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ABSTRACT

The 16S rRNA gene is a housekeeping genetic marker that is available in almost all bacterial
species and it is used in bacterial phylogeny and taxonomy studies. In many studies, the 16S rRNA
gene is used in identification of certain bacterial species. Being a less conserved genetic marker,
certain studies found it is a useful tool to infer the genome-wide similarity levels among the closely
related prokaryotic organisms. Thus, this study aimed to compare the variation in the 16S rRNA
partial region of Burkholderia spp. that infect the panicle of rice from eight different geographical
areas. 58 sequences with total of 688 base pairs (bp) of 16S rRNA gene in B. glumae and B. gladioli
were retrieved from public database based on several countries namely United State, Panama,
Ecuador, Thailand, China, India, Korea and Malaysia. Then, the data sequences were analysed and
validated using MEGAX and ABGD software respectively. The result of phylogenetic tree
confirmed that B. glumae and B. gladioli were species that present in the panicle blight of rice.
However, Data Analysis in Molecular Biology and Evolution (DAMBE) and Automatic Barcode
Gap Discovery (ABGD) software were not able to detect substitution saturation and divergence
between B. glumae and B. gladioli respectively based on the 58 sequences of the 16S rRNA partial
region. Hence, it proves that 16S rRNA gene is an ineffective genetic marker to be used to
differentiate the closely related species of bacteria from similar genus.

Keywords: 16S rRNA gene, Burkholderia glumae, Burkholderia gladioli, MEGA X, DAMBE,
ABGD
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INTRODUCTION

The genus Burkholderia consists of Gram negative bacteria and the existence of its members are
plentiful in ecological niches [1]. Adaptation to different environments by Burkholderia is caused
by the genome plasticity that may increase the gene mutation and recombination [2,3]. As a result,
one species from the genus Burkholderia may be found in several different habitats such as soil,
plant, animal surfaces, rhizosphere, water [3] clinical specimens and foods [4]. Nevertheless, a
growing number of strains and species of Burkholderia have also been identified as plant—
associated bacteria in recent years [1]. Zhou-gi et al. [5] stated that the infection by Burkholderia
glumae in rice has been found to be the cause of severe loss of yield in fields up to 75% in
Louisiana, USA. This statistic of yield loss shows that bacterial panicle blight acts as a potential
high-risk bacterial disease of rice [5]. Despite B. glumae, the presence of another species in
Burkholderia genus; Burkholderia gladioli was found to be the causal agent of the occurrence of
grain rot, seedling rot and panicle blight [6]. However, this species tends to be less frequently
isolated from infected rice panicles and they are less virulence than B. glumae [7]. In addition, the
appearance of B. gladioli in Louisiana, Texas and Arkankas was only about 20 percents [5].
According to Aflaha et al. [8], the occurrence of bacterial panicle blight was due to the production
of toxoflavin by B. glumae that is essential for its virulence.

A discovery by Syahri et al. [9] and Nandakumar et al. [10], established that panicle blight
cases were detected when brown discolouration appeared on the lower third to half of the hulls.
Despite grain discolouration, the stem of infected rice plant remains green [10, 9]. The
contaminated grains will turn the discolouration of grain from green to darker-brown and
comprises reddish-brown lines across the floret during the end stage of the season [9; 11].
Moreover, in another study, it proved that spikelet sterility and discolouration of emerging grains,
loss weight in grains, floret sterility and inhibition of seed germination also were due to the
infection of B. glumae [4, 12,9]. Other than that, a study performed by Weny et al. [40] concluded
that high night temperature and frequent rainfalls were also part of the main important
environmental factors initiating the growth of B. glumae that lead to appearance of the symptoms
of panicle blight which predispose rice to disease outbreak. Bacterial panicle blight (BPB)
frequently occur in tropical and semi-tropical countries having the optimal temperature range from
30°C to 35°C for bacterial reproduction [14,4].

However, climate changes may cause the formation of new disease because most of the
plant pathogens that live in high optimal temperatures will emerge and become more prevalent
worldwide [15; 9]. Since 1999, different Burkholderia species have been detected in the
rhizosphere of various crops around the world [16]. As an example, B. cepacia was found in
rhizosphere of rice, pea, horsetail, arum lily and wheat in the UK [17]. Meanwhile, a similar
species of Burkholderia has been isolated from the rhizosphere of maize in the US. Thus, the
rhizosphere is considered as a reservoir for the members of genus Burkholderia [18]. In a study
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conducted by Eberl and Vandamme [18], the researchers also stated that plant hosts can be infected
or colonized by more than one species of the genus Burkholderia. For instance, the first rice
rhizosphere detected in Vietnam is Burkholderia vietnamiensis which was isolated along with
other Burkholderia species that come from rhizosphere of maize and coffee. This shows that
different type of soil or crop management affect the diversity of Burkholderia species [5].

One of the most conserved regions in bacteria is 16S rRNA gene [19] and it is crucial for
bacterial phylogeny and taxonomy studies [20]. In addition, 16S rRNA gene also acts as a
housekeeping genetic marker because it presents in almost all bacterial cells. Besides, this genetic
marker has not changed over time but 16S rRNA gene exhibits considerable variations [13]. It also
has larger number of base pairs (1,500 bp) that is suitable to be used or applied in bioinformatics
studies [21]. The application of 16S rRNA gene revealed that Burkholderia glumae was the first
causal agent of emergence of bacterial panicle blight (BPB) reported in North India. Destructive
BPB was occurred seriously in basmati and non-basmati rice which led to chaffy grains and the
strains from India were shared 99 percent similarity of the nucleotide sequences with B. glumae
(NR102846) obtained from public database [22]. Moreover, confirmation test for the presence of
B. gladioli in panicle blight disease in Panama was taken place through BLAST analysis of the
16S rRNA region which resulted in 99 percent similar with the sequence data from Genbank [23].
According to the data above, 16S rRNA gene sequencing can be utilized as a tool to identify
bacteria at the species level [24].

The 16S rRNA gene sequencing has been used by many researchers to identify
Burkholderia species present in rice panicle blight. Analysis of 16S rRNA gene is a standard
approach of bacterial taxonomy study and species identification based on the detection of sequence
differences (polymorphism) in the hypervariable regions that present in all bacteria [25]. Molecular
Evolutionary Genetics Analysis (MEGA) is one of the most appropriate software that comprises
many features to analyze and store data in many types of files such as FASTA format, MEGA
format and Excel Workbook [26]. Kumar et al. [27] stated in their review that MEGA helps
researches to assemble sequences, align sequences, build phylogenetic or phylogenomic trees,
compute genetic distance table and perform BLAST search. The MEGA software provides
maximum-likelihood (ML) analysis for constructing the phylogenetic trees [28]. Kumar et al. [27]
disclosed that a recent MEGA X software had been optimized with 64-bit computing systems
which allow larger data analysis by researchers and scientists. Previously, MEGA 6.0 was utilized
to build phylogenetic trees and perform comparative genomic analysis of genus Burkholderia
based on 21 conserved proteins sequences [29]. As the result, they proposed that the genus
Burkholderia was divided into three clades which contains clinically relevant Burkhoderia,
pythopathogenic Burkholderia and Paraburkholderia gen. nov.
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However, the identification of Burkholderia spp. based on 16S rRNA gene by
Mirghasempour et al. [30] only focusing on certain areas in China. Therefore, there is an absence
of a data compilation of bacterial panicle blight from Western (United State, Panama and Ecuador)
and Asian (Thailand, China, India, Korea and Malaysia) countries.

Thus, the relatedness among closely related species of B. glumae and B. gladioli from two
different continents (Western and Asia) may not be observed. Besides, the study of variability of
16S rRNA gene in B. glumae and B. gladioli species is also indeterminate. Consequently, the
factors of acclimation of B. glumae and B. gladioli species at different geographical areas may not
be well-studied. This study analyzes the compilation of rice panicle blight data between Western
(United State, Panama and Ecuador) and Asian (Thailand, China, India, Korea and Malaysia)
countries. Moreover, this study is also conducted to compare the variability of 16S rRNA partial
region of Burkholderia species that infect the panicle of rice from different geographical areas. In
addition, Martinez-Porchas et al. [31] stated that the application of short 16S rRNA gene led to
specificity and sensitivity loss. Hence, the effectiveness of 16S rRNA partial region as a genetic
marker in bacterial panicle blight can be observed and evaluated based on the data obtained in this
study.

EXPERIMENTAL

Data Retrieval from Databases

Retrieval of the 59 DNA sequences in this study consisted of 58 data of Burkholderia spp. and
Hafnia alvei as an outgroup. All data were retrieved by the accession numbers from several
journals stored in the Canadian Journal of Plant Pathology, APS Publications, Journal of Plant
Pathology, Agricultural Science Journal and PubMed. All the 59 data sequences in this study were
deposited in the National Center for Biotechnology Information (NCBI) database. Data from eight
different geographical areas were retrieved and compiled as shown in Table 1.

Table 1: List of Burkholderia species used in this study

No.  Accession no.  Species Geographical Sizes References

areas (bp)
1. DQ355164 B. glumae USA 1494 Nandakumar et al. [10]
2. DQ355166 B. glumae USA 1494 Nandakumar et al. [10]
3. DQ355167 B. glumae USA 1494 Nandakumar et al. [10]
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

DQ355165
KP689100
KP689101
KP689102
MN400210
MN400211
KF995706
KF995707
KF995708
EF193638
EF193639
EF193640
EF193641
KX638433
MT765056
MT765057
MT765058
MT765059
KY826526
KY826527
KY826528
KY826529
KY826530
MN164411

MN164412

B.

B

B.

B.

B.

B.

B.

glumae

. glumae

glumae
glumae
glumae
glumae

glumae

. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae
. glumae

. glumae

USA
India
India
India
China
China
China
China
China
Panama
Panama
Panama
Panama
Korea
Korea
Korea
Korea
Korea
Thailand
Thailand
Thailand
Thailand
Thailand
Malaysia

Malaysia

1494 Nandakumar et al. [10]
1521 Mondal et al. [22]
1521 Mondal et al. [22]
1521 Mondal et al. [22]
1525 Hou et al. [32]

1525 Hou et al. [32]

1440 Hou et al. [32]

1445 Riera-Ruiz et al. [33]
1421 Riera-Ruiz et al. [33]
1442 Riera-Ruiz et al. [33]
1442 Riera-Ruiz et al. [33]
1442 Riera-Ruiz et al. [33]
1442 Riera-Ruiz et al. [33]
1497 Riera-Ruiz et al. [33]
1455 Choi et al. [34]

1455 Choi et al. [34]

1455 Choi et al. [34]

1455 Choi et al. [34]

1318 Choi et al. [34]

1318 Choi et al. [34]

1318 Choi et al. [34]

1318 Pet-amphai et al. [35]
1318 Pet-amphai et al. [35]
1309 Unpublished

1308 Unpublished
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29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

A7,

48.

49.

50.

51.

52.

53.

MN164413
MN164414
MN164415
JF431409
JF431410
DQ355168
DQ355169
EF088208
EF088209
EU090890
MG386180
IX566502
MH281642
EF178441
MF536137
KT862889
MN599032
MK 183027
KP842828
EF193642
EF193643
EF193644
EF193642
IX566503

KF669880

B. glumae
B. glumae
B. glumae
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli
B. gladioli

B. gladioli

Malaysia
Malaysia
Malaysia
Korea
Korea
USA
USA
USA
USA
China
China
China
China
China
India
India
India
India
India
Panama
Panama
Panama
Panama
Ecuador

Ecuador

1309 Unpublished

1308 Unpublished

1309 Unpublished

1326 Seo et al. [36]

1329 Seo et al. [36]

1494 Seo et al. [36]

1494 Nandakumar et al. [10]
1492 Nandakumar et al. [10]
1492 Nandakumar et al. [10]
1525 Mirghasempour et al. [30]
1428 Mirghasempour et al. [30]
1506 Mirghasempour et al. [30]
978 Mirghasempour et al. [30]
1352 Mirghasempour et al. [30]
1260 Unpublished

1230 Unpublished

1410 Unpublished

1000 Unpublished

1423 Unpublished

1442 Nandakumar et al. [23]
1442 Nandakumar et al. [23]
1442 Nandakumar et al. [23]
1442 Nandakumar et al. [23]
1506 Riera-Ruiz et al. [33]

680 Riera-Ruiz et al. [33]
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54, KF669881 B. gladioli Ecuador 686 Riera-Ruiz et al. [33]
55. KF669882 B. gladioli Ecuador 690 Riera-Ruiz et al. [33]
56. KF669883 B. gladioli Ecuador 698 Riera-Ruiz et al. [33]
57. KF669884 B. gladioli Ecuador 799 Riera-Ruiz et al. [33]
58. KF669885 B. gladioli Ecuador 750 Riera-Ruiz et al. [33]
59 M59155.2 Hafnia alvei Outgroup 1488 Woese et al. [37]

All the nucleotide sequences of 16SrRNA gene from 7 different geographical areas were deposited in National Center
for Biotechnology Information (NCBI).

Geographical Distribution of Bacterial Panicle Blight (BPB)

In this study, data samples from Western countries such as United States, Panama, Ecuador and
Asian countries such as, India, China, Thailand, Korea and Malaysia were obtained from National
Center for Biotechnology Information (NCBI) database and the distribution areas were plotted in
Figure 1.

Figure 1: The distribution of bacterial panicle blight (BPB) from two different continents (Western and
Asia) in this study
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Multiple Sequence Alignment by ClustalW Algorithm

At the beginning of alignment process, the sequences of 16S rRNA partial region were selected
and aligned by ClustalW algorithm with the implementation of progressive alignment method [38].
Initial step of the progressive alignment method started with alignment of two closely related
sequences of 16S rRNA gene. The next closely related 16S rRNA sequence was added afterwards
to the initial paired sequence until a global alignment was produced [38]. On top of that, all the
sequences were trimmed to produce similar length of DNA sequences avoiding from misleading
analysis of data. The succession of DNA sequences alignment in this study was produced several
outputs such as the sites of conserved regions (C), variable regions (V) and parsimony informative
sites (P) of the partial region of 16S rRNA gene sequences.

Construction of Phylogenetic Tree

The best model selection for constructing the phylogenetic tree was proposed and suggested in the
Best-Fit Substitution Model (ML) table in Appendix A. An automatic Neighbor-joining tree with
maximum likelihood estimation method was chosen in the analysis. The analyses were conducted
using the Kimura 2-parameter model and the rate variation among sites was modelled with a
gamma distribution of five. All the selected 59 nucleotide sequences involved in this analysis was
based on the total of 688 bp in the final dataset. Model selection analysis and evolutionary
divergence estimation between the 59 sequences were used to infer the phylogenetic tree in MEGA
X.

RESULTS AND DISCUSSION

The Pacific Ocean extends from the south of Antarctic zone to the north of Arctic zone and lying
between Asian and Western continents on east region [39]. Although continents are separated by
the Pacific Ocean, bacterial panicle blight disease is one of the major threats for rice producing
countries in Western (5,994,935 km?) and Asian (44,580,000 km?) continents. In Indonesia, spread
of BPB was stimulated by several factors such as climate, genetic change of the pathogen; B.
glumae and seeds importing activities. However, seeds importing activities from China, India and
Philippines where the BPB outbreaks occurred are the major cause for rapid dissemination of BPB
in Indonesia [40]. Moreover, Paz-Carrasco et al. [41] confirmed that B. glumae became prevalence
for BPB disease because they have spread to several rice producing regions and led to severe
damage in El Oro, Cafiar, Guayas and Los Rios.
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In this study, 16S rRNA partial region for identification of B. glumae and B. gladioli were
retrieved from public database namely National Centre for Biotechnolgy Information (NCBI). The
length of aligned nucleotide sequences of Burkholderia spp. and the outgroup were trimmed to
688 bp as the output sequence. Several statistical attributes such as conserved sites (C), variable
sites (V), parsimony informative sites (S), percentage of coverage and percentage of conservation
of the aligned sequences were generated in the Sequence Data Explorer in MEGA X.

According to the result shown in Table 2, 79.6% of the conserved sites and 18.7% of the
variable sites of Burkholderia spp. are the most important regions in this analysis because this
information help to discover the similarities and differences among Burkholderia spp. respectively
[26]. Accordingly, the variable sites percentage (18.7%) in the partial region of 16S rRNA gene
within Burkholderia species proved that abiotic factors in eight different geographical areas may
affect the nucleotide sequences in the genetic marker [42]. Parsimony informative sites in
Burkholderia analysis comprised at least two types of DNA nucleotides and a minimum of two
amino acids occurred with the lowest frequency of two [43].

In other word, parsimony in phylogeny is the simplest explanation of the evolutionary
relationship among Burkholderia species with smallest number of changes in the nucleotide
sequences and the lowest changes is presumed to be correct [44]. In studies conducted by Ki et al.
[45], Dudu et al. [44] and Chen et al. [46], the percentage of parsimony informative sites are in
the range between 8.0% to 44.2%. Unfortunately, only 15 out of 688 sites (2%) were parsimony-
informative in this study. This parsimony informative site is the only approach to estimate the
construction of an evolutionary tree that minimizes the steps required to produce the observed
variations in the 59 data sequences.

Table 2: Percentage of aligned sequences of 16S rRNA gene of Burkholderia species

Regions Percentages (%) of Sequence Data
Conserved (C) 79.6

Variables (V) 18.7

Parsimony informative (S) 2

Elucidation of Best-Fit Substitution Model

Explicit or implicit assumptions regarding to the DNA substitution process are required to perform
any phylogenetic methods. Best-Fit Substitution Model was proposed by Posada and Crandall
[47[40]] and they stated that it is a simple application or program used to differentiate among the
DNA substitution models stored in a hierarchical hypothesis-testing framework by applying the
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likelihood ratio test calculation using X? distribution with q degree of freedom method. Besides,
model test helps to compute the Akaike information criterion (AIC) values.

The goodness-of-fit of each suggested model is measured by the Bayesian information
values (BIC) and improved by AIC values [47]. Generally, each proposed model in MEGA X
provides several estimation values such as parameter of Gamma distribution (+G), invariant site
(+1), Akaike information criterion (AIC) and Bayesian Information Criterion (BIC) [47]. Based on
the best fit substitution table shown in Appendix A, the best model suggested for this study is
Kimura 2-parameter using Gamma distribution (+G) with 5 rate categories. Invariable (+1) in
K2+G+I model indicates that certain fraction of the sites is evolutionary invariable. Each proposed
model and parameters are depending on the nucleotide data input.

Phylogenetic Relationship and Genetic Distance Evaluation Among and Within the Species of
Burkholderia

Phylogenetic tree is a diagram that shows the evolutionary relationships between species from a
particular ancestor [26]. The evolutionary history in this study was inferred by using the Neighbor-
Joining method. Referring to the result of the analysis of the partial region of 16S rRNA gene of
Burkholderia genus shown in Figure 2, all the sequences except for the Hafnia alvei (outgroup)
are emerged from a common ancestor which proved that the 58 sequences are species from
Burkholderia genus.

All 31 sequences of B. glumae species within Clade 1 in the phylogenetic tree were highly
supported (98%) by using bootsrap method. Meanwhile, Clade Il showed a cluster of B. glumae
and B. gladioli with 74% bootsrap support. A phylogenetic tree that was constructed by Riera-
Ruiz et al. [33] using MEGA 7.0 with 1000 bootstraps based on Kimura 2-parameter model
depicted higher value of confidence level with B. gladioli within Clade 11 in the phylogenetic tree
were species than B. glumae due to inhibition of colonization by B. gladioli in the rice samples.
Besides, production of virulence factor; toxoflavin reduced the growth of the rice panicles, leaves,
coleoptile and roots because the roots region composed of various sugar such as galactose,
fructose, mannitol, arabitol and ribitol for bacterial growth [3].

However, partial sequence of 16S rRNA gene in this study may affect the construction of
phylogenetic tree because Martinez-Porchas et al. [31] concluded that larger fragment of 16S
rRNA gene led to higher sensitivity and sensibility as it was found to be a massive high throughput
in the study. Although both species are emerged into several subclades in Figure 2, B. glumae and
B. gladioli are still deposited into a similar major clade of Burkholderia genus. All ambiguous
positions were removed for each sequence pair.
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Figure 2: Phylogenetic analysis of 16S rRNA partial region in B.glumae and B.gladioli by Maximum
Likelihood method to construct Neighbour-joining tree based on the Kimura 2-parameters model. A
discrete Gamma distribution with five rate categories (parameter = 0.05) was used.
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The genetic diversity between B. glumae and B. gladioli can be observed in Table 3.
According to the Table 3, the genetic diversity of B. glumae are in the range between 0.000-0.007.
Meanwhile, ranges of genetic diversity of B. gladioli species are between 0.000-0.010. This small
range of genetic diversity or genetic variation in B. glumae and B. gladioli may be only due to
different abiotic factors of a specific habitat or living environment [10] as these pathogenic bacteria
need to grow rapidly by adjusting their enzyme level in order to utilize any available nutrients in
the surrounding to survive [48]. Bena et al. [49] found that dissemination of bacterial panicle
blight from Asia to America caused by B. glumae was unrelated to the major loss of genetic
diversity.

However, a genome sequence analysis was performed by Cui et al. [50] and they disclosed
that horizontal gene transfer (HGT) by B. glumae plays a part in adaptation at different
geographical areas. The comparative study also revealed that different niches increase diversity in
B. glumae for bacterial survival [50]. Table 3 also depicts that within B. gladioli species, they are
more likely to diverse than B. glumae species because different geographical areas affect the
acclimation of bacterial adaptation for new environment [51]. A comparison of KEGG pathways
was conducted by Lee et al. [52] in the pan-genomic study to differentiate the biological
capabilities and niche adaptation by B. gladioli strains. As the result, they discovered that selenium
from the soil was absorbed and assimilated by the plants led to homeostasis of important nutrients,
photosynthesis, stress tolerance and stimulation of plant growth.

However, selenium and selenoamino acids molecules were required as the substrate for
enzymatic activities in plants and pathogenic B. gladioli as well. Therefore, a competition between
rice plants and pathogen for the limited source of selenium was taken place by two organisms for
their survival. Consequently, the pan-genome study provides the illustration on the incidence of
gene content versatility in B.gladioli due to adaptation at different geographical areas [52].
Besides, endophytic bacteria also able to manipulate the functional traits in their genome enabling
for an interaction with the plant host which help the pathogen to mitigate from the adverse
condition [53]. Moreover, a comparative genomic study performed by Seo et al. [54] shows that
two different strains of B. glumae from different geographical areas led to genomic variation and
genetic difference among the pathogenic B. glumae and B. gladioli. On top of that, the
rearrangement and development of a particular system in B. glumae due to evolutionary changes
were determined as a virulence-related feature in the pathogenic B. glumae which allows the
bacteria broaden their host range and produce interaction with the host [55].
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Table 3: Pairwise comparison between individual of 16S rRNA gene based on Kimura-2-
parameter among B. glumae and B. gladioli

No Species 1 2 3

1 B. glumae 0.000-0.007

2 B. gladioli 0.015-0.024 0.000-0.010

3 Hafnia alvei 0.196-0.204 0.192-0.200 0.000-0.000

Results Validation

The result validation was conducted to evaluate the accuracy of the phylogenetic tree which mainly
depends on the quality of aligned sequence, consistency and efficiency of preferred method in
phylogenetic reconstruction and the genetic diversity in this study. Thus, DAMBE software aids
in plotting the transition and transversion number of the observed aligned sequence versus the
divergence [56]. As referring to the Figure 3, all the 59 sequences do not experience any
substitution saturation due to the highly conserved region of 16S rRNA gene. Besides, the directly
proportional graph proves that the input nucleotide sequences data are appropriately aligned. In
general, if there is presence of significant saturated nucleotide sequence, it will be excluded from
further analysis to avoid from any incorrect phylogenetic tree’s reconstruction [56].

Substitution Saturation

0.1
0.08
0.06
0.04

0 0.05 0.1 0.15 0.2 0.25

Figure 3: Saturation substitution graph indicates the transversion and transmission in the sequence data
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In addition, Automatic Barcode Gap Discovery (ABGD) software was utilized as a
secondary tool to validate data in this study. ABGD was introduced with an automatic barcode gap
detection procedure to perform partition on the candidates of the data. Initially, the software works
by running the data to produce a model-based one-sided confidence limit for detection of
intraspecific divergence. After that, barcode gap is identified as the initial significant gap to
perform partition to the data sequence. The gap and inference of the limit are detected, and these
data are recursively applied to the data sequence to obtain more accurate partitions until no further
partitioning step can be performed [57].

Result from ABGD software is depicted in Figure 4 to observe the intraspecific divergence.
In a study conducted by Puillandre et al. [57], they stated that the ranges of intraspecific divergence
for species delimitation is between one percent until three percent. Unfortunately, the divergence
of B. glumae and B. gladioli based on the partial region of 16S rRNA gene are undisclosed as the
result of ABGD software shows only two groups are present in the analysis and it is contradicted
with the result from previous phylogenetic tree which depicts the presence of three species in the
study. This is because the highly conserved region of 16S rRNA gene causes only a slightly
diverged regions in both Burkholderia species and eventually this small divergence is undetected
in the ABGD software [58,59].

The discovery of this study will redound to the advantages of community considering that
identification of Burkholderia spp. plays a vital role in managing the rice crop. Rice is a staple
food for million peoples in the world particularly in Asian countries. The evolution of a species
and identification of the ancestor for a newly-found species can be determined by researcher based
on the phylogenetic trees. On top of that, phylogenetic tree also provides the general principle of
species evolution which allows scientist to predict the transformation or changes of a particular
species in future. Therefore, this approach helps researches to further their study in a new-
upcoming pathogen outbreak. As the consequence, government can recommend the amendment
of public health policy to avoid any outbreaks occurrence.

Other than that, study of variation of Burkholderia species in rice panicle blight allows the
scientists to figure out the ability of another bacteria that is non-pathogenic to plants, environments
and humans that act as biological agents against the pathogenic B. glumae and B. gladioli. Finding
an appropriate biological agent against Burkholderia pathogens will result in reduced chemical
agents’ dependence and minimize the farmers from exposure to hazardous chemical agents.
Eventually, water pollution also can be reduced. Moreover, this research may help the scientists to
unclose the resistance gene in the rice towards pathogenic Burkholderia and increase rice crop
productivity. The improvement in rice crop productivity leads to variation in rice production. Thus,
demand for good quality of rice crop will also rise. As the result, government can ensure the
continuance of economic growth as the demand for good quality of rice crop elevates.
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Figure 4: Intraspecific divergence based on the partial region of 16S rRNA gene in B. glumae and B.
gladioli were unable to be detected in the ABGD software

CONCLUSION

16S rRNA gene is a highly conserved region in prokaryotic organisms and this genetic marker is
a very good recommendation to be used in distinguishing the non-closely related bacterial species.
A good genetic marker should produce similar data output as evidence for a particular study when
it is performed with several different bioinformatics software. Unfortunately, this study shows that
16S rRNA gene is an inappropriate genetic marker to differentiate the closely related species
bacteria from similar genus. Based on the results obtained in above, the divergence between both
B. glumae and B. gladioli can only be observed through the phylogenetic tree and the genetic
distance table obtained from MEGAX. However, the data sequences were unpredicted in ABGD
software. B. glumae species within Clade I in the phylogenetic tree were highly supported (98%)
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and it depicts that 16S rRNA gene could be used as a good genetic marker to differentiate among
the individuals. Whereas, a new genetic marker to differentiate the B. gladioli species needs to be
identified because B. gladioli are grouped within Clade 11 in the phylogenetic tree with only 74%
of the confidence level. The limitation of this study is the 16S rRNA gene is not workable for
Burkholderia plantarii that can also act as rice pathogen. We recommend the 16S — 23S rDNA
internal transcribed spacer (ITS) is another good genetic marker that can be used to differentiate
closely-related species bacteria as its efficiency to identify B. glumae and B. gladioli was proven
in few studies.

ACKNOWLEDGMENTS

We would like to acknowledge the support of Faculty of Applied Sciences, Universiti Teknologi
MARA, Shah Alam, Selangor, Malaysia for providing the facilities support on this research.

AUTHOR’S CONTRIBUTION

All the authors have reviewed the research articles, analyzed the data, wrote, and revised the
manuscript.

CONFLICT OF INTEREST STATEMENT

The authors agree that this research was conducted in the absence of any self-benefits, commercial
or financial conflicts and declare absence of conflicting interests with the funders.

REFERENCES

[1] Compant, S., Nowak, J., Coenye, T., Clement, C., & Ait Barka, E. (2008). Diversity and
occurrence of Burkholderia spp. in the natural environment. FEMS microbiology
reviews, 32(4), 607-626. https://doi.org/10.1111/j.1574-6976.2008.00113.x

[2] Ramette, A., LiPuma, J. J., & Tiedje, J. M. (2005). Species abundance and diversity of
Burkholderia cepacia complex in the environment. Applied and Environmental
Microbiology, 71(3), 1193-1201. https://doi.org/10.1128/AEM.71.3.1193-1201.2005

[3] Romero-Gutierrez, K. J., Dourado, M. N., Garrido, L. M., Olchanheski, L. R., Mano, E.
T., Dini-Andreote, F., Valvano, M. A., & Araujo, W. L. (2020). Phenotypic traits of
Burkholderia spp. associated with ecological adaptation and plant-host interaction.
Microbiol Res, 236, 126451. https://doi.org/10.1016/j.micres.2020.126451

Science Letters Vol. 16(1) JANUARY 2022 117




Wcaeuce
LETTERS

ISSN: 1675-7785
https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
Vol. 16(1) JANUARY 2022 Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Ham, J. H., Melanson, R. A., & Rush, M. C. (2011). Burkholderia glumae: next major
pathogen of rice?. Molecular Plant Pathology, 12(4), 329-339.
https://doi.org/10.1111/j.1364-3703.2010.00676.x

Zhou-qi, C., Bo, Z., Guan-lin, X., Bin, L., & Shi-wen, H. (2016). Research status and
prospect of Burkholderia glumae, the pathogen causing bacterial panicle blight. Rice
Science, 23, 111-118. https://doi.org/10.1016/j.rsci.2016.01.007

Nandni, S., & Vishunavat, K. (2019). Journal of Pharmacognosy and
Phytochemistry, 8(6), 918-922.

Mannaa, M., Park, I., & Seo, Y. S. (2018). Genomic Features and Insights into the
Taxonomy, Virulence, and Benevolence of Plant-Associated Burkholderia Species.
International of Journal Molecular Sciences, 20. https://doi.org/10.3390/ijms20010121
Aflaha, 1., Chairul, A., Baharuddin, B., & Kuswinanti, T. (2020). Molecular identification
of bacteria causing grain rot disease on rice. IOP Conference Series: Earth and
Environmental Science, 486, 012165.

Syahri, S., Somantri, R. U., & Sasmita, P. (2019). Detection and Control Bacteria Cause
Grain Rot Burkholderia glumae on Rice. Jurnal Perlindungan Tanaman Indonesia, 23,
163-170. https://doi.org/10.22146/jpti.37755

Nandakumar, R., Shahjahan, A. K. M., Yuan, X. L., Dickstein, E. R., Groth, D. E., Clark,
C. A, Cartwright, R. D., & Rush, M. C. (2009). Burkholderia glumae and B. gladioli Cause
Bacterial Panicle Blight in Rice in the Southern United States. Plant Disease, 93, 896-905.
https://doi.org/10.1094/PD1S-93-9-0896

Zarbafi, S. S., & Ham, J. H. (2019). An Overview of Rice QTLs Associated with Disease
Resistance to Three Major Rice Diseases: Blast, Sheath Blight, and Bacterial Panicle
Blight. Agronomy, 9(4), 177. https://doi.org/10.3390/agronomy9040177

Pedraza, L. A., Bautista, J., & Uribe-Velez, D. (2018). Seed-born Burkholderia glumae
Infects Rice Seedling and Maintains Bacterial Population during Vegetative and
Reproductive  Growth  Stage. The Plant Pathology Journal, 34(5), 393.
https://dx.doi.org/10.5423%2FPPJ.0A.02.2018.0030

Dutta, C., & Paul, S. (2012). Microbial lifestyle and genome signatures. Current Genomics,
13(2), 153-162. https://doi.org/10.2174/138920212799860698

Ando, S., Ito, T., Kanno, T., Kobayashi, T., Morikawa, T., Honda, K.-i., Tsushima, S., &
Takahashi, H. (2014). Organic Agriculture, 4(3), 187-196. https://doi.org/10.1007/s13165-
014-0067-1

Shew, A. M., Durand-Morat, A., Nalley, L. L., Zhou, X. G., Rojas, C., & Thoma, G. (2019).
Warming increases Bacterial Panicle Blight (Burkholderia glumae) occurrences and
impacts on USA rice production. PLo0S One, 14, e0219199.
https://doi.org/10.1371/journal.pone.0219199

Castanheira, N., Dourado, A. C., Kruz, S., Alves, P. I., Delgado-Rodriguez, A. 1., Pais, 1.,
Semedo, J., Scotti-Campos, P., Sanchez, C., Borges, N., Carvalho, G., Barreto Crespo, M.
T., & Fareleira, P. (2016). Plant growth-promoting Burkholderia species isolated from

Science Letters Vol. 16(1) JANUARY 2022 118




Wcaeuce
LETTERS

ISSN: 1675-7785
https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
Vol. 16(1) JANUARY 2022 Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

annual ryegrass in Portuguese soils. Journal of Applied Microbiology, 120(3), 724-739.
https://doi.org/10.1111/jam.13025

Vandamme, P., & Eberl, L. (2015). B urkholderia. Bergey's Manual of Systematics of
Archaea and Bacteria, 1-45.

Eberl, L., & Vandamme, P. (2016). Members of the genus Burkholderia: good and bad
guys. F1000Research, 5, 1007. https://dx.doi.org/10.12688%2Ff1000research.8221.1
James, G. (2010). Universal Bacterial Identification by PCR and DNA Sequencing of 16S
rRNA Gene. In M. Schuller, T. P. Sloots, G. S. James, C. L. Halliday, & I. W. J. Carter
(Eds.), PCR for Clinical Microbiology: An Australian and International Perspective (pp.
209-214). Springer Netherlands.

Yang, B., Wang, Y., & Qian, P.-Y. (2016). Sensitivity and correlation of hypervariable
regions in 16S rRNA genes in phylogenetic analysis. BMC Bioinformatics, 17, 135.
https://doi.org/10.1186/s12859-016-0992-y

Ali, S., Duan, J., Charles, T. C., & Glick, B. R. (2014). A bioinformatics approach to the
determination of genes involved in endophytic behavior in Burkholderia spp. Journal of
Theoretical Biology, 343, 193-198. https://doi.org/10.1016/j.jtbi.2013.10.007

Mondal, K. K., Mani, C., & Verma, G. (2015). Emergence of bacterial panicle blight
caused by Burkholderia glumae in North India. Plant Disease, 99(9), 1268-1268.
https://doi.org/10.1094/PDI1S-01-15-0094-PDN

Nandakumar, R., Rush, M. C., & Correa, F. (2007). Association of Burkholderia glumae
and B. gladioli with Panicle Blight Symptoms on Rice in Panama. Plant Disease, 91(6),
767. https://doi.org/10.1094/PDIS-91-6-0767C

Mende, D. R., Sunagawa, S., Zeller, G., & Bork, P. (2013). Accurate and universal
delineation ~ of  prokaryotic  species.  Nature = Methods, 10, 881-884.
https://doi.org/10.1038/nmeth.2575

Mizrahi-Man, O., Davenport, E. R., & Gilad, Y. (2013). Taxonomic classification of
bacterial 16S rRNA genes using short sequencing reads: evaluation of effective study
designs. PLoS One, 8, €53608. https://doi.org/10.1371/journal.pone.0053608

Hall, B. G. (2013). Building Phylogenetic Trees from Molecular Data with MEGA.
Molecular Biology and Evolution, 30, 1229-1235. https://doi.org/10.1093/molbev/mst012
Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Molecular Biology and
Evolution, 35, 1547-1549. https://dx.doi.org/10.1093%2Fmolbev%2Fmsy096

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S. (2011). MEGAS5:
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary
Distance, and Maximum Parsimony Methods. Molecular Biology and Evolution, 28, 2731-
2739. https://doi.org/10.1093/molbev/msril21

Sawana, A., Adeolu, M., & Gupta, R. S. (2014). Molecular signatures and phylogenomic
analysis of the genus Burkholderia: proposal for division of this genus into the emended
genus Burkholderia containing pathogenic organisms and a new genus Paraburkholderia

Science Letters Vol. 16(1) JANUARY 2022 119




Wcaeuce
LETTERS

ISSN: 1675-7785
https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
Vol. 16(1) JANUARY 2022 Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

gen. nov. harboring environmental species. Frontiers in genetics, 5, 429-429.
https://doi.org/10.3389/fgene.2014.00429

Mirghasempour, S. A., Huang, S., & Xie, G. L. (2018). First Report of Burkholderia
gladioli Causing Rice Panicle Blight and Grain Discoloration in China. Plant Disease, 102.
https://doi.org/10.1094/PDI1S-05-18-0758-PDN

Martinez-Porchas, M., Villalpando-Canchola, E., & Vargas-Albores, F. (2016). Significant
loss of sensitivity and specificity in the taxonomic classification occurs when short 16S
rRNA gene sequences are used. Heliyon, 2(9), e00170.
https://doi.org/10.1016/j.heliyon.2016.e00170

Hou, Y., Xu, Y., Zhang, Y., Yu, L., Liu, L., Wang, L., & Huang, S. (2020). First Report of
Bacterial Panicle Blight of Rice Caused by Burkholderia glumae in Southern China. Plant
Disease, 104, 1252-1252. https://doi.org/10.1094/PDIS-09-19-1880-PDN

Riera-Ruiz, C., Castro-Lara, J., Jimenez-Feijod, M. I., & Cevallos-Cevallos, J. M. (2018).
Interactions of Burkholderia glumae and B. gladioli in symptom development in rice seeds
and seedlings. Canadian Journal of Plant Pathology, 40(3), 347-357.
https://doi.org/10.1080/07060661.2018.1478884

Choi, O., Kim, S., Kang, B., Lee, Y., Bae, J., & Kim, J. (2020). Genetic Diversity and
Distribution of Korean Isolates of Burkholderia glumae. Plant Disease.
https://doi.org/10.1094/PD1S-08-20-1795-RE

Pet-amphai, W., Watcharachaiyakup, J., Patarapuwadol, S., & Kositratana, W. (2020).
Identification of Bacterial Pathogens Causing Panicle Blight and Dirty Panicle of Rice by
Multilocus Sequence Analysis. Agricultural Science Journal, 48, 297-311-297-311.

Seo, Y. S., Kim, J,, Kim, H., Goo, E., Lee, B., Lee, J. S., Moon, J. S., & Hwang, I. (2011).
Rice sheath and grain rot caused by Burkholderia gladioli in Korea. Journal of Plant
Pathology, 93, 1125-4653.

Woese, C. R., Weisburg, W. G., Hahn, C. M., Paster, B. J., Zablen, L. B., Lewis, B. J.,
Macke, T. J., Ludwig, W., & Stackebrandt, E. (1985). The Phylogeny of Purple Bacteria:
The Gamma Subdivision. Systematic and Applied Microbiology, 6, 25-33.
https://doi.org/10.1016/S0723-2020(85)80007-2

Thompson, J. D., Higgins, D. G., & Gibson, T. J. (1994). CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Research, 22,
4673-4680. https://doi.org/10.1093/nar/22.22.4673

Davis, R. E. (2005). Intermediate-depth circulation of the Indian and South Pacific Oceans
measured by autonomous floats. Journal of Physical Oceanography, 35(5), 683-707.
https://doi.org/10.1175/JP02702.1

Weny, Safni, I., Lisnawita, & Lubis, K. (2019). Screening for disease resistance in rice
varieties against bacterial panicle blight disease (Burkholderia glumae) in Northern
Sumatra of Indonesia. IOP Conference Series: Earth and Environmental Science, 260,
012118.

Science Letters Vol. 16(1) JANUARY 2022 120




Wcaeuce
LETTERS

ISSN: 1675-7785
https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
Vol. 16(1) JANUARY 2022 Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

[43]

[44]

[45]

[46]

[47]

[48]

[51]

[52]

[53]

[54]

[58]

Paz-Carrasco, L. C., Intriago-Mendoza, L. D., Basso, M. F., & Celi-Heran, R. E. (2018).
Prevalence of Burkholderia glumae in rice crops in Ecuadorl, 2. The Journal of Agriculture
of the University of Puerto Rico, 102 (1-2):65-78

Santoyo, G., Hernandez-Pacheco, C., Hernandez-Salmerén, J., & Hernandez-Leon, R.
(2017). The role of abiotic factors modulating the plant-microbe-soil interactions: toward
sustainable agriculture. A review. Spanish Journal of Agricultural Research, 15(1), 13.
Kumar, S., Stecher, G., & Tamura, K. (2016). MEGAT: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Molecular biology and evolution, 33(7), 1870-
1874. https://doi.org/10.1093/molbev/msw054

Dudu, A., Georgescu, S., Popa, O., Dinischiotu, A., & Costache, M. (2011). Mitochondrial
16s and 12srRNA sequence analysis in four salmonid species from Romania. Acta
Zoologica Academiae Scientiarum Hungaricae, 57, 233-246.

Ki, J. S., Zhang, W., & Qian, P. Y. (2009). Discovery of marine Bacillus species by 16S
rRNA and rpoB comparisons and their usefulness for species identification. Journal of
Microbiological Methods, 77, 48-57. https://doi.org/10.1016/j.mimet.2009.01.003

Chen, Y. Z., Deng, W. A., Wang, J. M., Lin, L. L., & Zhou, S. Y. (2018). Phylogenetic
relationships of Scelimeninae genera (Orthoptera: Tetrigoidea) based on COI, 16S rRNA
and 18S rRNA gene sequences. Zootaxa, 4482, 392-400.
https://doi.org/10.11646/zootaxa.4482.2.11

Posada, D., & Crandall, K. (1998). Modeltest: testing the model of DNA substitution.
Bioinformatics (Oxford, England), 14, 817-818.
https://doi.org/10.1093/bioinformatics/14.9.817

Haruta, S., & Kanno, N. (2015). Survivability of Microbes in Natural Environments and
Their  Ecological Impacts. Microbes and  Environments, 30, 123-125.
https://doi.org/10.1264/jsme2.ME3002rh

Eberl, L., & Vandamme, P. (2016). Members of the genus Burkholderia: good and bad
guys. F1000Research, 5, 1007. https://dx.doi.org/10.12688%2Ff1000research.8221.1
Lee, H.-H., Park, J., Jung, H., & Seo, Y.-S. (2021). Pan-Genome Analysis Reveals Host-
Specific Functional Divergences in Burkholderia gladioli. Microorganisms, 9(6), 1123.
https://doi.org/10.3390/microorganisms9061123

Kandel, S. L., Joubert, P. M., & Doty, S. L. (2017). Bacterial endophyte colonization and
distribution within plants. Microorganisms, 5(4), 77.
https://doi.org/10.3390/microorganisms5040077

Seo, Y.-S., Lim, J. Y., Park, J., Kim, S., Lee, H.-H., Cheong, H., Kim, S.-M., Moon, J. S.,
& Hwang, I. (2015). Comparative genome analysis of rice-pathogenic Burkholderia
provides insight into capacity to adapt to different environments and hosts. BMC
Genomics, 16, 1-11. https://doi.org/10.1186/512864-015-1558-5

Lee, H.-H., Park, J., Kim, J., Park, 1., & Seo, Y.-S. (2016). Understanding the direction of
evolution in Burkholderia glumae through comparative genomics. Current Genetics, 62,
115-123. https://doi.org/10.1007/s00294-015-0523-9

Science Letters Vol. 16(1) JANUARY 2022 121



https://www.sciencedirect.com/science/journal/01677012
https://www.sciencedirect.com/science/journal/01677012

Wcumce
LETTERS

ISSN: 1675-7785
https://scilett-fsg.uitm.edu.my/ elSSN: 2682-8626
Vol. 16(1) JANUARY 2022 Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

[58]

[59]

Xia, X., & Xie, Z. H. (2001). DAMBE: Software Package for Data Analysis in Molecular
Biology and  Evolution. The Journal of  Heredity, 92, 371-373.
https://doi.org/10.1093/jhered/92.4.371

Puillandre, N., Lambert, A., Brouillet, S., & Achaz, G. J. M. E. (2012). ABGD, Automatic
Barcode Gap Discovery for primary species delimitation. Molecular Ecology, 21(8), 1864-
1877. https://doi.org/10.1111/j.1365-294X.2011.05239.x

Lan, Y., Rosen, G., & Hershberg, R. (2016). Marker genes that are less conserved in their
sequences are useful for predicting genome-wide similarity levels between closely related
prokaryotic strains. Microbiome, 4, 18-18. https://doi.org/10.1186/s40168-016-0162-5

Li, X., Li, Y., Wang, R., Wang, Q., & Lu, L. (2019). Toxoflavin Produced by Burkholderia
gladioli from Lycoris aurea Is a New Broad-Spectrum Fungicide. Applied and
Environmental Microbiology, 85. https://doi.org/10.1128/ AEM.00106-19

Science Letters Vol. 16(1) JANUARY 2022 122




SCIENCE
LETTERS

https://scilett-fsg.uitm.edu.my/

Vol. 16(1) JANUARY 2022

ISSN: 1675-7785
elSSN: 2682-8626
Copyright© 2022 UiTM Press.
DOI: 10.24191/sl.v16i1.15582

APPENDIX
I.  Appendix A — Best-Fit Substitution Model; Kimura 2-parameter model with Gamma
distribution with 5 rate categories was chosen.
Table. Maximum Likelihood fits of 24 different nucleotide substitution models
Model _Parameters _ BIC AlCc InL_(*) (*G) R__fiA] f(T) fiC] fAG) HAT) HAC) HAG) HTA) HTC) ATG) ACA) ACT) ACG) HGA) HGT) HGC)
K2 116 4378.919 3382.557 -1574.938 n/a nfa 1.22 0.250 0.250 0.250 0.250 0.056 0.056 0.137 0.056 0.137 0.056 0.056 0.137 0.056 0.137 0.056 0.056
K2+ "7 4383.692 3378.746 -1572.026 0.57 n/a 1.49 0.250 0.250 0.250 0.250 0.050 0.050 0.150 0.050 0.150 0.050 0.050 0.150 0.050 0.150 0.050 0.050
K2+G "7 4386.177 3381.231 -1573.269 n/a 0.38 1.55 0.250 0.250 0.250 0.250 0.049 0.049 0.152 0.049 0.152 0.049 0.049 0.152 0.04% 0.152 0.049 0.049
T92 "7 4387.227 3382.281 -1573.794 n/a n/a 1.22 0.231 0.231 0.269 0.269 0.052 0.060 0.148 0.052 0.148 0.0680 0.052 0.127 0.060 0.127 0.052 0.060
Jc 115 4391.561 3403.782 -1586.556 n/a n/a 0.50 0.250 0.250 0.250 0.250 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083
T92+1 118 4392.301 3378.772 -1571.033 057 n/a 1.49 0.231 0.231 0269 0.269 0.046 0.054 0.161 0.046 0.161 0.054 0.046 0.139 0.054 0.139 0.046 0.054
K2+G+| 118 4393.175 3379.646 -1571.470 0.30 0.89 1.60 0.250 0.250 0.250 0.250 0.048 0.048 0.154 0.048 0.154 0.048 0.048 0.154 0.048 0.154 0.048 0.048
TO2+G 118 4394.766 3381.237 -1572.266 n/a 040 1.52 0.231 0.231 0.269 0.269 0.046 0.053 0.162 0.046 0.162 0.053 0.046 0.140 0.053 0.140 0.046 0.053
HKY 119 4398.836 3376.723 -1569.003 n/a n/a 1.21 0.204 0.259 0.312 0.225 0.059 0.072 0.122 0.047 0.188 0.052 0.047 0.140 0.052 0.110 0.059 0.072
JC+ 116 4399.247 3402.884 -1585.101 0.44 n/a 0.50 0.250 0.250 0.250 0.250 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.082 0.083 0.083 0.083
HKY+| 120 4400.133 3369.437 -1564.354 0.58 n/a 1.53 0.204 0.259 0.312 0.225 0.052 0.063 0.135 0.041 0.186 0.045 0.041 0.154 0.045 0.122 0.052 0.083
T924+ G+l 119 4401.810 3379.698 -1570.480 0.29 067 1.61 0.231 0.231 0269 0.269 0.044 0.051 0.168 0.044 0.166 0.051 0.044 0.143 0.051 0.143 0.044 0.051
JC+G 116 4402.145 3405.782 -1586.550 n/a 0.77 0.50 0.250 0.250 0.250 0.250 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.082 0.083 0.083 0.083
HKY+G 120 4402.635 3371.939 -1565.605 n/a 0.37 1.57 0.204 0.259 0.312 0.225 0.051 0.062 0.136 0.041 0.188 0.045 0.041 0.156 0.045 0.123 0.051 0.082
TN93 120 4406.408 3375.712 -1567.481 n/a n/a 1.22 0.204 0.259 0.312 0.225 0.058 0.070 0.155 0.046 0.138 0.051 0.046 0.115 0.051 0.140 0.058 0.070
TNO3+ 121 4408.005 3368.726 -1562.992 0.57 n/a 1.49 0.204 0.259 0.312 0.225 0.052 0.062 0.176 0.041 0.144 0.045 0.041 0.119 0.045 0.160 0.052 0.0862
JC+GHI "7 4409.232 3404.286 -1584.796 0.02 0.81 0.50 0.250 0.250 0.250 0.250 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.082 0.083 0.083 0.083
HKY+G+| 121 4409.747 3370.468 -1563.863 0.34 064 1.72 0.204 0.259 0.312 0.225 0.049 0.058 0.141 0.038 0.195 0.042 0.038 0.161 0.042 0.128 0.049 0.058
TN93+G 121 4410.579 3371.300 -1564.279 n/a 040 1.52 0.204 0.259 0.312 0.225 0.051 0.062 0.177 0.040 0.148 0.045 0.040 0.121 0.045 0.1680 0.051 0.082
TNI3+G+ 122 4417.630 3369.768 -1562.507 0.25 068 1.55 0.204 0.259 0.312 0.225 0.051 0.081 0.178 0.040 0.147 0.044 0.040 0.122 0.044 0.181 0.051 0.081
GTR 123 4432.672 3376.228 -1564.731 n/a n/a 1.22 0.204 0.259 0.312 0.225 0.062 0.091 0.155 0.049 0.138 0.048 0.060 0.114 0.037 0.140 0.055 0.052
GTR+G 124 4437.469 3372.442 -1561.832 n/a 047 1.47 0.204 0.259 0.312 0.225 0.055 0.084 0.173 0.044 0.144 0.042 0.055 0.120 0.032 0.157 0.048 0.044
GTR+ 124 4438.337 3373.309 -1562.265 0.53 n/a 1.42 0.204 0.259 0.312 0.225 0.055 0.087 0.171 0.044 0.142 0.044 0.057 0.118 0.032 0.155 0.051 0.045
GTR+G+| 125 4448.028 3374.418 -1561.813 0.19 0.70 1.49 0.204 0.259 0.312 0.225 0.055 0.084 0.174 0.044 0.145 0.042 0.055 0.120 0.032 0.158 0.048 0.044
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