti species complex (FIESC) and the Fusarium sambucinum species complex (FSSC).
Using a multi-gene phylogeny that included partial fragments of the beta-tubulin (tub), calmodulin (cmdA), translation
elongation factor 1-alpha (tefl), the internal transcribed spacer region of the rDNA (ITS), the large subunit of the
rDNA (LSU), plus the RNA polymerase Il large subunit (rpb1) and second largest subunit (rpb2) genes, we were
able to identify and characterise several of these as new Fusarium species in the respective species complexes

species complex

identified in this study.
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INTRODUCTION

Fusarium is one of the most diverse fungal genera that has
been given much attention by mycologists and plant patholo-
gists (Snyder & Hansen 1940, Nelson et al. 1983, Geiser et
al. 2013, Aoki et al. 2014, 2018). lts global distribution, ability
to adapt to manifold climatic conditions, and colonisation of a
wide number of ecological niches and hosts, makes the diversity
and abundance of Fusarium species unparalleled (Booth 1971,
Gerlach & Nirenberg 1982, Geiser et al. 2013, Aoki et al. 2014).
The genus Fusarium includes some of the most devastating
plant pathogens, affecting many agronomical crops. Two of
its species, Fusarium graminearum and F. oxysporum, were
included in the top 10 list of fungal plant pathogens regarded
as important in terms of scientific and economic impact (Dean
et al. 2012, Geiser et al. 2013, Aoki et al. 2014).

Besides their role as plant pathogens, Fusarium species are
also known as endophytes or saprophytic colonisers (Leslie
et al. 1990, Bacon & Yates 2006). Many different Fusarium
species are associated with symptomatic and asymptomatic
plants (Leslie et al. 1990, Wang et al. 2004, Pinaria et al. 2010),
although their role as pathogens can sometimes be difficult to
determine via pathogenicity tests. However, many Fusarium
species have not been associated with any disease symptoms
on plants (Wang et al. 2004, Pinaria et al. 2010). Therefore, they
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are considered as endophytes and their association with their
known host plants is difficult to discern (Kuldau & Yates 2000).

A complex of Fusarium spp. in the Fusarium oxysporum species
complex (FOSC) is causing Fusarium wilt on banana (Maryani
et al. 2019), also known as Panama disease (Stover 1962).
The ability of these notorious fungi to infect a wide range of
banana varieties has resulted in substantial economic strain
in several banana producing regions (Ploetz et al. 2015, http://
fusariumwilt.org/). Several studies acknowledged the diversity
of Fusarium spp. pathogenic on banana and their worldwide
distribution, thus recognising the threat to global banana
cultivation (Ploetz 2006a, Ordonez et al. 2015, Maryani et al.
2019). However, to our knowledge, no study has been done
to assess which other Fusarium species might be associated
with Fusarium wilt on bananas.

In this study, we report Fusarium species hitch-hiking with
pathogenic Fusarium spp. causing Panama disease, isolated
from local banana varieties in Indonesia. Therefore, we aim to
characterise these non-Fusarium oxysporum isolates, based
on multi-gene phylogenetic inference, supported by morpho-
logical observations.

MATERIALS AND METHODS

Isolates

Isolates were obtained from the pseudostems of local banana
plants clearly displaying symptoms of Fusarium wilt, which were
sampled in small-holder backyard plantations across Indonesia
in 2014—-2015 (Maryani et al. 2019). The dried pseudostem
samples were cut into pieces of 2 x 3 cm and plated on Komada
medium (Komada 1975). Single-spore isolates were derived
from resulting fungal colonies, and transferred to potato dex-
trose agar (PDA), on which they were maintained as working
cultures, or stored in 20 % (v/v) glycerol at -80 °C for long term
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Table 1 Fusarium species recovered from pseudostems of banana with Fusarium wilt symptoms in Indonesia, with details information on origin, year of collection and GenBank/ENA accession numbers.

GenBank/ENA accession number?

LSuU

Year

Host

Host?

Location

Strain number?

Species hame

tub

rpb2 tefl

rpbl

ITS

cal

collected

genotype?

LS479435

LS479852

LS479870

2015

ABB
ABB
ABB
ABB
ABB
AAB
AA
AA
AA

Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Awak
Musa sp. var. Pisang Awak

Sikka, Flores

naCC F9507
naCC F951

LS479436

LS479853

LS479871

2015

Sikka, Flores

LS479437

LS479854

LS479872

2015

Sikka, Flores

naCC F952

LS479429 LS479417  LS479890 LS479875 LS479859 LS479445

2015

Kota Baru, South Kalimantan
Katingan, Central Kalimantan

Kendal, Central Java
Lumajang, East Java

naCC F963"™
naCC F974

LS479866 LS479451

LS479880

2014

LS479441  LS479433

LS479850

2014

Musa sp. var. Pisang Raja Nangka

naCC F8727

LS479442  LS479434

LS479851

2014

Musa acuminata var. Pisang Mas Kirana

Musa acuminata var. Pisang Talas

naCC F993

LS479453  LS479439

2014 LS479868

Kota Baru, South Kalimantan

Lumajang, East Java

naCC F962
naCC F992

LS479454  LS479440

LS479869

LS479882

2014

Musa acuminata var. Pisang Mas Kirana

Musa acuminata var. Pisang Cere

LS479443
LS479444

LS479855

LS479410  LS479883

LS479422
LS479423

2015

AAA
AAA

ABB
ABB
ABB
ABB

AA

Bone, South Sulawesi

naCC F9407
naCC F941

LS479856

LS479884

LS479411

2015

Musa acuminata var. Pisang Cere
Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Awak

Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Awak

Bone, South Sulawesi

LS479424 LS479412  LS479885 LS479874 LS479858

2015

Kota Baru, South Kalimantan
Kota Baru, South Kalimantan

Banjar, South Kalimantan

LS479425 LS479413  LS479886 LS479876 LS479860 LS479446

2014

naCC F964

LS479426 LS479414  LS479887 LS479878 LS479864 LS479449

2014

LS479427 LS479415  LS479888 LS479879 LS479865 LS479450

2014

Benajam, East Kalimantan

LS479420  LS479893 LS479877 LS479863 LS479448

LS479432
LS479421

2014

Musa acuminata var. Pisang Talas
Musa sp. var. Pisang Kepok
Musa sp. var. Pisang Awak

Kota Baru, South Kalimantan

Bondowoso, East Java

naCC F965"
naCC F991

LS479867 LS479452  LS479438

LS479881

2014

ABB
ABB
AA
AA

LS479861

LS479430 LS479418  LS479891

2014

Kota Baru, South Kalimantan
Kota Baru, South Kalimantan
Kota Baru, South Kalimantan

LS479447

LS479431 LS479419  LS479892 - LS479862

2014

Musa acuminata var. Pisang Talas

LS479428 LS479416  LS479889 LS479873 LS479857

2014

Musa acuminata var. Pisang Talas

Fusarium desaboruense

F. kotabaruense
F. longipes

F. lumajangense

F. proliferatum

F. sulawense

F. tanahbumbuense
F. verticilloides

Fusarium sp. FIESC 29
Fusarium sp. FIESC 30
Fusarium sp. FIESC 33

1 InaCC: Indonesian Culture Collection, Research Center for Biology, Indonesian Institute of Sciences (LIPI) Cibinong, Indonesia; Indo: Collection of N. Maryani; ™: ex-type strain.

2 According to https://www.crop-divel

ty.org/mgis/taxonomy.

3 cal: calmodulin; ITS: internal transcribed spacer region of the rDNA. LSU: large subunit of the rDNA; rpb1: RNA polymerase largest subunit gene; rpb2: RNA polymerase second largest subunit gene; tefl: translation elongation factor 1-alpha gene; tub: beta-tubulin.

preservation. All isolates were deposited in the Indonesian
Culture Collection (InaCC) Cibinong, Indonesia.

Morphological characterisation

Morphological characterisations of the Fusarium species were
performed on PDA for colony growth rates, pigmentation and
production of aerial conidia; carnation leaf agar (CLA; Fisher et
al. 1982) for formation of sporodochia and sporodochial conidia,
and synthetic low-nutrient agar (SNA; Nirenberg 1981) for chla-
mydospores. To induce sporulation, cultures were incubated
under continuous white light (Osram L18W/840 Cool White)
for 7 d at 25 °C. Growth rates of all isolates were determined
on PDA after 7 d incubation at 25 °C in the dark. Colony colour
notation followed the mycological colour charts of Rayner
(1970). Morphological characters were examined after mount-
ing fungal structures in sterile water and observed using light
microscopy (Nikon Eclipse 80i microscope) with Differential
Interference Contrast (DIC) optics and a Nikon AZ100 ster-
eomicroscope, both equipped with Nikon DS-Ri2 high definition
colour digital cameras. Photographs and measurements were
taken using the Nikon software NIS-elements D software
v. 4.50. The length and width of at least 30 conidiogenous
cells and 50 conidia were measured, and the mean values,
standard deviation (SD) with maximum-minimum values were
calculated. All descriptions, illustrations and nomenclatural data
were deposited in MycoBank (Crous et al. 2004).

DNA isolation, amplification and analyses

Genomic DNA was isolated using the DNA Wizard Magnetic
DNA Purification System for Food kit (Promega, USA). Partial
gene sequences were determined for the RNA polymerase
largest subunit gene (rpb1) using primers RPB1-Fa and RPB1-
G2R (O’Donnell et al. 2010), RNA polymerase second largest
subunit gene (rpb2) using primers RPB2-5f2 and RPB2-7cr
(O’Donnell et al. 2010), the translation elongation factor 1-alpha
gene (tefl) using primers EF1 and EF2 (O’'Donnell et al. 1998a),
calmodulin (cmdA) CAL-228F and CAL-2RD (Carbone & Kohn
1999, Quaedvlieg et al. 2011), beta-tubulin (tub) using primers
TUB-T1 and TUB-4RD (O’Donnell & Cigelnik 1997, Wouden-
berg et al. 2009), the internal transcribed spacer region (ITS)
using primers ITS4 and ITS5 (White et al. 1990) and the large
subunit of the ribosomal DNA (LSU) using primers LROR and
LR5 (Rehner & Samuels 1994, Vilgalys & Hester 1990). PCR
conditions followed those described by Lombard et al. (2015).
Amplicons were sequenced in both directions using the same
primer pairs as were used for amplification to ensure integrity
of the sequences. Consensus sequences were analysed and
assembled using MEGA v. 7 (Kumar et al. 2016). Subsequent
alignments for each individual locus were generated using
MAFFT v. 7.110 (Katoh et al. 2017) and manually corrected if
necessary. The individual sequences generated in this study
were compared with those maintained in the Fusarium-MLST
database (http://www.westerdijkinstitute.nl/fusarium/) and Gen-
Bank, and relevant sequences were included in the subsequent
phylogenetic inferences.

Phylogenetic analyses were based on Maximum Likelihood (ML)
and Bayesian Inference (Bl). The ML analysis was performed
using RAxXML v. 8 (randomised accelerated (sic) maximum
likelihood for high performance computing; Stamatakis 2014)
through RAXML BlackBox (https://raxml-ng.vital-it.ch/#/) or the
CIPRES science gateway portal (Miller et al. 2012). To assess
the robustness of the analyses, the Bootstrap support (BS)
was determined automatically by the software using default
parameters. The Bl analysis was performed using MrBayes
v. 3.2.6 (Ronquist et al. 2012) on the CIPRES science gateway
portal (Miller et al. 2012), using four Markov chain Monte Carlo
(MCMC) chains starting from a random tree topology. The MCMC
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Fig. 1 Maximum likelihood tree inferred using the rpb2 gene region of the Indonesian isolates in the Fusarium fujikuroi species complex (FFSC), Fusarium
incarnatum-equiseti species complex (FIESC), Fusarium sambucinum species complex (FSSC), and Fusarium oxysporum species complex (FOSC) isolates
from a previous study (Maryani et al. 2019). Bootstrap support values and Bayesian posterior probabilities are given at each node. The tree is rooted to Fusarium
acuminatum (NRRL 54210) and Fusarium heterosporum (NRRL 20692).



N. Maryani et al.: New endemic fusaria on banana 51

F. sacchari CBS 223.76

100
x4 100/1

InaCC F952

InaCC F9507 Fusarium desaboruense sp. nov.
55/0.94 E InaCC F951

F. fujikuroi NRRL 13566
100/1 sll] F. globosum CBS 428.97"

X2 L 76/0.88 — InaCC F962 .
Asian Clade
1001 98/1 100/1 InaCC F992
F. proliferatum CBS 217.76

F. concentricum CBS 450.97"
100/1 — - i
> 79/0.99 1001 F. mangiferae NRRL 25226
9 2 InaCC F993 : :
—E Fusarium lumajangese sp. nov.
92/0.99 InaCC F872"
F. fractiflexum NRRL 288527
10011 F. xylarioides CBS 258.52"

X2 i:l?phyllophilum CBS 216.76"
F. udum CBS 178.32
100/1 .
100/1 Fusarium sp. NRRL 25221
X2 F. mundagurra NRRL 662357

L | 3 F. thapsinum CBS 733.97

68 —  F lactis CBS 411,97V
1001| S22 &

I F. pseudocircinatum CBS 449.977
X2 7 ———— F.dentulatum CBS 735.97
[r— i T .
100/1 Al USRS African Clade

2 83 F. sudanense CBS 454.97"
L F. terricola CBS 483.947
F. pseudonygamai CBS 417.97"
100/1 76/0.99 Xi00/1 — F. napiforme CBS 748.97"
X3 X2 F. tjaetaba NRRL 66243"
59/0§: F. ramigenum CBS 418.987
60/0.97 —— F andiyazi CBS 1198577
F. coicis NRRL 66233"

100/1 ﬁ InaCC F991
F. verticillioides CBS 734.97
F. agapanthi NRRL 54463"
F. mexicanum NRRL 47473
95 F. anthophilum CBS 737.97
F. succisae CBS 219.76
58 Emperatum NRRL 25622
81 F. bactridioides NRRL 20476
F. subglutinans CBS 747.97
—— F. bulbicola CBS 220.76"

- F. parvisorum CBS 1372367 American Clade
85/1 ° L‘Scinmm CBS 405.97"
75/0.98 F. sororula CBS 1372427

F. konzum CBS 119849"

F. ananatum CBS 118516"
F. fracticaudum CBS 1372347

F. begoniae CBS 403.97

F. sterilihyposum NRRL 25623

F. tupiense NRRL 53984

F. dlaminii NRRL 131647

— F. nirenbergiae CBS 744.97

L F oxysporum CBS 716.74

86/1 | 93/1

100/1
x3

100/1
X2 53

0.0070
Fig. 2 Maximum likelihood tree inferred from the combined cmdA, tefl, tub, rpbl, and rpb2 sequence datasets of the Fusarium fujikuroi species complex
(FFSC) including eight Indonesian isolates (indicated in blue). Bootstrap support values and Bayesian posterior probabilities are given at each node. The tree
is rooted to Fusarium nirenbergiae (CBS 744.97) and F. oxysporum (CBS 716.74).
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New endemic fusaria on banana

N. Maryani et al.:
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New endemic fusaria on banana
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Fig. 3 Maximum likelihood tree inferred from the combined cmdA, ITS, rpb2, tefl, and LSU sequence datasets of the Fusarium incarnatum-equiseti species
complex (FIESC) including 11 Indonesian isolates (indicated in blue). Bootstrap support values and Bayesian posterior probabilities are given at each node.
The tree is rooted to Fusarium circinatum (NRRL 25331) and Fusarium fujikuroi (NRRL 13566).
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analyses lasted until the average standard deviations of split fre-
quencies were below 0.01 with phylogenies saved every 1000
generations. The first 25 % of saved trees were discarded as
the ‘burn-in’ phase and the 50 % consensus trees and posterior
probabilities (PP) were determined from the remaining trees.
All the sequences generated in this study were deposited in
GenBank and the European Nucleotide Archive (ENA) and the
alignments in TreeBASE.

Pathogenicity

Representative isolates from the different Fusarium species
were selected for pathogenicity assays. Fusarium odoratis-
simum, Tropical Race 4 (TR4) isolate InaCC F856, was used
as a positive control, and negative controls were treated with
sterile water only. Two to three-month-old banana plants of
the Cavendish variety Grand Naine were used in green house
controlled conditions (constant day temperature of 25 °C, night
temperature of 23 °C, ambient lightuntil max. 16 h, and a rela-
tive humidity of =75 %). Preparation of the fungal inoculum,
pathogenicity tests and severity scoring followed the protocol
of Maryani et al. (2019). Five plant replicates were included for
each isolate tested and 7 wk after inoculation disease severity
was evaluated by scoring external foliage and internal corm
symptoms.

RESULTS

In total, 20 isolates were identified that did not belong to the
Fusarium oxysporum species complex (FOSC). These isolates
were recovered from 13 banana varieties from the islands of

Fig. 4 Maximum likelihood tree inferred from the combined rpb1 and rpb2
sequence datasets of the Fusarium sambucinum species complex (FSSC)
including one Indonesian isolate InaCC F974 (indicated in blue). Bootstrap
support values and Bayesian posterior probabilities are given at each node.
The tree is rooted to Fusarium circinatum (NRRL 25331) and Fusarium
fujikuroi (NRRL 13566).

100/1

Flores, Java, Kalimantan, and Sulawesi (Table 1). An initial
preliminary phylogenetic inference based on rpb2 sequence
data, demonstrated that most isolates belonged to the Fusarium
incarnatum-equiseti species complex (FIESC, 11 isolates), fol-
lowed by the F. fujikuroi species complex (FFSC, eight isolates),
and the F. sambucinum species complex (FSSC, one isolate)
(Fig. 1). Nine isolates in FIESC originated from Kalimantan, iso-
lated from Musa sp. variety Pisang Awak (ABB), Pisang Kepok
(ABB), and Pisang Talas (AA) and two isolates from Sulawesi,
isolated from Musa acuminata var. Pisang Cere (AAA). The
majority of the isolates in FFSC were isolated from bananas
varieties in Java. The only isolate in the FSSC was isolated from
the variety Pisang Awak (ABB) in Central Kalimantan. Fusarium
isolates belonging to different species complexes were in some
cases recovered from the same sample: isolate InaCC F962 in
the FFSC and isolate Indo175 in the FIESC were isolated from
the same sample of Musa acuminata var. Pisang Talas (AA)
from South Kalimantan. In the FFSC, isolate InaCC F993 and
Indo 213 were also isolated from a sample of Musa acuminata
var. Pisang Mas Kirana (AA) from East Java. Additionally, dif-
ferent banana varieties were found to be associated with the
same Fusarium species (Table 1).

Fusarium fujikuroi species complex (FFSC) phylogeny

The eightisolates belonging to the FFSC were further analysed
using a multi-gene phylogeny based on cmdA, rpb1, rpb2, tefl,
and tub. The final alignment included 4 795 characters (cmdA
545, rpb1 1534, rpb2 1551, tef 677 and tub 488) including align-
ment gaps, and encompassed 54 isolates, with two outgroup
taxa (F. oxysporum CBS 716.74 and CBS 744.97) (Table 2).
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100/1
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Fusarium sp. NRRL 31008

x4
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100/1

F. cf. “compactum” NRRL1329

F. longipes NRRL13368
85/1
F. longipes InaCC F974

F. circinatum NRRL 25331

0.05
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The analysis was consistently able to distinguish the three bio-
geographical clades known as the African, American and Asian
clades sensu O’Donnell et al. (1998a). All of the Indonesian
isolates clustered within the Asian clade of FFSC except for
isolate InaCC F991, identified as F. verticilloides, and clustered
within the African clade (Fig. 2). According to the multi-gene
analysis, two isolates (InaCC F962 and InaCC F992) were
identified as F. proliferatum, while two new phylogenetic spe-
cies were recognised among the Indonesian isolates. Isolates
InaCC F872 and InaCC F993, from central and East Java,
respectively, clustered in a distinct, highly supported clade (96
bs/0.99 pp) closely related to F. mangiferae. Isolates InaCC
F950-152, formed a distinct group (100 bs/1.0 pp), closely
related to, but genetically distinct from F. sacchari.

Fusarium incarnatum-equiseti species complex (FIESC)
phylogeny

The 11 isolates belonging to the FIESC were assessed using a
more inclusive analysis based on five loci (cmdA, ITS, LSU, rpb2
and tefl; Fig. 3). The alignment consisted of a total 2746 char-
acters (cmdA 653, ITS 510, LSU 562, rpb2 597 and tefl 424),
from 93 isolates, including all the phylogenetic clades known in
this species complex plus two outgroup taxa (Fusarium circina-
tum NRRL 25331 and F. fujikuroi NRRL 13566). Multi-gene phy-
logenetic inference was able to recognise six new phylogenetic
species in the FIESC. The number of new phylogenetic species
recognised is equally distributed in the incarnatum clade and the
equiseti clade (three new phylospecies each) sensu O’Donnell

et al. (2009). In the incarnatum clade, isolates InaCC F940,
InaCC F941, Indo167, InaCC F964, Indo186, and Indo188
clustered in a distinct clade (55 bp/0.99 pp) closely related to
the phylogenetic species FIESC-16 which is introduced here as
phylogenetic species FIESC-32. These isolates were obtained
from five different banana variety hosts in Sulawesi and Kali-
mantan. The other two new species in the incarnatum clade are
monotypic lineages represented by isolate Indo161 (99 bp/1
pp) closely related to FIESC-26 and isolate InaCC F965 (50 bp/
1 pp) closely related to FIESC-24, introduced as phylogenetic
species FIESC-33 and FIESC-34, respectively. In the equiseti
clade, three isolates: Indo174 (99 bp/1 pp) closely related
to FIESC-1; Indo175 (-/1 pp) and InaCC F963 (55 bp/1 pp),
both isolates closely related to FIESC-13, formed monotypic
lineages which are introduced here as FIESC-29, FIESC-30,
and FIESC-31, respectively. These phylogenetic species were
isolated from two banana varieties in relatively close proximity
in South Kalimantan.

Fusarium sambucinum species complex (FSSC) phylogeny

The single Indonesian isolate in the FSSC was further ana-
lysed using a two-gene phylogeny based on rpbl and rpb2
sequences. The analysis included a total of 2461 characters
(rpb1 854 and rpb2 1607) from a total of 21 isolates representing
the FSSC and two outgroup taxa (F. circinatum NRRL 25331
and F. fujikuroi NRRL 13566). Isolate InaCC F974 was identified
as F. longipes (Fig. 4) based on phylogenetic inference.

Fig. 5 Pathogenicity test of Fusarium spp. that belong to other species complexes. a. Plants before inoculation; b. wilting symptom caused by Fusarium
odoratissimum InaCC F856, seven weeks after inoculation; c. control; d. positive control Fusarium odoratissimum (InaCC F856); e. Fusarium proliferatum
(InaCC F992); f. Fusarium desaboruense (InaCC F950); g. Fusarium lumajangense (InaCC F8727); h. Fusarium longipes (InaCC F974); i. FIESC (Indo161);

j. Fusarium lumajangense (InaCC F993).
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Pathogenicity

Representative isolates from each species complex were tested
for their pathogenicity against banana variety Cavendish
(Fig. 5). Selected isolates included InaCC F872, InaCC F950,
and InaCC F992 (FFSC), InaCC F962 (FIESC), InaCC F974
(FSSC). None of the isolates was able to cause any disease
symptoms in the inoculated plants. All of the isolates tested
caused only slight discoloration in the corm without any further
disease development.

Taxonomy

The Fusarium species in each complex and novel species
identified in this study are described below.

Fusarium lumajangense N. Maryani, Sand.-Den., L. Lombard,
Kema & Crous, sp. hov. — MycoBank MB828960; Fig. 6

Etymology. Name refers to Lumajang, the region from where this species
was collected in Indonesia.

Typus. INDONESIA, Desa Kandang Kepus, Kecamatan Senduro, Lumajang,
East Java (E113°4'157" S8°4'46"), in infected pseudostem of Musa acuminata
var. Pisang Mas Kirana (AA), 17 July 2014, N. Maryani (holotype specimen
and culture, InaCC F872, preserved in metabolically inactive state).

Sporulation abundant from conidiophores carried on aerial my-
celium and from sporodochia. Conidiophores on aerial myce-
lium, septate, branching profusely, irregularly or sympodially
or reduced to solitary conidiogenous cells formed laterally on
aerial hyphae; conidiogenous cells mono- or polyphialidic,
acute, subulate or subcylindrical, smooth- and thin-walled
(6-)10-22.5(-31.5) x 2—3(—4) um, formed terminally and
singly on conidiophores or intercalary, often proliferating per-
currently; periclinal thickening inconspicuous or absent; conidia
of two types: a) (microconidia) ovoid to ellipsoid, smooth- and
thin-walled, (6—)9-18(—23) x (2—)3(=5) um (av. 13 x 4 ym),
0—1-septate, arranged in false heads on monophialides; and b)
(macroconidia) falcate and multiseptate, apical cells papillate,
basal cells indistinct or foot-shaped, (1—2-)3-septate, formed
on polyphialides; 1-septate conidia 18.5 x 3.5 ym; 2-septate
conidia 40 x 4 ym; 3-septate conidia (26—)29—-39.5(-44.5)
x (3-)3.5-4.5(—5.5) ym; av. (18.5-)28-39.5(-44.5) x
(3-)3.5-4.5(-5.5) uym. Sporodochia formed abundantly on
surface of carnation leaves after 7 d, pale orange to orange.
Conidiophores on sporodochia, septate, mostly unbranched or
rarely sparsely and irregularly branched, bearing terminal mono-
phialides, carried singly or grouped in verticillately branched; co-
nidiogenous cells monophialidic, ampulliform, doliiform to sub-
cylindrical, smooth- and thin-walled, (11.5-)12.5—18.5(-23.5) x
(2—)3—4(—4.5) um, proliferating percurrently several times, with
short collarets and inconspicuous periclinal thickening; sporo-
dochial conidia falcate, apical cells gently curved, papillate,
basal cells slightly curved, foot-shaped, 3—5-septate: 3-sep-
tate conidia, (30-)34.5-46.5(—54) x 3.5—-4.5 ym; 4-septate
conidia, 41-48(—52.5) x (3-)3.5-4.5 pm; 5-septate conidia,
(42.5-)45-53(-56) x 3.5—4.5 pym; av. (30-)40-50.5(—56) x
(3-)3.5—4(—4.5) ym. Chlamydospores not observed.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 3.5-4.6 mm/d.
Colony reverse, lilac to violet becoming white towards the
margin, later becoming dark purple with time. Colony surface
dry, white becoming livid purple towards the margin, turning
completely purple with age. Aerial mycelium abundant, cottony,
with moderate sporulation and lacking exudates.

Geography & Host — Lumajang, East Java, Musa acumi-
nata. var. Pisang Mas Kirana (AA).

Pathogenicity — Non-pathogenic on Cavendish (AAA).

Additional material examined. INDoNEsiA, Desa Kandang Kepus, Ke-
camatan Senduro, Lumajang, East Java (E113°4'157" S8°4'46"), in infected

pseudostem of Musa acuminata var. Pisang Mas Kirana (AA), 17 July 2014,
N. Maryani (InaCC F993).

Notes — Fusarium lumajangense exhibits similar morpho-
logical features to F. mangiferae (Britz et al. 2002), also clus-
tering in a sister relationship with the latter species. However,
besides its clear phylogenetic delimitation, the polyphialides
found in F. lumajangense commonly present two conidiogenous
loci.

Fusarium desaboruense N. Maryani, Sand.-Den., L. Lombard,
Kema & Crous, sp. nov. — MycoBank MB828961; Fig. 7

Etymology. Name refers to Desa Boru, the village from where this species
was collected in Indonesia.

Typus. INboNEsiA, Desa Boru, Kecamatan Waigate, Sikka Flores, East
Nusa Tenggara (E122°22'7" S8°36'49"), on infected pseudostem of Musa
sp. var. Pisang Kepok (ABB), 17 Aug. 2015, N. Maryani (holotype specimen
and culture, InaCC F951, preserved in metabolically inactive state).

Sporulation abundant from conidiophores carried on aerial
mycelium and from sporodochia. Conidiophores on aerial myce-
lium abundant on PDA and SNA, less frequent on CLA, septate,
sparingly or profusely branching irregularly or sympodially,
rarely reduced to solitary conidiogenous cells, formed laterally
on aerial hyphae; conidiogenous cells mono- or polyphialidic,
acute, subulate or subcylindrical, smooth- and thin-walled
(6—)15—-33(—44) x (2—)2.5—4(-7) um (av. 21.5 x 3 ym), formed
terminally, singly or in whorls on conidiophores or intercalary,
proliferating percurrently, periclinal thickening inconspicuous
or absent; conidia of two types: a) (microconidia) ovoid to el-
lipsoid, smooth- and thin-walled, (10-)11-16(—18) x (4—)6(-7)
pm (av. 13 x 5 pm), 0—1-septate, arranged in false heads on
monophialides; and b) (macroconidia) falcate and multiseptate,
apical cells papillate, basal cells indistinct or foot-shaped,
1-3-septate, formed on polyphialides: 1-septate conidia 22.5—
26(—27) x 3.4—4 pm; 2-septate conidia (21.5-)22-26 x
3—4.5 um; 3-septate conidia (23-)24.5-34(—37) x 3—4.5 ym;
av. (21.5-)22-30.5(-37) x 3—4.5 ym. Sporodochia formed
abundantly on CLA after 7 d, pale orange to orange. Conidio-
phores in sporodochia unbranched, rarely laterally branched
up to two times; conidiogenous cells monophialidic, smooth-
and thin-walled (15.5-)16.5-24(-29) x (2.5—-)3—4 um (av. 20
x 3.5 pm), solitary, terminal or lateral, or in terminal groups of
up to three conidiogenous cells, with minute collarettes and
periclinal thickening; sporodochial conidia falcate, apical cells
gently curved, papillate, basal cells gently curved, foot-shaped,
1-3(—4)-septate: 1-septate conidia (14.5-)15-20.5(—22) x
3.5-4.5 ym; 2-septate conidia (20.5-)21.5—24 x 3.5-4.5(-5)
um; 3-septate conidia (21-)24—-29(-31.5) x (3.5-)4-5(-5.5)
um; 4-septate conidia 34 x 5.5 um; av. (14.5-)20—-28(—34.5)
x (3.5-)4-5(-5.5) ym. Chlamydospores not observed.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 4.9-5.2 mm/d.
Colony reverse, pale violet becoming white towards the mar-
gins, turning violet with age and pigmented. Colony surface
cottony, pale violet, becoming white with age, immersed my-
celium becoming purple and lacking exudates. Aerial mycelium
abundant, cottony, with abundant sporulation.

Geography & Host — Sikka Flores, East Nusa Tenggara,
Musa sp. var. Pisang Kepok (ABB).

Pathogenicity — Not pathogenic on Cavendish (AAA).

Additional materials examined. INDoNEsIA, Desa Boru, Kecamatan Wai-
gate, Sikka Flores, East Nusa Tenggara (E122°22'7" S8°36'49"), on infected
pseudostem of Musa sp. var. Pisang Kepok (ABB), 17 Aug. 2015, N. Maryani
(InaCC F950, InaCC F952).

Notes — Morphologically very similar to F. sacchari (Leslie
& Summerell 2006) and F. subglutinans (Nelson et al. 1983),



Persoonia — Volume 43, 2019

Fig. 6 Fusarium lumajangense (ex-type InaCC F993). a. Culture grown on PDA; b—c. sporodochia on carnation leaves; d—i. aerial conidiophores and phi-
alides; j—m. aerial conidia; n—p. sporodochial conidiophores and phialides; q—s. sporodochial conidia. — Scale bars: b—d = 50 ym; e =5 pm; f-s = 10 ym.
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Fig. 7 Fusarium desaboruense (ex-type InaCC F950). a. Culture grown on PDA; b—c. sporodochia on carnation leaves; d—h. aerial conidiophores and
conidiogenous cells; i—k. aerial conidia; I. sporodochial conidiophores and phialides; m. sporodochial conidia. — Scale bars: b—d =20 ym; e—m =10 pm.
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Fig. 8 Fusarium tanahbumbuense (ex-type InaCC F965). a. Culture grown on PDA; b—c. sporodochia on carnation leaves; d—g. aerial conidiophores and
conidiogenous cells; h—i. aerial conidia; j—I. sporodochial conidiophores and conidiogenous cells; m—o. sporodochial conidia. — Scale bars: b—c = 50 ym;
d-—o =10 pm.
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except that this species produces sporodochia abundantly un-
der regular culturing conditions. Fusarium desaboruense can be
distinguished by the septation of its macroconidia (1—4-septate)
and microconidia (1-3-septate), not observed in F. saccari
(Leslie & Summerell 2006). Phylogenetic analyses of partial
rpb2 gene sequences recognised this species as distinct from
F. sacchari with strong support of BP 99 %.

Fusarium tanahbumbuense N. Maryani, Sand.-Den., L. Lom-
bard, Kema & Crous, sp. nov. — MycoBank MB828962; Fig. 8

Etymology. Name refers to Tanah Bumbu, the region from where this
species was collected in Indonesia.

Typus. INDONESIA, Desa Betung, Kecamatan Kusan Hilir, Tanah Bumbu,
Kalimantan Selatan (E115°37'477" S3°50'77"), on infected pseudostem of
Musa sp. var. Pisang Hawa (ABB), 20 June 2014, N. Maryani (holotype
specimen and culture, InaCC F965, preserved in metabolically inactive state).

Sporulation abundant from conidiophores borne on aerial myce-
lium and from sporodochia. Conidiophores on aerial mycelium
abundanton PDA, SNA, and CLA, septate, irregularly of verticil-
lately branched; conidiogenous cells monophialidic or polyphi-
alidic, subulate or subcylindrical, smooth- and thin-walled,
(11-)13-24(-38) x (4-)5-6(-7) um (av. 19 x 6 ym), formed
terminally, singly or in groups of up to three cells on a stipe, or
carried singly and laterally on aerial mycelium, collarettes and
periclinal thickening inconspicuous or absent; conidia of one
type (macroconidia) falcate and multiseptate, apical cells coni-
cal to papillate, basal cells indistinct or foot-shaped, 3—5-sep-
tate, formed on both mono- and polyphialides, 3-septate
conidia, 31-36(—38.5) x 3.5-5(—5.5) ym; 4-septate conidia,
(31-)33.5-43.5(-48) x 3.5-5(-5.5) ym; 5-septate conidia,
(30—)37—45(—47) x 4—5.5(—6) pm; av. (30—)34.5-44(-48) x
(3.5-)4—5.5(-6) um. Sporodochia formed abundantly on CLA
after 7 d, pale orange; conidiophores in sporodochia irregularly

Fig. 9 Fusarium sulawense (ex-type InaCC F964). a. Culture grown on PDA; b—c. sporodochia on carnation leaves; d—h. aerial conidiophores and conidio-
genous cells; i. aerial conidia; j—k. sporodochial conidiophores and conidiogenous cells; I-m. sporodochial conidia. — Scale bars: b—c = 50 ym; d—g, i-m =

10 ym; h =5 um.
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Fig. 10 Fusarium kotabaruense (ex-type InaCC F963). a. Culture grown on PDA; b. mycelium on carnation leaves; c—h. conidiophores and conidiogenous
cells; i—k. conidia. — Scale bars: b = 200 ym; c—d = 50 ym; e—f, h—k =10 pm; g =5 pm.
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and laterally branched; conidiogenous cells monophialidic, dolii-
form to ampulliform, smooth- and thin-walled, (9.5—)10—-13(-15)
x (2.5-)3—4 pym (av. 11.5 x 3.5 ym), collarettes or periclinal
thickening inconspicuous or absent; sporodochial conidia fal-
cate, apical cells gently curved, papillate; basal cells slightly
curved, foot-shaped, (2—)3—5-septate: 2-septate conidia, 40.5
x 4.5 ym; 3-septate conidia, (25.5-)29-36.5(—41) x 3.5—-4.5
pum; 4-septate conidia, (32.5—-)34—-40(—46) x 3.5-4.5(-5)
pum; 5-septate conidia, (36—)37—-43.5(—49) x 3.5-4.5(-5)
um; av. (25.5-)32-41.5(—49) x 3.5—5 pm. Chlamydospores
not observed.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 1.3—2.2 mm/d.
Colony reverse, rosy buff becoming white towards the margins,
turning cinnamon to fawn with age and pigmented. Colony
surface cottony, rosy buff becoming white towards the margin,
turning hazel with age. Aerial mycelium abundant, cottony, with
high sporulation and lacking exudates.

Geography & Host — Tanah Bumbu, South Kalimantan,
Musa sp. var. Pisang Hawa (ABB).

Pathogenicity — NA.

Notes — Fusarium tanahbumbuense can be distinguished
from the fungus illustrated as F. semitectum by Leslie & Sum-
merell (2006) and Nelson et al. (1983) by the absence of micro-
conidia and chlamydospores. The polyphialides observed for
this species also greatly differed from those that have been
observed for F. semitectum which have 3—5 openings (Nelson
et al. 1983).

Fusarium sulawense N. Maryani, Sand.-Den., L. Lombard,
Kema & Crous, sp. nov. — MycoBank MB828963; Fig. 9

Etymology. Name refers to Sulawesi, the island from where this species
was collected in Indonesia.

Typus. INDONESIA, Desa Seli, Kecamatan Bengo, Bone, Sulawesi Selatan
(E120°1'12.8" S4°37'26"), on infected pseudostem of Musa acuminata var.
Pisang Cere (AAA), 12 Aug. 2015, N. Maryani (holotype specimen and cul-
ture, InaCC F940, preserved in metabolically inactive state).

Sporulation abundant from conidiophores carried on aerial myce-
lium and from sporodochia. Conidiophores on aerial mycelium
abundant on PDA and SNA, less frequent on CLA, septate,
irregularly or verticillately branched; conidiogenous cells
mono- or polyphialidic, subulate to subcylindrical, smooth- and
thin-walled, (8.5-)14-22.5(-27) x (2—)2.5-4(—4.5) ym (av.
18 x 3 um), formed singly, laterally or terminally, or more often
in groups of 2—3 cells, sometimes proliferating percurrently,
collarettes and periclinal thickening inconspicuous or absent;
conidia of one type (macroconidia), falcate and multiseptate,
apical cells papillate, basal cells indistinct or foot-shaped,
3-5(—9)-septate, formed on both mono- and polyphialides,
3-septate conidia, 20.5-47.5(-55) x 3.5—-5 ym; 5-septate
conidia, (33.5-)39.5-48(-50.5) x (4-)4.5-5.5 uym; 6-sep-
tate conidia, 51.5 x 6 ym; 9-septate conidia, 67 x 5.5 ym; av.
(20.5-)36-51(—67.5) x (3.5-)4—-5.5(—6) pm. Sporodochia
formed rarely on CLA after 7 d, pale orange; conidiophores
in sporodochia unbranched or irregularly branched, densely
packed, bearing terminal clusters of 2—5 conidiogenous cells;
conidiogenous cells monophialidic, short ampulliform, smooth-
and thin-walled, (8.5-)9-11.5(-13) x (3—)3.5-5(-5.5) ym
(av. 10.5 x 4.5 ym) with a minute collarette and inconspicu-
ous periclinal thickening; sporodochial conidia falcate, apical
cells gently curved, papillate; basal cells slightly curved, foot-
shaped, (3—)5(—6)-septate: 3-septate conidia, (29.5-)30-44
x 4—4.5 ym; 4-septate conidia, 30 x 5.5 ym; 5-septate conidia,
(30—)36—-41.5(—43.5) x (3.5-)4—5(—5.5) ym; 6-septate conidia
43.5 x 5 ym; av. (30—)36-41.5(-44) x (3.5-)4-5(=5.5) ym.
Chlamydospores not observed.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 5.2—6.0 mm/d.
Colony reverse rosy buff becoming white towards the margins.
Colony surface dry, cottony, saffron. Aerial mycelium abundant,
cottony, with high sporulation and lacking exudates.

Geography & Host — Bone, South Sulawesi, Musa acumi-
nata var. Pisang Cere (AAA).

Pathogenicity — Non-pathogenic on Cavendish (AAA).

Additional material examined. INDoNEsIA, Desa Sungai Birah, Kecamatan
Pamukan Barat, Kota Baru, Kalimantan Selatan (E115°59'982" S2°22'883"),
on infected pseudostem of Musa var. Pisang Hawa (ABB), 19 June 2014,
N. Maryani (InaCC F964).

Notes — Fusarium sulawenseis relatively fastgrowing (av. 5.2—
6.0 mm/d) compared to its sister species in the Incarnatum
clade, FIESC-34 (av. 1.3—2.2 mm/d). Members of this species
were recovered from different banana varieties in the Kali-
mantan and Sulawesi islands of Indonesia.

Fusarium kotabaruense N. Maryani, Sand.-Den., L. Lombard,
Kema & Crous, sp. nov. — MycoBank MB828964; Fig. 10

Etymology. Name refers to Kota Baru one of the nine regencies in the
Indonesian province of South Kalimantan.

Typus. INDoONEsIA, Desa Sungai Birah, Kecamatan Pamukan Barat, Kota
Baru, Kalimantan Selatan (E115°59'982" S2°22'883"), on infected pseudo-
stem of Musa var. Pisang Hawa (ABB), 19 June 2014, N. Maryani (holotype
specimen and culture, InaCC F963, preserved in metabolically inactive state).

Sporulation abundant from conidiophores carried on aerial
mycelium. Conidiophores on aerial mycelium abundant on PDA
and SNA, less frequent on CLA, septate, irregularly branching;
conidiogenous cells mono- or polyphialidic, subulate to sub-
cylindrical, smooth- and thin-walled, (15-)19-33(-40) x 4-7
um (av. 26 x 5 ym), forming terminally, singly or in verticillately
branched conidiophores, less commonly laterally or intercalary,
proliferating percurrently, periclinal thickening inconspicuous or
absent; falcate and multiseptate, apical cells papillate, basal
cells indistinct or foot-shaped, (2—)3—-5(-7)-septate, formed on
both mono- and polyphialides: 2-septate conidia, (21-)21.5—
25(-26) x 5—6 ym; 3-septate conidia, (24.5-)28-35(—36.5)
x 5.5—-6.5(-7) uym; 4-septate conidia, (32—)34—-39.5(-41.5)
x 5.5-6.5(—7) ym; 5-septate conidia, (34.5—)36-42.5(—45)
x (56—)5.5-6.5(-7.5) uym; 6-septate conidia, 39—-40.5 x 5.5-7
um; 7-septate conidia, (38.5—)39.5—44(-45) x 6—7 um; av.
(21-)31.5-41.5(—45) x (5-)5.5-6.5(-7.5) ym. Sporodochia
and chlamydospores not observed.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 5.0—-6.85 mm/d.
Colony reverse rosy buff. Colony surface cottony rosy buff.
Aerial mycelium abundant, cottony, with high sporulation and
lacking exudates.

Geography & Host — Kota Baru, South Kalimantan, Musa
sp. var. Pisang Hawa (ABB).

Pathogenicity — Non-pathogenic on Cavendish (AAA).

Notes — Fusarium kotabaruense represents a species in
the Equiseti clade of the FIESC and relatively fast growing
(5.0—-6.85 mm/d). Most distinguishing characteristic of this spe-
cies is the absence of sporodochia on CLA culture. However,
aerial conidiophores are abundant with conidia produced with
high variability in its septation, (0—)3—-5(-7)-septate.

Fusarium longipes Wollenw. & Reinking, Phytopathology 15:
160. 1925 — Fig. 11

Sporulation abundant from conidiophores carried on aerial my-
celium and from sporodochia. Conidiophores on aerial myce-
lium abundant on PDA and SNA, rare on CLA, septate, branch-
ing irregularly, mostly reduced to solitary conidiogenous cells
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formed singly and laterally on aerial hyphae; conidiogenous
cells monophialidic, doliiform to ampulliform, smooth- and
thin-walled, (7—)10-13(-15) x 3—4(-5) ym (av. 12 x 6 ym),
formed laterally on aerial hyphae or clustering terminally on
conidiophores, with a minute collarette; conidia (microconidia)
obovoid to ellipsoid, rough- and thin-walled, (7—)10-19(-23) x
(3=)4(=5) um (av. 15 x 4 ym), 0—2-septate, arranged in false
heads on monophialides. Sporodochia formed abundantly
on CLA after 7 d, bright orange, later turning red to purple;
conidiophores in sporodochia highly irregularly or verticil-
lately branched, sympodially to solitary conidiogenous cells;
conidiogenous cells monophialidic, doliiform, ampulliform to
subcylindrical, 7-11(-14) x (2-)2.5-3.5(—4) ym (av. 9.5 x 3
pUm), with inconspicuous collarets; sporodochial conidia falcate,
apical cells strongly curved, tapering and whip-like with rounded
apex, basal cells foot-shaped and elongated, (3—)4—5-septate:
3-septate conidia, 28.5 x 3.5 ym; 4-septate conidia, (37—)38-43
(—43.5) x4.5-5.5 ym; 5-septate conidia, (37—)42—-49.5(—53.5)
% (3.5-)4.5—-5(—6) um; av. (28.5-)40.5-49.5(-53.5) x (3—)4—
5(—6) pm. Chlamydospores ellipsoid, sub-globose to globose,
formed intercalary or terminal, single or in pairs, or in clumps,

(7-)10—-13(=15) x (7-)9—13(—14) um (av. 12 x 11 pm), brown,
rough-walled.

Culture characteristics — Colony on PDA showing optimal
growth at 25 °C with an average growth rate of 4.2—4.9 mm/d.
Colony reverse livid red becoming white towards the margin,
becoming completely livid red to bay with age. Colony surface
cottony greyish rose becoming vinaceous with age and white
toward the margins. Aerial mycelium abundant, cottony, with
high sporulation and lacking exudates. Sporodochia formed
abundantly on CLA after 7 d, pale orange to orange.

Geography & Host — Katingan, Central Kalimantan, Musa
sp. var. Pisang Awak (ABB).

Pathogenicity — Non-pathogenic on Cavendish (AAA).

Material examined. INDonEsiA, Desa Tewang Menyangen, T. Sangalang,
Katingan, Central Kalimantan (E113°6'552" S1°41'83"), on infected pseudo-
stem of Musa var. Pisang Awak (ABB), 23 June 2014, N. Maryani (specimen
and culture, InaCC F974, preserved in metabolically inactive state).

Notes — This banana isolate of F. longipes displays some
unique characteristics which differ slightly from F. longipes
vide Leslie & Summerell (2006), which include the presence of

Fig. 11 Fusarium longipes (InaCC F974). a. Culture grown on PDA; b—c. sporodochia on carnation leaves; d. sporodochial conidiophores; e—f. branched
conidiophores; g. falcate-shaped macroconidia; h. microconidia; i. chlamydospores. — Scale bars: b—k = 10 ym.
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microconidia and chlamydospores. This species is more similar
to F. equiseti as described by Nelson et al. (1983), except for
the length of the long curvature of the macroconidia. Additio-
nally, the chlamydospore formation also differs from the original
description of F. longipes.

DISCUSSION

This study further expands our knowledge on the diversity
of Fusarium species isolated from banana plants displaying
symptoms of Fusarium wilt in Indonesia, the centre of origin
for this economically important crop. It is not surprising that
90 % of the isolates recovered from the samples were mem-
bers of FOSC, as the diseased pseudostem of banana served
as source of isolation (Maryani et al. 2019). However, the
remaining isolates were tentatively identified as members of
other Fusarium species complexes, which included the FIESC,
FSSC, and FFSC. Remarkably, only Fusarium species were
isolated, while no other fungal genera could be recovered
from the banana samples. This indicates a marked dominance
of Fusarium in diseased banana plants. It is well known that
Fusarium is commonly associated with higher plants, being
ubiquitous in terrestrial ecosystems, especially in the tropics,
where most diseases on perennial crops are induced by this
genus (Ploetz 2006b). It has also been suggested that for any
Fusarium associated disease found in plants, many other Fusa-
rium species also reside in the same host as endophytes (Leslie
& Summerell 2006). Moreover, the samples were collected
from locations in Indonesia where bananas are grown in mixed
backyard ecosystems with other tropical crops (Maryani et al.
2019). This ecological niche enhanced the chance that a much
higher diversity of Fusarium species would be discovered than
expected.

We were able to identify a total of 20 isolates collected from pseu-
dostems of banana plants displaying symptoms of Fusarium
wilt that did not belong to FOSC. These isolates were found
to belong to three different Fusarium species complexes of
which eight represented novel phylogenetic species in the
FFSC and FIESC. Information regarding Fusarium spp. other
than F. oxysporum in banana is scarce, since the majority of
studies point to the specific detection and control of pathogenic
strain of F. oxysporum (O’Donnell et al. 1998b, Ordonez et al.
2015, Ploetz et al. 2015, Maryani et al. 2019). However, some
studies have reported an abundance of Fusarium species
in asymptomatic banana plant organs. Zakaria & Rahman
(2011) identified F. oxysporum, F. semitectum and F. solani
(current name Neocosmospora solani) in healthy roots of wild
banana plants (Musa acuminata) in Malaysia and Fusarium
concentricum was reported in Musa sapientum from Costa Rica
(Nirenberg & O’Donnell 1998). Moreover, a higher diversity of
Fusarium species has been reported from banana fruits, which
included F. chlamydosporum, F. equiseti, F. proliferatum, F. sac-
chari, F. subglutinans, and F. verticilloides (Jimenez et al. 1993,
Moretti et al. 2004, Zheng et al. 2012). Two of these species,
F. proliferatum and F. verticilloides, were also found in this study.

Pathogenicity tests demonstrated that the Indonesian isolates
were not pathogenic on the Cavendish banana variety Grand
Naine. Moreover, our results indicate that these species more
likely play an endophytic role, which is consistent with previous
knowledge on asymptomatic/healthy banana plants (Zakaria
& Rahman 2011). A similar case has been reported on vanilla
stem rot disease in Indonesia. Pinaria et al. (2010) isolated 12
Fusarium species from symptomatic vanilla stems. Pathogeni-
city tests indicated that none of these caused any disease on
vanilla plants, with the exception of F. oxysporum f. sp. vanillae.
In another study, F. oxysporum f. sp. vasinfectum was found to
be the only species that caused Fusarium wilt of cotton amongst

20 Fusarium species isolated from wild Gossypium in Australia
(Wang et al. 2004).

The highest diversity of isolates obtained in this study belonged
to the FIESC. This species complex displays a remarkable
abundance of phylogenetic species diversity which include
both animal and plant associated pathogens, plant endophytes
and soil inhabitants (Leslie & Summerell 2006, O’Donnell et
al. 2009, Villani et al. 2016). Many of the FIESC have been
isolated from various plants displaying disease symptoms, but
their pathogenicity was never established (Leslie & Summerell
2006). Previous studies have reported the presence of FIESC
in banana fruits and roots, as well as causing storage rot of
bananas (Leslie & Summerell 2006, Zakaria & Rahman 2011,
Zheng et al. 2012). However, this study represents the first
report of FIESC from the pseudostem of bananas, indicating
that members of this species complex have been isolated from
every part of the banana plant. Thus far, species of the FIESC
have been found to be more abundant in banana fruit, indica-
ting a hemibiotrophic fungal lifestyle in plants (Bacon & Yates
2006), and therefore these are often found in stored banana
fruits, which are a very suitable environment for toxin producing
fungal species like most FIESC members (Desjardins 2006).

The second most diverse Fusarium species complex found in
this study was the FFSC. Five species where identified from
banana, including the common plant pathogenic species F. pro-
liferatum and F. verticilloides. Additionally, two novel species,
F. lumajangense and F. desaboruense, were also identified in
this study. The FFSC is known to include species able to cause
disease in a variety of important agronomic crops, especially in
the tropics (O’Donnell et al. 1998b). Each of the novel species
identified in this complex were closely related to recognized
plant pathogens: F. lumajangense is phylogenetically and
morphologically closely related to F. mangiferae, a species
causing mango-malformation on mango (Mangifera indica),
and F. desaboruense is closely related to F. sacchari, the causal
agent of ‘pokkah boeng’ disease on sugarcane (Handojo et al.
1989, Britz et al. 2002). The plant pathogenic species F. proli-
feratum, a well-known pathogen on maize, sorgum, mango,
and asparagus, and F. verticilloides, a pathogen on maize
(Handojo et al. 1989, Britz et al. 2002, Ploetz 2006b) and no-
torious producer of fumonisins (Desjardin 2006), were isolated
at low frequency. Interestingly, all the hosts mentioned above
are present in Indonesia as important cultivated crops. More-
over, Indonesian bananas are mainly produced in small scale
household plantations and co-cultivated with other crops such
as rice, maize, sugarcane, and other perennial tropical crops
(Maryani et al. 2019). This complex agroecosystem from which
our banana samples were obtained might explain the presence
of FFSC species in banana plants affected by Fusarium wilt.

Members of the FFSC isolated in this study were not pathogenic
to the banana variety Cavendish. Fusarium fujikuroi, F. sacchari,
F. subglutinans, and F. verticilloides have been reported from
rice affected by ‘Bakanae’ disease, although, only F. fujikuroi,
is known to cause the disease (Zainudin et al. 2008, Amatulli
et al. 2010). A similar set of species in FFSC was also found
in sugarcane, maize, and vanilla (Ploetz 2006b, Pinaria et al.
2010), although their association with these crops, without
inducing disease, is still unknown. Moreover, their presence
suggests an endophytic life style, causing no harm to the host
plants or perhaps acting as secondary invaders or saprobes
as the isolates were obtained from diseased plants. However,
banana plants might serve as an intermediate host, as sug-
gested by Handojo et al. (1989) for ‘Pokkah boeng’ disease
on sugarcane.

A single isolate was found to belong to the FSSC, identified as
F. longipes based on phylogenetic inference, a species abun-
dant in tropical areas as a soil inhabitant or as a saprophyte
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(Backhouse & Burgess 1995, Onyike & Nelson 1993). However,
to our knowledge, our finding is the first report of this species
from banana since the report of Reinking & Wollenweber
(1927). They described F. longipes from mature living leaves
of Musa sapientum in Honduras. Here, however, this species
was cultured from the diseased pseudostem of banana variety
Pisang Awak (ABB) on Kalimantan. This species appears to be
commonly recovered from both healthy and diseased plants,
suggesting that F. longipes could be endophytic in banana. This
hypothesis was also further supported by the pathogenicity
test conducted in this study. Fusarium longipes is known to be
isolated more frequent during a higher rainfall period and under
high temperatures (Burgess et al. 1988, Backhouse & Burgess
1995). This is consistent with our findings where F. longipes
was recovered from banana plants growing at a relatively high
temperature (35 °C) and humidity (62 %). With morphological
distinctions from the previous description of F. longipes, InaCC
F974 found in this study might represent a novel species. More
isolates and additional gene regions are needed to capture the
possible diversity in morphology and phylogenetic relationships.

Our current study highlights the diversity of Fusarium species
in banana plants exhibiting Fusarium wilt. While only Fusarium
spp. in the FOSC has been shown to be a true pathogen (Stover
1962, Maryani et al. 2019), the role of the remaining species
in banana plants requires further investigation. Whether these
Fusarium species are true endophytes of the various varie-
ties of banana sampled in this study, possible saprophytes or
secondary pathogens should still be determined experimentally.
Isolation from asymptomatic plants of similar banana varieties
would provide possible evidence of an endophytic lifestyle of the
Fusarium species reported here. Moreover, the pathogenicity
of each species on their respective host varieties needs to be
tested in the future. Such studies would also reveal whether
banana plants serve as intermediate hosts for a particular Fusa-
rium species. Lastly, there is no doubt that tropical areas in-
cluding Indonesia should receive more attention when studying
Fusarium biodiversity.

Acknowledgements This research was supported by the KNAW-SPIN
Project, ‘The Indonesian banana: Protecting a staple food from Panama
disease collapse and exploiting its genetic diversity for discovery research’.
NM was also supported by a DIKTI (Directorate General of Higher Educa-
tion) Scholarship, Ministry of Research, Technology and Higher Education,
Indonesia. Banana research at Wageningen University and Research is
financially supported by the Dutch Dioraphte Foundation. Rahan Meristem,
Israel, is gratefully acknowledged for supporting our trials by providing un-
limited numbers of Cavendish banana plants.

REFERENCES

Amatulli MT, Sparado D, Gullino ML, et al. 2010. Molecular identification of
Fusarium spp. associated with bakanae disease of rice in Italy and assess-
ment of their pathogenicity. Plant Pathology 59: 839—-844.

Aoki T, Kasson MT, Berger MC, et al. 2018. Fusarium oligoseptatum sp.
nov., a mycosymbiont of the ambrosia beetle Euwallacea validus in the
Eastern U.S. and typification of F. ambrosium. Fungal Systematics and
Evolution 1: 23-39.

Aoki T, O'Donnell K, Geiser DM. 2014. Systematics of key phytopathogenic
Fusarium species: current status and future challenges. Journal of General
Plant Pathology 80: 189—-201.

Backhouse D, Burgess LW. 1995. Mycogeography of Fusarium: climatic
analysis of the distribution within Australia of Fusarium species in section
Gibbosum. Mycological Research 99: 1218-1224.

Bacon CW, Yates IE. 2006. Endophytic root colonization by Fusarium spe-
cies: Histology, plant interactiin, and toxicity. In: Schulz B, Boyle C, Sieber T
(eds), Microbial root endophytes: 133-152. Springer, Germany.

Booth C. 1971. The genus Fusarium. CAB, Commonwealth Mycological
Institute, England.

Britz H, Steenkamps ET, Coutinho TA, et al. 2002. Two new species of
Fusarium section Liseola associated with mango malformation. Mycologia
94:722-730.

Burgess LW, Nelson PE, Toussoun TA, et al. 1988. Distribution of Fusarium
species in sections Roseum, Arthrosporiella, Gibbosum and discolor re-
covered from grassland, pasture and pine nursery soils of Eastern Australia.
Mycologia 80: 815-824.

Carbone I, Kohn LM. 1999. Amethod for designing primer sets for speciation
studies in filamentous Ascomycetes. Mycologia 91: 553—-556.

Crous PW, Gams W, Stalpers JA, et al. 2004. MycoBank: an online initiative
to launch mycology into the 21st century. Studies in Mycology 50: 19-22.

Dean R, Van Kan J, Pretorious Z, et al. 2012. The Top 10 fungal pathogens
in molecular plant pathology. Molecular Plant Pathology 13: 414—430.

Desjardins AE. 2006. Fusarium mycotoxin: chemistry, genetics, and biology.
APS Press, USA.

Fisher NL, Burgess LW, Toussoun TA, et al. 1982. Carnation leaves as a
substrate and for preserving cultures of Fusarium species. Phytopatho-
logy 72: 151-153.

Geiser DM, Aoki T, Bacon CW, et al. 2013. One fungus, one name: defining
the genus Fusarium in a scientifically robust way that preserves longstan-
ding use. Phytopathology 103: 400-408.

Gerlach W, Nirenberg W. 1982. The genus Fusarium — a pictorial atlas. Mit-
teilungen aus der Biologischen Bundesanstalt fiir Land- und Forstwirtschaft
Berlin-Dahlem 209: 1-406.

Handojo H, Martin JP, Wismer CA. 1989. Pokkah boeng. In: Ricaud C, Egan
BT, Gillaspie Jr AG, et al. (eds), Diseases of sugarcane, major disease:
157-168. Elsevier, US.

Jimenez M, Logrieco A, Bottalico A. 1993. Occurrence and pathogenicity of
Fusarium species in banana fruits. Journal of Phytopathology 137: 214—220.

Katoh K, Rozewicki J, Yamada KD. 2017. MAFFT online service: multiple se-
quence alignment, interactive sequence choice and visualization. Briefings
in Bioinformatics doi: https://doi.org/10.1093/bib/bbx108.

Komada H. 1975. Development of a selective medium for quantitative isola-
tion of Fusarium oxysporum from natural soil. Review of Plant Protection
Research 8: 114-124.

Kuldau GA, Yates IE. 2000. Evidence for Fusarium endophytes in cultivated
and wild plants. In: Bacon CW, White Jr JF (eds), Microbial endophytes:
85-117. Marcel Dekker INC, New York.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: Molecular Evolutionary Ge-
netics Analysis version 7.0 for bigger datasets. Molecular Biology and Evo-
lution 33: 1870-1874.

Leslie JF, Pearson CAS, Nelson PE, et al. 1990. Fusarium spp. from corn,
sorghum, and soybean fields in the central and eastern United States.
Phytopathology 80: 343—-350.

Leslie JF, Summerell BA. 2006. The Fusarium laboratory manual. Wiley &
Sons, UK.

Lombard L, Van der Merwe NA, Groenewald JZ, et al. 2015. Generic concept
of Nectriaceae. Studies in Mycology 80: 189—-245.

Maryani N, Lombard L, Poerba YS, et al. 2019. Phylogeny and genetic
diversity of the banana Fusarium wilt pathogen Fusarium oxysporum
f. sp. cubense in the Indonesian centre of origin. Studies in Mycology 92:
155-194.

Miller MA, Pfeiffer W, Schwartz T. 2012. The CIPRES science gateway:
enabling high-impact science for phylogenetics researchers with limited
resources. In: Proceedings of the 1st Conference of the Extreme Science
and Engineering Discovery Environment: Bridging from the extreme to the
campus and beyond: 1-8. Association for Computing Machinery, USA.

Moretti A, Mule G, Susca A, et al. 2004. Toxin profile, fertility and AFLP
analysis of Fusarium verticillioides from banana fruits. European Journal
of Plant Pathology 110: 601-609.

Nelson PE, Toussoun TA, Marasas WFO. 1983. Fusarium species: An illus-
trated manual for identification. Pennsylvania State University Press, US.

Nirenberg HI. 1981. A simplified method for identifying Fusarium spp. occur-
ring on wheat. Canadian Journal of Botany 59: 15699-1609.

Nirenberg HI, O’'Donnell K 1998. New Fusarium species and combinations
within the Gibberella fujikuroi species complex. Mycologia 90: 434—-458.
O’Donnell K, Cigelnik E. 1997. Two divergent intragenomic rDNA ITS2 types
within a monophyletic lineage of the fungus Fusarium are nonorthologous.

Molecular Phylogenetics and Evolution 7: 103—116.

O’Donnell K, Cilgenik E, Nirenberg HI. 1998a. Molecular systematics and
phylogeography of the Gibberella fujikuroi species complex. Mycologia
90: 465-493.

O’Donnell K, Kistler CH, Cilgenik E, et al. 1998b. Multiple evolutionary origins
of the fungus causing Panama disease of banana: Concordant evidence
from nuclear and mitochondrial gene genealogies. Proceedings of the
National Academy of Sciences 95: 2044—-2049.

O’Donnell K, Sutton DA, Rinaldi MG, et al. 2009. Novel multilocus sequence
typing scheme reveals high genetic diversity of human pathogenic members
of the Fusarium incarnatum-F. equiseti and F. chlamydosporum species
complexes within the United States. Journal Clinical Microbiology 47:
3851-3861.



N. Maryani et al.: New endemic fusaria on banana

69

O’Donnell K, Sutton DA, Rinaldi MG, et al. 2010. Internet-accessible DNA
sequence database for identifying fusaria from human and animal infec-
tions. Journal of Clinical Microbiology 48: 3708—-3718.

Onyike NBN, Nelson PE.1993. The distribution of Fusarium species in soils
planted to millet and sorghum in Lesotho, Nigeria and Zimbabwe. Myco-
pathologia 121: 105-114.

Ordonez N, Seidl MF, Waalwijk C, et al. 2015. Worse comes to worst:
bananas and Panama disease — when plant and pathogen clones meet.
PLoS Pathogens 11: e1005197.

Pinaria AG, Liew ECY, Burgess LW. 2010. Fusarium species associated with
vanilla stem rot in Indonesia. Australasian Plant Pathology 39: 176-183.

Ploetz RC. 2006a. Panama disease, an old nemesis rears its ugly head:
part 2, the cavendish era and beyond. Plant Health Progress (March):
1-17.

Ploetz RC. 2006b. Fusarium-induced diseases of tropical, perennial crops.
Phytopathology 96: 648—-652.

Ploetz RC, Kema GHJ, Ma LJ. 2015. Impact of diseases on export and
smallholder production of banana. Annual Review of Phytopathology 53:
269-288.

Quaedvlieg W, Kema GHJ, Groenewald JZ, et al. 2011. Zymoseptoria gen.
nov.: a new genus to accommodate Septoria-like species occurring on
graminicolous hosts. Persoonia 26: 57—69.

Rayner RW. 1970. A mycological colour chart. Commonwealth Mycological
Institute, Kew, UK.

Rehner SA, Samuels GJ. 1994. Taxonomy and phylogeny of Gliocladium
analysed from nuclear subunit ribosomal DNA sequences. Mycological
Research 95: 625—-634.

Reinking AO, Wollenweber HW. 1927. Tropical Fusaria. The Philippine
Journal of Science 32: 104—-244.

Ronquist F, Telsenko M, Van den Mark P, et al. 2012. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model
space. Systematic Biology 61: 539—-542.

Snyder WC, Hansen HN. 1940. The species concept in Fusarium. American
Journal of Botany 27: 64—67.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30: 1312-1313.

Stover R. 1962. Fusarial wilt (Panama disease) of bananas and other Musa
species. Oxford University Press, Oxford, UK.

Vilgalys R, Hester M. 1990. Rapid genetic identification and mapping of
enzimatically amplified ribosomal DNA from several Cryptococcus species.
Journal of Bacteriology 172: 4238—-4246.

Villani A, Moretti A, De Saeger S, et al. 2016. A polyphasic approach for
characterization of a collection of cereal isolates of the Fusarium incarna-
tum-equiseti species complex. International Journal of Food Microbiology
234: 24-35.

Wang B, Brubaker CL, Burdon JJ. 2004. Fusarium species and Fusarium
wilt pathogens associated with native Gossypium populations in Australia.
Mycological Research 108: 35—-44.

White TJ, Bruns T, Lee S, et al. 1990. Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics. In: Innes MA, Gelfand
DH, Sninsky JJ, et al. (eds), PCR protocols: a guide to methods and ap-
plications: 315—-322. Academic Press, USA.

Woudenberg JHC, Aveskamp MM, De Gruyter J, et al. 2009. Multiple Dy-
dimella teleomorphs are linked to the Phoma clematidina morphotype.
Persoonia 22: 56—-62.

Zainudin NAIM, Razak AA, Salleh B. 2008. Bakanae disease of rice in Ma-
laysia and Indonesia: Etiology of the causal agent based on morphological,
physiological and pathogenicity characteristics. Journal of Plant Protection
Research 48: 475-485.

Zakaria L, Rahman NHA. 2011. Endophytic Fusarium spp. from wild ba-
nana (Musa acuminata) roots. African Journal of Microbiology Research
5: 3600-3602.

Zheng LS, Zhao ZH, Lu S, et al. 2012. The Fusarium species isolated from
banana and their phylogenetic relationships. Mycosystema 32: 617—-632.

APPENDIX

Recently Maryani et al. (2019) recognised nine independent
genetic lineages in a collection of Fusarium oxysporum f. sp.
cubense isolates obtained from Indonesia, one of which was
named F. tardicrescens. However, the holotype was incorrectly
cited rendering the species invalid. Fusarium tardicrescens is
therefore validated here.

Fusarium tardicrescens N. Maryani, L. Lombard, Kema &
Crous, sp. hov. — MycoBank MB828959

Synonym: Fusarium tardicrescens N. Maryani et al., Stud. Mycol. 92:
185. 2019. Nom. inval., Art. 40.7 (Shenzhen).

Typus. MaLawi, Karonga, Misuku Hills, Musa sapientum cv. Harare,
1989, RC Ploetz (holotype specimen and culture, CBS 102024, preserved
in metabolically inactive state).

Description & lllustrations — Maryani et al. (2019).



