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Abstract: The Fusarium graminearum species complex (FGSC) is a worldwide phytopathogenic fungus
of small grain cereals. Genetics and bioinformatics tools have been providing an efficient strategy
for identifying FGSC. However, the potential reliability of tefl —a sequencing in FGSC members
has not been well investigated. In this study, the tefl —a sequencing data of 246 FGSC members,
one F. culmorum, and one F. solani isolate were subjected to distance-, character-, and PCA-based
phylogenetic analysis. Linux terminals and the R programming language were used in phylogenetic
analysis. The Unweighted Pair Group Method with Arithmetic Mean (UPGMA) and maximum
likelihood methods produced relatively more homogenous F. graminearum sensu stricto (Fgss) and
F. asiaticum isolates. Fgss and F. asiaticum isolates co-clustered in two separate sub-divisions in the ML
and UPGMA methods, with significant differences in the Chi2 test (p < 0.05). PCA profiling revealed
a low level of variation in FGSC members, with 99-99.5% percentages in axis 1. An increased number
of taxa and isolates would be tested for tefl —a in future studies. To our knowledge, this is also the
first study to combine phylogenetic methods with PCA tests for comprehensive characterization of
FGSC members.
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1. Introduction

Fusarium graminearum, a phytopathogenic fungus, is a major concern in agriculture
due to its ability to cause destructive diseases in small grain cereals, especially wheat, barley,
and maize [1-3]. This phytopathogenic fungus has been reported as a major causal agent
of Fusarium head blight (FHB) and crown rot (CR) diseases in many geographic regions
worldwide. Moreover, F. graminearum could produce B-type trichothecenes, zearalenone,
and some other mycotoxins, which are not only hazardous for plants but also for humans
and animals [4,5]. This species has been reported as one of the top 10 phytopathogenic
fungi worldwide [6].

Over the last two decades, this species has been announced and accepted as a species
complex, the F. graminearum species complex (FGSC), which includes more than ten mem-
bers. Fgss (Fgss) and F. asiaticum seem to be the predominant members of the FGSC.
Members present differences in chemotypes, geographic distribution, and morphological
characteristics [3,7]. Accurate identification of the members within FGSC is crucial for
developing effective disease management strategies.

Sequence-characterized amplified marker (SCAR)-based identification of F. gramin-
earum was historically very important in terms of distinguishing the FGSC from other
FHB and CR agents [8-10]. Especially UBC85 and FG16 SCARs have been widely used
in species-specific characterization and identification of F. graminearum isolates world-
wide [8,9]. However, the lineage characterization of the FGSC in the early 2000s led
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scientists to use detailed characterization protocols. Fortunately, the development of more
effective DNA sequencing platforms and whole genome sequencing technologies has
made it easier for researchers. These platforms and strategies, including gene-specific
or genome-wide sequencing data, yielded fast and reliable results within a short time
period. In this way, single- or multip-copy gene sequencing, merging conserved DNA
sequences as a multilocus, and the alignment of these sequences provided another aspect
of FGSC characterization [11-15]. Translation elongation factor 1-« (fefl —a: FG08811),
a-tubulin (a-tub: FG00639), histone H3 (HIS: FG04290), mating type locus (MAT: FG08890-
93), B-tubulin (B-tub: FG09530), reductase (RED: FG03224), phosphate permease (PHO:
FG07894), trichothecene 3-O-acetyltransferase (TRI101: FG07896), and ammonium ligase
(URA: FG07897) genes have been widely used for obtaining detailed FGSC member identifi-
cation by multilocus sequencing and/or genealogical concordance analysis by using probe-
based identification assays. Additionally, ITS/285 rDNA, as multi-copy regulatory RNA
coding regions, has been used in multilocus assays for FGSC member identification [14,15].
It could be concluded that so far the geographic region, chemotype, aggressiveness, and
morphologically distinct characteristics of FGSC members have been well characterized by
using sequencing and/or probe-based real time identification techniques.

One approach that has gained great importance in recent years is the use of tefl —« as a
genetic marker for the identification of members within the FGSC. tefl —« is a highly conserved
protein that plays a crucial role in protein synthesis, making it a potentially reliable target
for species differentiation [7,11-13]. DNA sequencing and/or probe-based hybridization
methods could accurately distinguish members within the complex. It could be clearly
seen that plenty of scientific reports, including those involving FGSC members (mainly
Fgss), revealed FGSC member identification by only tefl —a« DNA sequencing [16,17]. Due
to the non-monophylogenetic structure of FGSC, single gene sequencing-based molecular
identification methods could reveal inaccurate results, such as in SCAR-based identification
methods [18-20]. Thus, the efficiency and/or reliability of fefl —a for accurate FGSC member
identification should be tested. In this study, the aim was to reveal the potential reliability
of tefl —a sequencing in FGSC member identification by distance-based and character-based
phylogenetic analysis. Presenting the potential reliability of tefl —a sequencing as a single locus
in comparison to multilocus sequencing investigations could accelerate the rate of genetic
characterization studies of FGSC worldwide.

2. Materials and Methods
2.1. FGSC Isolate Sequences, Format Converting, and Preparing Samples for Alignment

F. graminearum, as a species complex, includes 15 members with accession numbers
deposited under GenBank for specific gene sequences. Fourteen members with accession
numbers provided for tefl —a gene sequences were used in the phylogenetic analysis. In
total, 246 tefl —« gene sequences for FGSC members were obtained as “.fasta” files from
GenBank. 100 and 92 of these sequences belonged to Fgss and F. asiaticum, respectively
(Table 1). tefl —a gene sequences with accession number OQ876777 of F. culmorum (causing
head blight and crown rot but not belonging to FGSC) were used for internal control of
phylogenetic analysis. Similarly, tefl —a gene sequences with accession number MG183712
of F. solani (not causal agents of head blight or crown rot) were used as an external control
in phylogenetic analysis.

Labels from “A_" to “P_" (such as OP245201, which is edited as A_OP245201 for
the F. acacia-mearnsii tefl —a accession) were placed just before the accession numbers of
sequences to easily follow of samples in phylogenetic trees (Table 1). “Extract” and “export
table” functions of Phylosuite software (v1.2.3) were used to construct a table including
accession numbers. The “cat” function from the Linux terminal was used to obtain three
separate aligned fasta files. These three aligned files formed three sample sets:

(i) The first of these three aligned “.fasta” files, named Set I, included F. asiaticum align-
ment with 107 isolates (not containing Fgss).
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(ii) The second one, named Set I, included Fgss alignment with 115 isolates (not contain-
ing F. asiaticum).
(iii) The third one, named Set III, included all 248 isolates.

After basic alignment using MAFFT software (version 7), “.aln” files were obtained,
and these aligned files were converted to “.phy” and “.nexus” formats using the online tool

lirmm.fr (please see https:/ /www.lirmm.fr, accessed on 25 May 2024).

Table 1. FGSC isolates subjected to phylogenetic analysis in this study with their accession numbers.

No Species ze;rggle No Species ze:)rggle No Species ge:)xggle No Species Sample Code
1 F acacia-mearnsii ~ A_OP245201 63  F. asiaticum C_KY466730 125 Fgss J_OR440886 187 Fgss J_OR440824
2 F acacia-mearnsii  A_MW233086 64 F. asiaticum C_KY466706 126  Fgss J_OR440885 188 Fgss J_OR440823
3 F. aethiopicum B_ON601768 65  F. asiaticum C_KY283938 127 Fgss J_OR440884 189 Fgss J_OR440822
4 F. aethiopicum B_MW233126 66 F. asiaticum C_KY283936 128 Fgss J_OR440883 190 Fgss J_OR440821
5 E asiaticum C_LC489415 67 F. asiaticum C_KY283930 129 Fgss J_OR440882 191 Fgss J_OR440820
6 F. asiaticum C_LC500695 68 F. asiaticum C_KY283929 130 Fgss J_OR440881 192  Fgss J_OR440819
7 E asiaticum C_MW233069 69 E. asiaticum C_KY283927 131 Fgss J_OR440879 193  Fgss J_OR689619
8 F. asiaticum C_OM721590 70  F asiaticum C_KY283926 132 Fgss J_OR440880 194 Fgss J_OR689618
9 F. asiaticum C_MH448758 71 F asiaticum C_KY283925 133 Fgss J_OR440878 195 Fgss J_MN308186
10  F asiaticum C_MH448757 72  F asiaticum C_KY283924 134 Fgss J_OR440877 196 Fgss J_MF974407
11  F asiaticum C_MH448756 73 F. asiaticum C_KY283922 135 Fgss J_OR440876 197 Fgss J_LC796865
12 F asiaticum C_MH448755 74 F. asiaticum C_KY283917 136 Fgss J_OR440875 198 Fgss J_LC796848
13 F asiaticum C_MH448754 75 F. asiaticum C_KY283915 137 Fgss J_OR440874 199 Fgss J_LC796847
14  F asiaticum C_MH448753 76  F. asiaticum C_KY283912 138 Fgss J_OR440873 200 Fgss J_OR529761
15  F asiaticum C_MH448752 77  F asiaticum C_KY283907 139 Fgss J_OR440872 201 Fgss J_OR528697
16  F asiaticum C_MH448751 78 F asiaticum C_KY283905 140 Fgss J_OR440871 202 Fgss J_OR528696
17  F asiaticum C_MH448750 79  F asiaticum C_KY283903 141 Fgss J_OR440870 203 Fgss J_OR528695
18 F asiaticum C_MH448749 80 F. asiaticum C_KY283895 142 Fgss J_OR440869 204 Fgss J_OR528694
19  F asiaticum C_MH448748 81  F. asiaticum C_KY283886 143 Fgss J_OR440868 205 Fgss J_OR528693
20 F asiaticum C_KY466790 82 F. asiaticum C_KY283888 144 Fgss J_OR440867 206 Fgss J_OR424554
21  F asiaticum C_KY466787 83  F asiaticum C_KY283885 145 Fgss J_OR440866 207 Fgss J_OR424551
22 F asiaticum C_KY466786 84 . asiaticum C_KY283879 146 Fgss J_OR440865 208 Fgss J_OR424549
23 F asiaticum C_KY466785 85  F asiaticum C_KY283877 147 Fgss J_OR440864 209 Fgss J_OR424548
24 F asiaticum C_KY466784 86  F asiaticum C_KY283876 148 Fgss J_OR440863 210 Fgss J_OR424546
25  F asiaticum C_KY466782 87 F asiaticum C_KY283875 149 Fgss J_OR440862 211 Fgss J_OR424541
26  F asiaticum C_KY466781 88  F asiaticum C_KY283874 150 Fgss J_OR440861 212 Fgss J_OR424540
27  F asiaticum C_KY466778 89 F. asiaticum C_KY283862 151 Fgss J_OR440860 213 Fgss J_0Q925578
28  F asiaticum C_KY466777 90 F. asiaticum C_KY283867 152 Fgss J_OR440859 214 Fgss J_0Q925577
29  F asiaticum C_KY466776 91 F. asiaticum C_KY283861 153 Fgss J_OR440858 215 F meridionale K_PP034521
30 F asiaticum C_KY466775 92 E asiaticum C_KX702562 154 Fgss J_OR440857 216 F. meridionale K_MW233092
31 F asiaticum C_KY466771 93  F asiaticum C_KX702559 155 Fgss J_OR440856 217 F meridionale K_MG838991
32  F asiaticum C_KY466770 94 F asiaticum C_DQ295124 156 Fgss J_OR440855 218 F meridionale K_MG838988
33  F asiaticum C_KY466769 95  F asiaticum C_DQ295123 157 Fgss J_OR440854 219 F meridionale K_MG838955
34  F asiaticum C_KY466768 96 F. asiaticum C_HQ214263 158 Fgss J_OR440853 220 F meridionale K_MG838949
35 F asiaticum C_KY466767 97 Z.;fl‘:frim“m”' D_MW233095 159 Fgss  J_OR440852 221 F meridionale ~ K_MG838948
36 F asiaticum C_KY466766 98  F boothii E_OP245207 160 Fgss J_OR440851 222 F meridionale K_MG838947
37  F asiaticum C_KY466765 99  F boothii E_OP245206 161 Fgss J_OR440850 223 F meridionale K_MH448800
38 F asiaticum C_KY466764 100 F boothii E_OP245205 162 Fgss J_OR440849 224 F meridionale K_MH448801
39  F asiaticum C_KY466763 101 F. boothii E_OP245204 163 Fgss J_OR440848 225 F meridionale K_MH448802
40  F asiaticum C_KY466762 102 F boothii E_PP035520 164 Fgss J_OR440847 226 F meridionale K_MH448803
41  F asiaticum C_KY466761 103 F. boothii E_PP035519 165 Fgss J_OR440846 227 F. meridionale K_MH448796
42 F asiaticum C_KY466760 104 F boothii E_ONG601969 166 Fgss J_OR440845 228 F meridionale K_MH448797
43  F asiaticum C_KY466759 105 F boothii E_ON601968 167 Fgss J_OR440844 229 F meridionale K_MH448798
44  F asiaticum C_KY466757 106 F. boothii E_ONG601967 168 Fgss J_OR440843 230 F meridionale K_MH448799
45  F asiaticum C_KY466758 107  F boothii E_MW233088 169 Fgss J_OR440842 231 F meridionale K_KY466783
46  F asiaticum C_KY466756 108 F. boothii E_KY794904 170 Fgss J_OR440841 232 F meridionale K_KY466779
47  F asiaticum C_KY466755 109  F brasilicum  F_MW233104 171  Fgss J_OR440840 233 F meridionale K_KY466774
48  F. asiaticum C_KY466754 110  F cortaderise  G_MW233098 172  Fgss J_OR440839 234 F meridionale K_KY466773
49  F asiaticum C_KY466752 111  F cortaderiae ~ G_MT193123 173  Fgss J_OR440838 235 F meridionale K_KY466772
50 F asiaticum C_KY466751 112 F cortaderise  G_MT193124 174 Fgss J_OR440837 236 F. meridionale K_KY466735
51 F asiaticum C_KY466749 113 F culmorum H_0Q876777 175 Fgss J_OR440836 237 F meridionale K_KY466733
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Table 1. Cont.
No Species Sample No Species Sample No Species Sample No Species Sample Code
p Code P Code P Code P p
52 F asiaticum C_KY466747 114  F gerlachii I_MW?233118 176 Fgss J_OR440835 238 F meridionale K_KY466732
53  F asiaticum C_KY466746 115  Fgss J_OR440896 177  Fgss J_OR440834 239 F meridionale K_KY466731
54  F asiaticum C_KY466744 116  Fgss J_OR440895 178 Fgss J_OR440833 240 F meridionale K_KY466718
55  F asiaticum C_KY466743 117 Fgss J_OR440894 179 Fgss J_OR440832 241 F meridionale K_HQ214262
56 F asiaticum C_KY466740 118 Fgss J_OR440893 180 Fgss  J_OR440831 242 ;Zﬁome”’ L_MW233083
57  F asiaticum C_KY466741 119  Fgss J_OR440892 181 Fgss J_OR440830 243 F. nepalense M_MW233135
58 F asiaticum C_KY466739 120 Fgss J_OR440891 182 Fgss J_OR440829 244 F solani N_MG183712
59  F asiaticum C_KY466738 121 Fgss J_OR440890 183 Fgss J_OR440828 245 F. ussurianum O_MW233125
60 F asiaticum C_KY466737 122 Fgss J_OR440889 184 Fgss J_OR440826 246 F. vorosii P_MW233119
61 L asiaticum C_KY466736 123 Fgss J_OR440888 185 Fgss J_OR440827 247 F. vorosii P_KY586243
62  F asiaticum C_KY466734 124 Fgss J_OR440887 186 Fgss J_OR440825 248 F. vorosii P_MF974401

2.2. Distance-Based Phylogenetic Methods

In total, three sample sets, Sets I, II, and III, were subjected to distance-based phy-
logenetic analysis. For the Unweighted Pair Group Method with Arithmetic Mean (UP-
GMA) and Neighbor Joining (NJ)-based phylogenetic analysis, FFT-NS-2, 200PAM /K = 2,
Jukes—Cantor substitution modeling, and threshold score = 39 parameters were selected.
Bootstrap support with 1000 hierarchical repeats was also used in NJ-based phylogenetic
assays. Distance-based alignment produced a phylogenetic tree with Newick format, MSA
profiling with conserved regions, plots, and “.aln” files. Phylogenetic trees were transferred
to ITOL for visualization of dendrograms [21]. ITOL visualization parameters were as
follows: circular tree mode with 210° rotation/350° arc, branch length usage, labels with
accession numbers, no rotation, and separately colored sub-divisions.

2.3. Character-Based Phylogenetic Methods

Sample Sets I, II, and III were used in obtaining detailed phylogenetic analysis via
character-based methods. For this purpose, maximum likelihood (ML) and Bayesian
topology assays were carried out using iqtree (1.6.12) and MrBayes software (3.2.7a) on a
Linux terminal (WSL2-based Ubuntu version 20.04). Aligned files with the “.phy” format
were used in iqtree-based ML analysis [22]. The first command in the Linux terminal was
“igtree -s filename.phy” in order to obtain the best-fit model. Best-fit models were used in
three different sample sets. The following command for bootstrapping and model selection
was used in the Linux terminal: igtree -s filename.phy -m modelname -bb 1000 -redo. “.tree”
and “.phy” files, including base frequencies, site proportions, and rates, were obtained.
The “.tree” file was transferred and processed using ITOL software (v6) as described
above. For Bayesian topology analysis, MrBayes software was used using “nex/nexus”
files [23]. For entering a bayesing window in the Linux terminal, the “mb” command was
entered. Common sample size and rate-related commands were then followed as “execute
filename.nex”, “Iset nst = 6 rates = invgamma”, “mcmc ngen = 20,000 samplefreq = 100”7, “no
selection”, “sump”, and “sumt”. After finishing the Bayesian assay, tree files were processed
and visualized using ITOL software.

2.4. Principal Component Analysis (PCA) by RStudio

PCA is a powerful strategy for visualizing and simplifying multiple experiments
and/or data sets with a relatively high number of samples as a single holistic profile or
figure. The potential relationship between tefl —a sequence differences and axis numbers
and rates among FGSC members was figured out by PCA using “ape”, “phangorn”,
“factoextra”, and “readxl” packages in RStudio. “.phy” file was used in PCA processes.
The distance matrix was obtained by describing a new variable, including the “dist.ml1”
function. After writing the distance matrix with the “readxl” package, new variables were

/a7 o

characterized. “prcomp”, “str”,

Vi

tviz_eig”, “rep” (with grouping with a specific number of
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members), and “fviz_pca_ind” functions were used to obtain PCA graphics. Axis numbers
and percentages were recorded for each sample set.

3. Results and Discussion
3.1. Distance-Based Phylogenetic Analysis

The aligned tefl —a sequences for three sets were obtained as different file types, in-
cluding “.aln, .phy, and .nexus”. The NJ dendrogram for Set I included five major clusters
(Figure 1A). The majority of the samples appeared in four clusters that belonged to F. asi-
aticum. Only one cluster included only F. asiaticum samples. F. culmorum was located
between two clusters, while F. solani clearly took quite a distant location compared to the
majority of F. asiaticum samples. There was no perfectly homogenous distribution for
the remaining FGSC members in the Set I NJ dendrogram. However, the Set II dendro-
gram obtained via NJ clustering produced a homogenous distribution for FGSC members,
excluding Fgss (Figure 1B). Two clusters were present in the Set II NJ dendrogram and
83 of the 100 Fgss samples were included in cluster I. Cluster II included the remaining
Fgss samples, F. solani, F. culmorum, and other FGSC members. The NJ dendrogram for
Set III clearly distinguished two major FGSC members (Fgss and F. asiaticum), F. boothii,
and F. meridionale (Figure S1). The Set III NJ dendrogram contained four major clusters,
and two of them included F. asiaticum samples, while cluster I included Fgss samples. The
remaining cluster is composed of the remaining FGSC members, primarily F. boothii and
F. meridionale samples.
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Figure 1. F. asiaticum (A) and Fgss (B) NJ dendrograms. Yellow, green, blue, and red lines are
predicting F. asiaticum, Fgss, F. culmorum, and F. solani samples, respectively.

It seems that NJ-based phylogenetics that included all samples (Set III) provided
the closest distribution to the predicted systematic knowledge. Fgss samples showed a
homogenous distribution in comparison to F. asiaticum samples. Hafez et al. (2020) [24]
reposted similar co-clustering of Fgss isolates among nine FGSC members, eight FHB
and/or CR agents, and F. oxysporum (as an outer group). In addition to developing a
PCR-RFLP-based identification tool for FGSC members, they revealed that Fgss had a
clearly distinct distribution from the remaining Fusarium spp. isolates. Similar results were
also obtained for NJ-based topology analysis in Fgss isolates previously [17,25]. Overall, it
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seems that NJ-based phylogenetic analysis would be useful for comprehensive phylogenetic
analysis with a high number of samples among FGSC members, especially for Fgss.

The UPGMA dendrogram for Set I produced a nearly homogenous distribution for
F. asiaticum samples within only one cluster. Two clusters were obtained, and division-
II contained 80% of F. asiaticum samples, while division-I contained 20% of F. asiaticum
samples, and the remaining FGSC members had F. solani (Figure 2A). Similar results were
obtained for the UPGMA dendrogram for Set II (Figure 2B). 84% of Fgss samples were
co-clustered in division I, and the remaining samples were included in the same division. F.
solani seems to be the most genetically distinct sample for UPGMA analysis. Four major
divisions were present in the UPGMA analysis for Set IIl. The majority of the Fgss and F.
asiaticum samples were clearly located in separate divisions, which are closely related to
each other (Figure S2). While all F. meridionale samples co-clustered in a single division, the
remaining members of F. solani were distinct from the remaining isolates.
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Figure 2. F. asiaticum (A) and Fgss (B) UPGMA dendrograms. Yellow, green, blue, and red lines are
predicting F. asiaticum, Fgss, F. culmorum, and F. solani samples, respectively.

UPGMA analysis yielded an almost homogenous distribution in FGSC members for
three. Additionally, it was shown that F. solani was clearly genetically distinct from the
majority of FGSC members, which was expected based on previous investigations [26,27].
There was idiomorphic UPGMA profiling for Argentinian Fgss isolates and other FGSC
members by tefl —a sequence alignment [28] (Alvarez et al., 2011). It was reported that Fgss
and F. cortaderiae precisely co-clustered in the same sub-division via the UPGMA method,
and F. culmorum was genetically more closely related to F. culmorum in comparison to the
non-FHB and CR pathogen F. oxysporum [29]. Our results showed a similar pattern of
homogenous (but not idiomorphic) distribution among FGSC members, especially for Fgss
and F. asiaticum isolates via UPGMA profiling. Moreover, the UPGMA method provided
clear distinguishing between F. boothii and F. meridionale isolates.

3.2. Character-Based Phylogenetic Analysis

Igtree software-based ML assays yielded best-fit models as TN + F + R2, TIM2e + G4, and
TNe + R2 for Set I, Set II, and Set 111, respectively. For each set, the p values and df values were
recorded as follows: p < 0.05 and df = 3 by the chi2 test (Table 2). The maximum parsimony
informative site was detected in Set I with a relatively minimum gap percentage. In the
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ML-dendrogram of Set I, only two samples were distinctly clustered from F. asiaticum samples.
FE. solani, F. culmorum, and FGSC members but not F. asiaticum samples were co-clustered
(Figure 3A). A similar clustering profile was obtained by ML analysis in Set II. The largest
division included all Fgss samples, excluding one (Figure 3B). The smaller division included
the remaining FGSC members with F. culmorum and F. solani samples. The ML dendrogram
clearly distinguished Fgss and F. asiaticum samples from F. boothii, F. meridionale, and the
remaining FGSC members. In addition, F. solani and F. culmorum samples were co-clustered,
being located quite far from the Fgss and F. asiaticum samples (Figure S3).

Table 2. Alignment results obtained from iqtree-based ML treatment for three sets.

Parsimony Singleton Constant Lo . .
Set Informative Sites Sites Sites Gap/Ambiguity Chi2 Test Base Frequencies (A/C/G/T)
Set I 246 120 405 18.13% p<005df=3  0.220/0.301/0.220/0.259
Set IT 36 158 554 20.38% p<005df=3  0.25/0.25/0.25/0.25
SetllI 293 124 344 19.73% p<005df=3  0.25/0.25/0.25/0.25
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Figure 3. F. asiaticum (A) and Fgss (B) ML dendrograms. Yellow, green, blue, and red lines are
predicting F. asiaticum, Fgss, F. culmorum, and F. solani samples, respectively.

ML-based phylogenetic analysis provided effective distinction among FGSC members
in terms of intraspecific variation. Especially, the location of the F. solani sample was clearly
informative and distinguishable from the FHB and CR causal agents’ tefl —a sequences.
Similar ML profiling for FGSC members was present in previous studies [30,31]. Fgss, F.
meridionale, F. asiaticum, and F. boothii isolates from Iraq, Poland, and Austria were clearly
distinguished from Fusarium spp. isolates not related to FHB and CR. Overall, it could be
concluded that ML-based phylogenetic analysis could provide reliable characterization
and clustering of Fgss and F. asiaticum isolates from FGSC members.

Bayesian phylogenetics were obtained by using MrBayes software. Bayesian topology
yielded not more than two divisions for all three sets (Figure 4A,B). However, Bayesian
dendrograms for Set I and Set II clearly showed distinct clustering of F. solani and F.
culmorum samples from F. asiaticum and Fgss samples, respectively (Figure 4A,B). Set III
dendrogram provided heterogeneous distribution of F. asiaticum and Fgss samples among
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the largest division. Even if F. meridionale and F. boothii samples were located between
the majority of Fgss and F. asiaticum samples, as in distance-based Set III dendrograms,
6 F. asiaticum and 4 Fgss samples clustered apart from the majority of Set I and Set II
samples (Figure 54). In comparison to the remaining three phylogenetic analysis methods,
Bayesian topology would be more useful in member-specific alignment analysis due to the
heterogeneous distribution of F. asiaticum and Fgss samples in Set II1.
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Figure 4. F. asiaticum (A) and Fgss (B) Bayesian dendrograms. Yellow, green, blue, and red lines are
predicting F. asiaticum, Fgss, F. culmorum, and F. solani samples, respectively.

To our knowledge, there is no present, detailed investigation for FGSC phylogenetic
analysis via Bayesian topology. Several Fusarium spp. species excluding FGSC members
have been identified and characterized by multiple alignment assays combined with
Bayesian topology in the tefl—a, tub2, cyp51C, and rpb2 genes [32-34]. Similar to the
existing studies, including Bayesian topology analysis for Fusarium spp., homogenous
distributions of Fusarium spp. isolates belonging to the same species were present in
this study:.

3.3. PCA-Based Similarity Analysis

PCA tests were carried out using the R programming language for three sets separately.
Set I PCA revealed 99.5% and 0.4% percentages for dimension 1 and dimension 2, respec-
tively (Figure 5A). The F. solani isolate with accession number N_MG183712 was clearly
located a quite far away from the FHB and CR causal agents. Additionally, two F. asiaticum
samples (C_LC489415 and C_LC500695) were not co-clustered with the remaining 90 F.
asiaticum samples. In comparison to the Set I PCA graphic, Set Il samples were regularly
clustered within dimension I (99.3%). Similarly, the F. solani isolate was clustered distinc-
tively from all FHB and CR pathogens (Figure 5B). Set IIl revealed a natural combination of
PCA graphics from Set I and Set II in terms of the homogenous distribution of FHB and
CR pathogens with a 99.5% percentage of dimension 1 (Figure S5). PCA profiling of three
different sets produced an overall homogenous distribution of FGSC members via tefl —a
sequence alignment analysis.
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Figure 5. PCA profiling of F. asiaticum (A) and Fgss (B) samples subjected to tefl —a sequence based
phylogenetic analysis.

Distance-based methods and character-based methods revealed strong co-clustering
of Fgss and F. asiaticum isolates from remaining FGSC members, F. culmorum, and F. solani.
Phylogenetic analysis for especially Set III resulted in FGSC members clustering in different
sub-divisions from non-FHB and non-CR pathogens, as reported previously [17,24,25,28-31].
Especially UPGMA-based phylogenetics resulted in a homogenous distribution of Fgss and
F. asiatium isolates. Similar data were obtained from ML-based phylogenetic analysis. Fgss
and F. asiaticum isolates co-clustered in separate sub-divisions from the remaining FGSC
members, F. culmorum and F. solani. Even if UPGMA has some limitations, such as assuming
the same evolutionary speed and evolution rate, our results showed that UPGMA would
be useful in phylogenetic studies that include a high number of samples with a limited
number of taxa [35,36]. Similarly, ML-based phylogenetic analysis resulted in a great level
of distinction between Fgss and F. asiaticum isolates from other Fusarium spp. This success
in ML-phylogenetics in FGSC characterization might be due to the fact that there was no
outlier or genetically most distant sample presence in the aligned data [37,38]. In addition
to UPGMA- and ML-based phylogenetics, PCA also seemed to be an effective strategy
for revealing the homogenous distribution of F. asiaticum, Fgss, F. meridionale, and F. boothii.
FGSC members were clustered together in PCA profiling, resulting in a 99.5% percentage
of homology. Phylogenetic analysis approaches supported by PCA tests are particularly
important for increasing the reliability of studies of fungal species where subspecies or species
complexes exist. PCA tests offer a holistic approach when compared to phylogenetic tests
based on different mathematical arguments and help to clearly identify individuals at the
genetic level when the phylogenetic diagnosis is in doubt. In this content, these results showed
that FGSC members could effectively be genetically characterized via UPGMA- and ML-based
phylogenetics in tefl —a sequence alignment strategies.

4. Conclusions

F. graminearum has always been at the center of interest for those studying plant
pathology. Its global distribution, capacity to produce different types of important myco-
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toxins, being a species complex with geographically confusing distribution, and some other
characteristics made F. graminearum such a popular phytopathogenic fungus worldwide.
However, the need for the precise identification of FGSC members (formerly named as
lineage) led scientists to develop reliable and verifiable methods. Hitherto, it is safe to say
that multilocus genotyping has met this need. However, it could be concluded that tef1 —a
sequencing has also been quite successful on its own. This study was designed, in a sense,
to test the success of the genetic identification of FGSC members by tefl —a sequencing.
Four different methods were used for phylogenetic analysis with 246 FGSC members. Even
if NJ and Bayesian topology assays revealed a relatively heterogeneous distribution of F.
solani and F. culmorum within sub-divisions of FGSC members, the majority of Fgss and F.
asiaticum isolates co-clustered in two large sub-divisions. The UPGMA and ML methods,
which provided a near-perfect FGSC member characterization, were validated by PCA.
The results showed that especially UPGMA- and ML-based phylogenetic treatments in
FGSC members would be useful in member-specific genetic characterization via fefl —a
sequencing data. This is also the first study to combine phylogenetic methods with PCA
tests to reveal member-specific characterization in FGSC. An increased number of taxa with
a higher number of FGSC isolates would be tested by using character- and distance-based
phylogenetic analysis for fefl —a in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d16080481 /s1: Figure S1: NJ dendrogram for 248 Fusarium spp. Isolates.
Yellow, green, blue, red, purple, and gray lines are predicting F. asiaticum, Fgss, F. culmorum, F. solani, F.
meridionale, and F. boothii samples, respectively. Figure S2: UPGMA dendrogram for 248 Fusarium spp.
Isolates. Yellow, green, blue, red, purple, and gray lines are predicting F. asiaticum, Fgss, F. culmorum, F.
solani, F. meridionale, and F. boothii samples, respectively. Figure S3: ML dendrogram for 248 Fusarium
spp. Isolates. Yellow, green, blue, red, purple, and gray lines are predicting F. asiaticum, Fgss, F. culmorum,
F. solani, F. meridionale, and F. boothii samples, respectively. Figure S4: Bayesian topology dendrogram for
248 Fusarium spp. Isolates. Yellow, green, blue, red, purple, and gray lines are predicting F. asiaticum,
Fgss, F. culmorum, F. solani, F. meridionale, and F. boothii samples, respectively. Figure S5: PCA profiling for
248 Fusarium spp. isolates.
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