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Abstract

Plumeria rust samples were collected from five provinces in Thailand, including Bangkok, Nakhon Pathom,
Rayong, Chonburi and Yala. All five isolates produced the uredial stage but only the isolates from Bangkok and
Yala also underwent the telial and basidial stages. The morphological characteristics of all three stages present
in the life cycle of the isolates were studied under stereco, compound and electron microscopes. Ribosomal
DNA (rDNA) sequences at 28S and ITS (internal transcribed spacer) regions were analyzed with those in the
GenBank database by Nucleotide BLAST and phylogenetic analyses. Coleosporium plumeriae was identified
as the causal agent of plumeria rust by structure morphology and rDNA sequences that revealed genetic
variation of the fungus as well. In general, there were significant differences in the morphological characteristics
of uredospores, teliospores and basidia among the isolates. However, the variation of spore morphology was
not related to the sampling locations. According to the phylogenetic analysis of 28S rDNA sequences, the
UPGMA tree grouped all C. plumeriae from Thailand and foreign countries in the same clade as they shared
identical sequences. On the other hand, the UPGMA tree inferred from ITS rDNA sequence data detected
genetic variation of the isolate from Chonburi and separated it into the distinct tree branch. In this study,
structure morphology and ITS rDNA were suitable genetic markers for both interspecific and intraspecific
taxonomy of C. plumeriae.
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1 Introduction

Plumeria (Plumeria spp.) is a popular ornamental
tree widely planted in tropical and subtropical
regions [1]. In Thailand, plumeria is widespread for
landscape planting in parks, temples, yards, resorts
and many other places due to its colorful and fragrant
flowers and being easily cultivated, fast-growing and
drought-tolerant plant [2]. Plumeria is used not only
for attractive scenery but also medicinal purposes
[3]. Moreover, Thailand is an important exporter of
ornamental plants in Asia and plumeria is in the top
ten of ornamental plants exported to foreign countries
[4]. Although plumeria is a tough tree, diseases and
insects are still problems in the cultivation [3]. Among
them, rust disease caused by Coleosporium plumeriae
Pat. is ubiquitous on plumeria worldwide. The several
small, bright yellow-orange, powdery pustules (uredia)
with numerous uredospores on the lower side of leaves
are typical symptoms. Severe infection can cause
premature defoliation and the tree may die, thus the
beauty of plumeria is destroyed. The uredial, telial
and basidial stages of C. plumeriae on plumeria have
been described but the spermagonial and aecial stages
are unknown [5], [6]. C. plumeriae is considered to be
autoecious with no alternate host [7].

Despite the fact that C. plumeriae was globally
recorded in many locations in Pacific Islands, America,
Oceania, Asia and Africa, only the uredial stage was
detected from most specimens. The telial or basidial
stages were recovered from a few locations, including
Canada, Hawaii, Cook Islands, Taiwan, Brazil, Nigeria,
India and Australia [1], [8]-[14]. Morphological
identification of rust fungi may be problematic when
some stages in the life cycle are absent, so another
method could be concurrently performed as in the
previous studies of plumeria rust in China [15],
Louisiana and Malaysia [16]. At present, sequence
analysis of ribosomal DNA (rDNA) is prevalent in
fungal taxonomic studies because of available large
databases. Nucleotide sequences of 18S or 28S rDNA
can distinguish distantly related taxa or different
kingdom. Besides interspecific taxonomy of closely
related species, internal transcribed spacer (ITS) rDNA
can reveal intraspecific variation [17]. The occurrence
of a pathogen variant possesses the risk to break
down the resistance of a plant variety or cause severe
symptoms on a variety that it could hardly damage

before [18]. Morphological and molecular markers
have been implemented to characterize genetic
variation in fungal populations [19], therefore these
markers were selected to examine genetic variation
of the plumeria rust fungus in Thailand.

Plumeria rust in Thailand was first reported by
To-anun et al. in 2004 [1]. Only the uredial stage
was observed, so C. plumeriae was identified as
the causal agent based on the morphology of uredia
and uredospores. Moreover, genetic background of
the plumeria rust fungus in Thailand has not been
elucidated so far. Hence in this study, the plumeria
rust isolates from five provinces in Thailand were
examined for all stages in the life cycle to gain knowledge
for morphological taxonomy of rust fungi and the
fungal species were identified by structure morphology
and rDNA sequences to confirm the identity of
C. plumeriae. Additionally, genetic variation of the
isolates was investigated based on structure morphology
and genetic analyses of rDNA. Genetic relationship
between the plumeria rust isolates from Thailand and
those from foreign countries was also determined.

2 Materials and Methods
2.1 Collection of the plumeria rust isolates

Rust isolates were collected from plumeria plants
(Plumeria spp.) showing rust symptoms in 2015 to
2017. The five sampling provinces in Thailand were
randomly selected, including Bangkok and Nakhon
Pathom in central region, Rayong and Chonburi in
east region and Yala in southern region (Figure 1). The
mean temperature, mean relative humidity and rainfall
of the sampling month and one month before were
recorded in accordance with the Thai Meteorological
Department, Thailand. Each sample was examined for
the uredial, telial and basidial stages in the life cycle.
All five isolates were identified based on structure
morphology and ribosomal DNA (rDNA) sequences.

2.2 Identification of the plumeria rust isolates
2.2.1 Identification based on structure morphology
The morphological characteristics of the isolates were

studied and photographed under stereo (SZ-PT Olympus,
Japan) and compound (ZEISS Axio Scope.A 1, Germany)
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Figure 1: Sampling locations of the plumeria rust
isolates collected from five provinces in Thailand.

microscopes. Moreover, the isolate from Bangkok
was chosen for camera lucida drawings and submitted
for investigating under scanning electron microscope
(Hitachi SU8020, Japan) at Scientific Equipment and
Research Division, Kasetsart University, Thailand.
All isolates were identified according to the previous
publications [1], [8], [10]-[16], [20], [21].

2.2.2 Identification based on ribosomal DNA sequences

DNA was extracted based on the modified protocol
of Park et al. [22]. Uredospores from 10 uredia were
transferred into 300 pL of extraction buffer (100 mM
Tris-HCI (pH 8.0), 10 mM EDTA (pH 8.0), 1 M KCl)
and ground with steel balls using the modified drilling
machines for 30s. Three hundred microliters of chloroform
were added and mixed by inverting the tube upside down
about 10 times. The suspension was then centrifuged at
13,000 rpm for 10 min at room temperature. Two hundred
microliters of supernatant was transferred to a new
microcentrifuge tube and 200 puL of isopropanol (—20°C)
was added and gently mixed well. The supernatant
was discarded after centrifugation at 13,000 rpm for
10 min. DNA pellet was washed in 200 pL of 70%

absolute ethanol (4°C) and centrifuged at 12,000 rpm
for 15 min at room temperature. The supernatant was
discarded and DNA pellet was dried at room temperature.
The DNA sample was dissolved in 30 pL of sterile
ultrapure water.

Two regions of rDNA were amplified by rust
specific primers. Rust2inv and LR6 amplified partial
28S rDNA region and ITS5-u and ITS4rust amplified
internal transcribed spacer region (ITS1-5.8S-ITS2)
[23]-[26]. The PCR was conducted in a 50-puL
volume containing 3.0 puL of template DNA, 9.5 uL
of PCR grade water, 1x PCR buffer for KOD FX Neo,
0.4 mM of each dNTP, 0.3 uM of each primer and
1.0 U of KOD FX Neo (Toyobo, Japan). The reaction
was performed in a thermal cycler (Major Science,
USA) with the following program: 2 min at 94°C;
followed by 40 cycles of 15 s at 94°C, 30 s at the
annealing temperature and 1 min at 68°C. The annealing
temperatures were 57°C and 53°C for primers Rust2inv/
LR6 and ITS5-u/ITS4rust, respectively. PCR products
were examined by 1% agarose gel electrophoresis
and stained with ethidium bromide. The purified
PCR products were submitted for DNA sequencing
at Ist BASE, Malaysia. The DNA sequences were
compared with sequences in the GenBank database
using Nucleotide BLAST [27]. Furthermore, multiple
sequence alignment of five plumeria rust isolates and
Coleosporium spp. available in the GenBank database
(Table 1) was performed using MUSCLE 3.8 [28]. The
phylogenetic trees inferred from 28S and ITS rDNA
sequence data were constructed by UPGMA method
with a bootstrap of 1000 replicates and the evolutionary
distances were computed by the Maximum Composite
Likelihood method using MEGA-X [29]. The DNA
sequences of Chrysomyxa arctostaphyli (accession
no. GU049543 and GU049496) were included as
an outgroup species because it was a sister taxon of
C. plumeriae shown in the previous study [30], [31]. All
ambiguous positions were removed for each sequence
pair. There were totally 336 and 338 positions in the
final 28S and ITS rDNA dataset, respectively.

2.3 Characterization of genetic variation of the
plumeria rust isolates

2.3.1 Morphological characteristics of the structures

Each rust sample was mounted in Shear’s mounting agent
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after free-hand sectioning. Uredospores, teliospores
and basidia were examined with 30 replications for the
length, width, ratio (length:width), shape and color.
The size of uredospore walls was also measured. The
measurements were carried out by using AxioVision
SE64 Rel.4.8 software (Carl Zeiss, Germany).

Continuous variables of uredospores were
analyzed by analysis of variance (ANOVA) and mean
comparison was performed by Tukey’s test at a = 0.05.
Continuous variables of teliospores and basidia were
analyzed by t-test. All statistical analyses were computed
by Wolfram Engine 12.0 (Wolfram Research, Inc.,
USA).

Table 1: The DNA sequences from GenBank database
included in the phylogenetic analyses

Coleosporium Location Accession Number
species 28S rDNA | ITS rDNA
C. asterum - KX386044 | KX386012
C. bletiae - KX386038 | KX386006
C. cacaliae - JF273971 | KY810462
C. clematidis - KX386042 | KX386010
C. inulae - MG907223 | KY783673
C. ipomoeae - MF769639 | MF769624
C. senecionis - KJ716348 | KY810472
C. solidaginis - MEF769650 | MF769633
C. tussilaginis - MG907228 | KY810485
C. zanthoxyli - MK530184 | MK530182
C. plumeriae (ID) If;;iss'i’a KX386068 | KX386036
C. plumeriae (TW) T%;%‘;g’ KX386067 | KX386035
C. plumeriae (JP) Oka};i‘;’i 152 1 kX386066 | KX386034
C. plumeriae (MY) ;Z’l‘s;ia KX386061 | KX386029
C. plumeriae (VN) N\‘,?:tﬁ::’ KX386060 | KX386028
C. plumeriae (CK) Réi)‘;tl‘zrifa’ KX386059 | KX386027
C. plumeriae (WS) ngi‘of" KX386057 | KX386025
C. plumeriae (CN) Hagﬁi ;S" KX386054 | KX386022
C. plumeriae (PF) Ta;f(‘:ll; f;:g’h KX386053 | KX386021
C. plumeriae (GY) Ge&gy";‘z’“’ MG907225 ]
C. plumeriae (IN) Kaﬁg;:ka’ - MH656772

2.3.2 Genetic analyses of ribosomal DNA

Multiple sequence alignment of five plumeria rust
isolates from Thailand and C. plumeriae from foreign
countries available in the GenBank database (Table 1)
was performedusing MUSCLE 3.8[28]. The phylogenetic
trees inferred from 28S and ITS rDNA sequence data
were constructed by UPGMA method with a bootstrap
of 1000 replicates and the evolutionary distances were
computed by the Maximum Composite Likelihood
method using MEGA-X [29]. All ambiguous positions
were removed for each sequence pair. There were a
total of 336 and 338 positions in the final 28S and ITS
rDNA dataset, respectively.

3 Results

3.1 Collection and identification of the plumeria
rust isolates

All plumeria rust isolates from five provinces in
Thailand, including Bangkok and Nakhon Pathom
in central region, Rayong and Chonburi in east
region and Yala in southern region were identified
as Coleosporium plumeriae based on structure
morphology. All five isolates produced the uredial
stage (asexual reproduction) but only the isolates from
Bangkok and Yala also underwent the telial and
basidial stages (sexual reproduction). However, the
climates in both provinces were different, including
temperature, relative humidity and rainfall (Table 2).
Therefore the conditions favorable to the telial and
basidial stages could not be determined from this study.
The spermagonial and aecial stages were unknown.
In general, uredia and telia were found on both
sides of leaves but chiefly developed on the lower side
[Figure 2(a)—(f)]. There were chlorotic lesions on the
upper leaf surface correlated with the rust pustules on
the lower leaf surface. These lesions progressively
enlarged, coalesced, and became necrotic [Figure 2(a)
and (c)]. Uredia were erumpent, yellow to orange-
yellow and scattered or clustered on the leaf surface
[Figure 2(g) and (i), Figure 3(a) and (c)]. Uredospores
were single-celled; subglobose, broadly ellipsoid,
ellipsoid, obovoid or angular; yellow to orange-yellow
and measured 25.49—40.53%16.26-27.45 um. Germ
pores were obscure. Uredial walls were verrucose with
capitate annulated tubercles and 1.23—-1.98 pm thick
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Figure 2: Symptoms on [(a) and (c¢)] the upper and
[(b), (d) and (e)] the lower leaf surfaces and structure
morphology of plumeria rust, (f) telium (left) and
uredium (right), [(g) and (i)] uredium, [(h) and (j)]
telium, (k) uredospores, (1) teliospores and (m) basidia.

[Figure 2(k), Figure 3(e) and Figure 4(a)]. Telia were
erumpent, smooth, wax-like, reddish orange to dark
orange and scattered or clustered in groups [Figure 2(h)
and (j), Figure 3(b) and (d)]. Teliospores were single-
celled, smooth, oily, oblong or clavate, yellowish
transparent to orange-yellow and 52.09-86.35x16.17—
34.83 um in size [Figure 2(1), Figure 3(f) and Figure
4(b)]. Internally germinating basidia were four-celled,
smooth, oblong or clavate, light yellow to orange-yellow
and 52.96-103.38%13.79-26.68 um in size [Figure 2(m)
and Figure 4(c)]. Basidiospores were not observed
in any isolate. Comparing with the references, the
structure morphology of the plumeria rust isolates
were corresponding to that of C. plumeriae. However,
the size of basidia was somewhat larger than that of
the previous publications (25.0-93.4x10.0-22.7 pm).

The identity of C. plumeriae was confirmed by
ribosomal DNA (rDNA) sequences. The 28S and ITS
rDNA sequences of the plumeria rustisolates were 99.81—
100% and 98.75-99.39% similar to C. plumeriae
sequences in the GenBank database (accession no.
MG907225 and no. MH656772), respectively.
Furthermore, all five isolates were in the same clade as
C. plumeriae in both 28S and ITS rDNA phylogenetic
trees (Figures 5 and 6). However, C. plumeriae was
paraphyletic in the 28S rDNA tree, consisting of
C. ipomoeae in the same clade (Figure 5) but monophyletic
in the ITS rDNA tree, separating C. ipomoeae into the
sister species with 98.99% identity (Figure 6). Some
Coleosporium spp. could not be differentiated by the
28S rDNA tree either (Figure 5).

Table 2: The plumeria rust isolates collected from five provinces in Thailand

. . Temperature Relative Humidity Rainfall
Isolate Sampling Location Month/Year COy %) (mm)’ Stage
TH-BK Chatuchak, Bangkok 11/2016 29.1 74.2 121.7 Uredial,
28.7 80.1 293.8 Telial,
Basidial
TH-NP Kamphaeng Saen, 05/2017 29.7 82.0 176.3 Uredial
Nakhon Pathom 30.1 74.7 13.6
TH-RY Muang, Rayong 09/2015 28.5 82.0 407.3 Uredial
29.2 77.0 107.9
TH-CB Sattahip, Chonburi 10/2015 27.5 88.0 305.2 Uredial
28.5 84.0 448.3
TH-YL Betong, Yala 01/2017 25.8 87.4 695.7 Uredial,
259 88.0 698.9 Telial,
Basidial

* The mean temperature of the sampling month (upper number) and one month before (lower number).
¥ The mean relative humidity of the sampling month (upper number) and one month before (lower number).
* Rainfall of the sampling month (upper number) and one month before (lower number).
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MG907225|Coleosporium plumeriae (GY)
MF769639|Coleosporium ipomoeae
KX386053|Coleosporium plumeriae (PF)
KX386054|Coleosporium plumeriae (CN)
KX386057|Coleosporium plumeriae (WS)
KX386059|Coleosporium plumeriae (CK)
KX386060|Coleosporium plumeriae (VN)
KX386061|Col um plumeriae (MY)
KX386066|Coleosporium plumeriae (JP)
KX386067|Coleosporium plumeriae (TW)
KX386068|Coleosporium plumeriae (ID)
36 TH-YL

TH-CB

TH-RY

TH-NP

TH-BK

MF769650|Coleosporium solidaginis

MK530184|Col ‘ium zanthoxyli

KX386044|Cc sporium asterum

JF273971|Coleosporium cacaliae

17 MG907223|Coleosporium inulae

25 KX386038|Coleosporium bletiae
KX386042|Coleosporium clematidis

72 | KI716348|Coleosporium senecionis

MG907228|Coleosporium tussilaginis

GU049543|Chrysomyxa arctostaphyli
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Figure 5: UPGMA phylogenetic tree inferred from 28S
rDNA sequence data using MEGA-X. Numbers of the
corresponding branches represent bootstrap values from
fungus under scanning electron microscope; the intact 1000 replicates. The scale bar represents the evolutionary
(a) uredium and (b) telium; the cross section of the  distance. See Table 1 for the identification of taxa.
sorus, (¢) uredium and (d) telium; and the spore inside .

the sorus, (¢) uredospore and (f) teliospore, repectively. THYL

TH-NP

TH-BK

KX386021|Coleosporium plumeriae (PF)
(a) (b) KX386022|Coleosporium plumeriae (CN)
KX386025|Coleosporium plumeriae (WS)
KX386027|Coleosporium plumeriae (CK)
KX386028|Coleosporium plumeriae (VN)
73| | KX386029|Coleosporium plumeriae (MY)
KX386034|Coleosporium plumeriae (JP)
6| || KX386035(Coleosporium plumeriae (TW)
KX386036|Coleosporium plumeriae (1D)

ad MH656772|Coleosporium plumeriae (IN)
% TH-CB
MF769624|Coleosporium ipomoeae
20 pm 20 pm MF769633|Cc porit idagini:
MK530182|Cole it hoxyli
40 KX386012|Cole ium asterum

(© 56 KY783673|Coleosporium inulae
p ’— KX386010|Coleosporium clematidis

KX386006|Col ium bletiae

KY810485|Coleosporium tussilaginis
2 KY810462|Coleosporium cacaliae
99 | KY810472|Coleosporium senecionis

GU049496|Chrysomyxa arctostaphyli

0.060 0.040 0.020 0.000

20pm_ Figure 6: UPGMA phylogenetic tree inferred from ITS
rDNA sequence data using MEGA-X. Numbers of the
Figure 4: Camera lucida drawings of (a) uredospores,  corresponding branches represent bootstrap values from
(b) teliospores and (c) basidia of the plumeria rust 1000 replicates. The scale bar represents the evolutionary
fungus. distance. See Table 1 for the identification of taxa.
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3.2 Characterization of genetic variation of the
plumeria rust isolates

All five isolates had the same uredospore color as yellow
to orange-yellow. There were significant differences
in the length, width, ratio (Ilength:width) and wall of
uredospores among the isolates. With respect to the
shape of uredospores, the isolate TH-BK had the most
for 5 shapes, which the angular shape was unique to
this isolate. The isolate TH-RY had the least for 2
shapes, which were present in all isolates. The isolate
TH-BK and TH-YL, undergoing sexual reproduction
tended to have more uredospore shapes than the other
three isolates (Table 3). These two isolates had the
same teliospore color as yellowish transparent to
orange-yellow and basidium color as light yellow to
orange-yellow. The shape of teliospores and basidia of
both isolates was similar as oblong or clavate. Almost

all characteristics of teliospores and basidia, except
the length of teliospores, were significantly different
between them (Table 4). Generally, the variation of spore
morphology was not related to the sampling locations.

Based on the UPGMA phylogenetic trees, all
C. plumeriae from Thailand and foreign countries had
100% identity of 28S rDNA, which they were grouped
in the same branch (Figure 5). Interestingly, almost all
Thai isolates, except the isolate TH-CB shared identical
ITS rDNA sequence with most foreign isolates that
they were clustered in the main C. plumeriae clade.
The isolate TH-CB from Thailand and C. plumeriae
(IN) from India were differentiated from the main
clade with 99.33% and 99.66% identity, respectively
(Figure 6).

The results from the study of structure morphology
and ITS rDNA suggested genetic variation of C. plumeriae
in Thailand and over the world as well.

Table 3: Uredospore characteristics of the plumeria rust isolates collected from five provinces in Thailand

Uredospore

Isolate

Length (um)” Width (um)*

Ratio (L:W)* Wall (um)” Shape

TH-BK 30.56 b 22.09b

1.39 c¢d 1.63 bc Subglobose
Broadly ellipsoid
Ellipsoid
Obovoid

Angular

TH-NP 3294 a 21.84b

1.52 be 1.65 abc Broadly ellipsoid
Ellipsoid

Obovoid

TH-RY 3254a 18.79 ¢

1.75a 1.72 ab Ellipsoid

Obovoid

TH-CB 30.51b 18.75¢

1.64 ab 1.56 ¢ Broadly ellipsoid
Ellipsoid

Obovoid

TH-YL 3249a 2391a

1.36d 1.73 a Subglobose
Broadly ellipsoid
Ellipsoid

Obovoid

* Data were analyzed by analysis of variance (ANOVA); means in columns followed by the same letter are not significantly different

according to Tukey’s test at a = 0.05.

Table 4: Teliospore and basidium characteristics of the plumeria rust isolates collected from Bangkok and Yala

provinces in Thailand

Isolate Teliospore Basidium
Length (um)*| Width (um)* | Ratio (L:W)* Shape Length (um)*| Width (um)* | Ratio (L:W)* Shape
TH-BK 71.08 26.42 2.73 Oblong 67.58 22.57 3.02 Oblong
Clavate Clavate
TH-YL 73.11 24.07 3.14 Oblong 78.16 20.45 3.96 Oblong
Clavate Clavate
PValue 0.29 0.02* 0.01°* - 0.00* 0.01* 0.00* -

¥ Data were analyzed by t-test and means are presented in the table.
“ * indicates significant at o = 0.05.
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4 Discussion

Plumeria rust fungus in Thailand produced three stages
in the life cycle, including uredial, telial and basidial
stages like very few overseas reports [10], [14].
Normally, only the uredial stage is present worldwide.
In this study, all five plumeria rust isolates reproduced
asexually (uredial stage) but only two isolates also
reproduced sexually (telial and basidial stages).
Unfortunately, basidiospores were not found, which
they were ever described only in Taiwan and Australia
[10], [14]. Three isolates had no sexual reproduction
at the sampling time because either the sexual mode
may occur later in the season or the isolates may only
reproduce asexually. There has been no report of the
conditions favorable to the telial and basidial stages
up to now and they could not be determined from
this study either because the climates in the locations
discovered these two stages were different.

Coleosporium plumeriae was identified as
the causal agent of plumeria rust in Thailand based
on structure morphology and rDNA sequences.
C. plumeriae was paraphyletic that identical 28S rDNA
sequence was shared with C. ipomoeae, but monophyletic
in the ITS rDNA tree that separated both species by three
base pairs. These results were consistent with McTaggart
and Aime [32]. These two species have different
morphology and host range. Combined methods,
including host range, morphology and DNA sequence
data were recommended for an accurate identification
of Coleosporium species [32].

Genetic variation of C. plumeriae in Thailand,
detected by structure morphology and ITS rDNA
sequences may be the consequence of genetic
recombination through sexual reproduction and mutation
through asexual reproduction [18]. Such variation was
not associated with the geographic origin of the isolates.
Intraspecific variation of structure morphology and
ITS rDNA was likewise observed in Puccinia allii, the
rust pathogen of garlic, leek, chives and onion [33].

In the present study, structure morphology and
ITS rDNA could be used as genetic markers for both
interspecific and intraspecific taxonomy. On the other
hand, 28S rDNA sequences could not resolve the
relationship of some Coleosporium taxa. However,
28S region has been used for taxonomic study within
and between genera of rust fungi in many publications.
Inaddition, 28S rDNA could reveal intraspecific variation

of C. montanum into two phylogenetic groups [32].
5 Conclusions

Coleosporium plumeriae, the causal agent of plumeria
rust in Thailand could reproduce asexually (uredial
stage) and sexually (telial and basidial stages). Genetic
variation of the fungus, revealed by morphological
and ribosomal DNA markers may result from genetic
recombination and mutation. More important knowledge
of plumeria rust, such as screening resistant genes and
testing efficacy of fungicides to manage the disease
in plumeria should be studied in further research with
various C. plumeriae isolates.
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