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ABSTRACT

The plant family Rafflesiaceae is known for producing the largest flowers in the world. They are solely parasitic to the plant
genus Tetrastigma of the grape family. Interestingly, members of Rafflesiaceae are the only plants we know so far that have lost
their chloroplast genome. Rafflesiaceae is comprised of three genera: Rafflesia, Sapria, and Rhizanthes. Members of Rafflesia-
ceae are restricted to the fast-disappearing tropical forests of Southeast Asia and are endangered. It is virtually unknown how
Rafflesiaceae infects its hosts. This makes Rafflesiaceae very difficult to conserve and propagate. However, bacterial endophytes
have shown to play a major role in promoting the growth of plants. In this study, we characterized and analyzed the associated
microbiome of Rafflesiaceae, particularly Rafflesia speciosa and Sapria himalayana to find “microbial markers” of Rafflesiaceae
infection. It was hypothesized that Rafflesia and its Tetrastigma host will have similar microbiomes given their intimate con-
nection, however, results across different taxonomic levels demonstrate that Rafflesia buds have a distinct microbial endophyte
composition and possessed some unique genera compared to its infected hosts. Its microbiome was also diverse compared
to Saprias. Non-host Tetrastigma spp. possessed unique bacteria that may be antagonistic to Rafflesia infection. This study
unveiled the symbiotic microbes of Rafflesia and Sapria, which may have potential horticultural application in propagating
the world’s largest flowers.
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LITERATURE REVIEW

BACKGROUND ON THE FAMILY RAFFLESIACEAE

The plant family Rafflesiaceae is known for producing the
largest flowers in the world, up to a meter in diameter, but
unlike most plants, members of this family do not have stems,
roots nor leaves and lack the ability to photosynthesize. They
are solely parasitic to the plant genus Zeétrastigma of the grape
family (Nikolov & Davis, 2017). However, not all Zetrastigma
species can be parasitized. Interestingly, members of Rafflesi-
aceae are the only plants we know so far that have lost their
chloroplast genome, the set of genes that purportedly defines
plants (Molina et al., 2014; Cai et al., 2021). Rafflesiaceae
belongs to the order Malpighiales, and it is comprised of three
genera: Rafflesia R.Br. ex Thomson, Sapria Griff, and Rhizan-
thes Dumort. Rafflesia contains 41 species, Rhizanthes contains
4 species, and Sapria contains 4 species as well (Plants of the
World Online). The first Rafflesia species (R. arnoldii) was
discovered in 1818 by Sir Stamford Raffles and Dr. Joseph
Arnold when they embarked on a journey to explore the
Sumatran island in Bengkulu (Brown, 1821). Two of the four
Rhizanthes (Rh. lowii and Rh. zippelii) species were found in
the early nineteenth century in Indonesia by German botanist
Alexander Zippelius and were then described by Karl Ludwig
von Blume (Wicaksono et al., 2022). The first Sapria species
(S. himalayana Griff) was described in 1836 by the British
botanist William Griffith afrom his north-east Indian collec-
tion (Dorji et al., 2022). Unfortunately, all members of Raf-
flesiaceae are rare, restricted to the fast-disappearing tropical
forests of Southeast Asia, and are thus endangered. They are a
charismatic icon of conservation, hailed as the “panda of the
plant world”.

LIFE CYCLE OF RAFFLESIACEAE

As a holoparasite, Rafflesiaceae siphons organic and
inorganic nutrients from their hosts and reside inside its
host as strands of cells also known as endophytes. It has been
observed that a Rafflesia endophyte can grow inside its host
plant for approximately 2-3 years (Hidayati et al., 2000; Wi-
caksono et al., 2021). As it transitions to its flowering stage,
the strands of cells become a mass of cells called a protocorm
that eventually emerges as a flower bud from the inside of the
woody host (Nikolov & Davis, 2017). As the flower blooms,
it emits a rotting meat type of smell that attracts pollinators
such as carrion flies. The pollination process consists of a fly
entering a male flower, exiting with pollen grains attached to
its body, and transferring it to a female flower (Beaman et al.,
1988). After successful pollination, it takes several months for

the fruits to form. The fruit then dehisces revealing millions
of seeds. The fruit produces a rancid coconut meat odor that
attracts multiple insect visitors. Although little is known
about the seed dispersal of Rafflesiaceae, it is thought that
the seeds can be dispersed by different kinds of wild animals
like shrews, squirrels, elephants, and ants (Wicaksono et al.,
2021).

PROPAGATION AND CONSERVATION EFFORTS

It is virtually unknown how Rafflesiaceae infects its hosts
(Wicaksono et al., 2021). This makes Rafflesiaceae very dif-
ficult to conserve and propagate. It has never been cultivated
outside of its native range. Since 2015, Molina et al (2017)
have been trying to propagate Rafflesia species from Southeast
Asia at the United States Botanic Garden (USBG) by import-
ing Rafflesia-infected host cuttings and Rafflesia seeds. Molina
et al (2017) have tried to induce germination of Rafflesia
speciosa seeds with the use of different plant growth regulators
(PGRs) including extracts from the host plant Tezrastigma.
The results showed that there was no germination in the Raf*
flesia speciosa seeds. However, there were four PGRs (GA4+7,
KARLI, kinetin, & BRA) that induced germination in wild-
flower seeds that were used as controls, and these PGRs were
combined and applied on the Rafflesia speciosa seeds but this
treatment was also unsuccessful. Researchers have also tried to
stimulate germination on other species such as Rafflesia patma
Blume, but the in vitro germination assays on Rafflesia species
remains a continuing challenge (Wicaksono et al., 2016).
Molina et al (2017) explained that the unsuccessful attempt
in germination is a result of not knowing the simulating host
chemicals and/or that the seeds tested may be agamosper-
mous (i.e. lacking an embryo), which has been observed in
some Rafflesia species (Nais, 2001). Recently, Molina et al
(2023) identified key genes in the Rafflesia seed transcrip-
tome that may be involved in its germination, including
genes for response to smoke-related chemical karrikin, as
well as genes for laccase enzymes that in the unrelated plant
parasite Striga, breakdown host tissue to facilitate infection.
Thus in the future, it may be worthwhile to incubate Rafflesia
seeds in laccase and karrikin in the presence of the host to
induce germination. In 2017, two uninfected host cuttings
(Testrastigma harmandii & Tetrastigma cf: magnum) that
were collected from the Philippines have successfully rooted
and are now growing at the USBG. These plants have been
used as rootstocks for Rafflesia-infected cuttings collected in
January 2023. It can take at least a year to know if the graft is
completely successful, when a Rafflesia bud emerges from the
grafted scion.
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Since members of Rafflesiaceae are only detectable by
their flowers and completely hidden within host tissues before
they flower, conservation monitoring of populations has been
difficult. Fortunately, Osanthanunkul (2019) successfully
detected the presence of Sapria himalayana at different sites
by using the eDNA (environment DNA)-based monitoring
method. The eDNA-based monitoring method uses the am-
plification of specific DNA fragments that organisms release
into the environment. Researchers have applied this monitor-
ing method to aquatic animals, amphibians, and even mam-
mals (Osathanunkul, 2019). Species like Sapria himalayana
have low chances of survival due to their high bud mortality
rate (46-67%) and low fruiting rate (8-12%). The study of
Osathanunkul (2019) brought to light a successful moni-
toring method that could be applied towards conservation
monitoring of Rafflesia and Rhizanthes.

PLANT MICROBIOMES AND ENDOPHYTES

Given the difficulty in propagating members of Rafflesia-
ceae outside of their natural habitat using conventional horti-
cultural methods, we have been exploring the microbiome of
Rafflesia and its host Tetrastigma. Microbes that reside within
plant tissues, or microbial endophytes, play a major role in
promoting the growth of plants by producing certain growth
regulators and/or protecting their plant hosts from pathogens.
Bacterial endophytes that reside in the rhizosphere can enter
internal plant tissues through primary and lateral root hair
cells, root wounds, and the stomata from leaves and young
stems (Santoyo et al., 2016). Proteobacteria is the dominant
phylum that is generally found as bacterial endophytes. The
two classes that are also found as endophytes are Firmicutes
and Actinobacteria. Regarding the genera level, Pseudomo-
nas, Bacillus, Burkholderia, Strenotrophomonas, Micrococcus,
Pantoea, and Microbacterium are often found as endophytes
(Santoyo et al., 2016). These bacterial endophytes have been
demonstrated to produce hormones that promote plant
growth and protect their plant hosts from pathogens and
stressful environmental conditions (Santoyo et al., 2016).

Researchers have started to explore the positive impacts
of bacterial endophytes and how they can be applied to im-
prove agriculture. In a study, the endophytic community of
sugarcane was investigated and researchers discovered that two
strains, Enterobacter and Shinella were the true endophytes of
commercial sugarcane as they were able to show plant growth
promoting effects (Taulé et al., 2016). It is possible that there
are unique microbial endophytes that may facilitate Rafflesia
infection and can serve as bioinoculants to help Rafflesia grow
ex situ. Like Rafflesia, Phelipanche aegyptiaca is a plant parasite

which infects tomatoes, Solanum lycopersicum. Kruh et al
(2017) studied the endophytic communities in non-parasit-
ized tomato roots and parasitized tomato roots and found that
when parasitized, the parasite and host had similar endophytic
composition compared to the non-parasitized tomato root.
This clearly indicates that the connection between the parasit-
ic weed and the tomato host plant serves as a passageway for
bacterial endophytes. Moreover, the researchers identified a
new Pseudomonas sp. and found that it was able to reduce ger-
mination of the parasite seeds by 80% without harming the
tomato host roots (Kruh et al., 2017). Their findings on the
Pseudomonas strain could foster the use of biocontrol agents
in controlling parasitic weeds, which could replace harmful
chemical pesticides that are used in agriculture.

In the research study by Felestrino et al (2017), bacte-
rial endophytes were also studied in the holoparasitic plant,
Langsdorffia hypogaea, its various hosts, as well as from the soil
community surrounding them, i.e the rhizosphere. This study
led to the discovery of 81 bacterial isolates. 95% of the iso-
lates were capable of fixing nitrogen and this gave the parasitic
plants the ability to convert atmospheric nitrogen for their
growth when soils were leached or contaminated with heavy
metals. 86% of the isolates produced indoleacetic acid (IAA),
which is a hormone that increases root growth and 20% of
the isolates inhibited the growth of plant pathogens. This
research sheds light on the importance of bacterial endophytes
even to plant parasites. Thus, investigation of the bacterial
endophytes within members of Rafflesiaceae could reveal how
their microbiome could possibly benefit the growth and de-
velopment of Rafflesiaceae for propagation and conservation.

In this study, the goal is to characterize the associated
microbiome of Rafflesiaceae, particularly Rafflesia speciosa and
Sapria himalayana to find “microbial markers” of RafHlesiaceae
infection. It is hypothesized that these microbial markers will
be present in Rafflesiaceae and their infected host plants but
not in uninfected host plants. This study could also reveal
“core” endophytic bacteria common in different species of
Rafflesiaceac which may serve as bioinoculants to facilitate
Rafflesiaceae propagation and conservation.

METHODOLOGY

One of us, JM, collected various samples for microbi-
ome characterization: eight (8) samples of host roots infected
with Rafflesia speciosa, nine (9) Rafflesia speciosa buds, five (5)
uninfected samples of host roots, and seven (7) samples of
nonhosts (7Zetrastigma spp. never observed to be parasitized by
Raflesia) were collected from Miagao, Iloilo, Philippines. In
addition, two (2) buds of Sapria himalayana were collected
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from Chiang Mai, Thailand. All collections were conducted
under the appropriate permits and authorizations.

All samples were surface-sterilized with 2% sodium hypo-
chlorite, rinsed, and processed for 16s microbiome sequenc-
ing (Illumina) and metagenomic analyses by Zymo Research
(Irvine, CA). To deplete plant 16s rDNA chloroplast reads,
sequence-specific peptide nucleic acid (PNA) blockers were
used by Zymo. In addition, nanopore metagenomic sequenc-
ing was performed on seven Rafflesia flower buds to character-
ize their endophytic bacterial composition. The 16S Barcod-
ing kit (SQK-16S024) was used for library preparation, and
sequencing was performed on the MinlON Mk1b device
(Oxford Nanopore). The EPI2ZME 16S-BLAST workflow was
used for data processing to identify bacterial endophytes at
the genus level.

Bacterial composition and proportions from Zymo’s
metagenomic analyses were used to make bar charts (Fig.

1-3) to better understand microbiome patterns. EPI2ME
analysis of the nanopore reads for the Rafflesia buds produced
a phylogeny of the bacterial endophytes (Fig. 4). Ecological
characteristics of noteworthy bacterial taxa (Table 1) were
investigated in the literature (Table 2) to gain insights on how
these bacterial endophytes possibly facilitate infection and
development of Rafflesiaceae.

RESULTS

Figures 1-3 are bar charts showing bacterial proportions
and compositions at phylum, class, and genus level. M-Raff-
bud, M-Infec, M-Uninfec, and M-Nonhost are Rafflesia spe-
ciosa-associated samples from Miagao (M), Philippines and
T-Sapbud represents the Sapria himalayana buds from Chiang
Mai, Thailand (T). Figure 4 shows the phylogeny of seven
Rafflesia buds. Table 1 represents the different bacterial genera
that were shared across the samples and Table 2 describes the
ecological roles of these genera from the literature.

DISCUSSION

In this study, the goal was to characterize the associated
microbiome of Rafflesiaceae, particularly Rafflesia speciosa and
Sapria himalayana to find “microbial markers” of RafHlesiaceae
infection, which may have growth-promoting properties that
can facilitate Rafflesiaceae propagation and conservation. It
was also hypothesized that Rafflesia and its host will have sim-
ilar microbiomes given their intimate connection, similar to
what was observed in Phelipanche and its tomato host (Kruh
et al., 2017). However, results across different taxonomic lev-
els (phylum Fig. 1; class Fig. 2; genus Fig. 3) demonstrate that

Rafflesia buds have a distinct microbial endophyte composi-
tion and possessed some unique genera (Table 1) compared to
its infected hosts. The Zetrastigma samples, whether nonhost
or host, infected or not, visually have similar microbial com-
position and proportion especially at the Phylum and Class
levels (Fig. 1-2). Interestingly, Rafflesia and Sapria differed
dramatically in their microbiomes with Rafflesia having much
more generic diversity (Fig. 3).

In Fig. 1, Rafflesia bud (M-Raftbud) has a slightly differ-
ent phylum proportion from the Zetrastigma roots (M-Infec,
M-Uninfec, and M-Nonhost) as it is enriched in Firmicutes,
Saccharibacteria, and Actinobacteria, but it is diminished
in Planctomycetes and Acidobacteria. Firmicute species are
commonly known to have beneficial traits in plant growth
promotion and agriculture (Hashmi et al., 2020). In two
studies, Saccharibacteria played a major role in bacterial wilt
disease suppression (Shen et al., 2018; Zhang et al., 2017).
Similarly, Actinobacteria has a disease suppression ability
because they are producers of secondary metabolites, which
are products synthesized by bacteria that help with survival
functions (Hazarika et al., 2020). Firmicutes, Saccharibacte-
ria, and Actinobacteria could possibly provide plant growth
promoting properties and protection against pathogenic
bacteria to the Rafflesia bud as it transitions into a flower. The
seemingly very large proportion of phylum Cyanobacteria in
Sapria bud compared to Rafflesia bud, is probably an artifact,
most likely from 16s IDNA chloroplast reads that were not
affected by the PNA blockers used by Zymo. PNA clamps/
blockers suppress plant host chloroplast DNA amplification
and prevent host plant contamination to better analyze the
bacterial communities in plants (Fitzpatrick et al., 2018). The
large proportion of putative chloroplast reads in Sapria bud is
interesting because Cai et al (2021) reported that Sapria hi-
malayana lost its entire chloroplast genome, but the resulting
data here suggest otherwise, or at least a remnant 16s rDNA
has been retained by Sapria.

In Fig. 2, at the Class level, the bacterial composition of
Rafflesia bud varies as well from the rest of the samples since it
has a larger proportion of Clostridia and Coriobacteriia but a
diminished proportion of Deltaproteobacteria and Acidobac-
teria. Clostridia has been shown to be a nitrogen-fixing endo-
phyte present in the grass Miscanthus sinensis (Miyamoto et
al., 2004). There is not much known about the plant growth
promoting traits of Coriobacteriia but Coriobacteriia belongs
to the phylum Actinobacteria, well known for enhancing
plant growth through direct actions such as nitrogen fixation,
phytohormones production, and siderophores production
(Boukhatem et al., 2022). These effects could be potentially
found in Coriobacteriia and may offer similar plant growth
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FIGURE
Endophytic Bacterial Proportions and Compositions at Phylum Level of Rafflesiaceae samples from Illumina Sequencing
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Miagao Tetrastigma roots (M-Infec, M-Uninfec, and M-Nonhost) seem to have similar bacterial compositions and proportions
regardless of Rafflesia infection, but M-Raffbud has a slightly different bacterial proportion from the rest of the samples with
more Actinobacteria (purple) and Firmicutes (dark blue), yet diminished in Planctomycetes (yellow) and Acidobacteria (dark
green). The bacterial compositions of T-Sapbud and M-Raftbud significantly differ from each other. Cyanobacteria largely
composed the Sapbud microbiome (>87%, light brown). On the other hand, M-Raftbud only contains 0.34% of Cyanobacte-
ria but has a higher microbial diversity than T-Sapbud.
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FIGURE 2.

Endophytic Bacterial Proportions and Compositions at Class Level of Rafflesiaceae samples from Illumina sequencing.

Deltaproteobacteria

Clostridia

\d \4
Acidobacteria

Coriobacteria

M-RAFFBUD M-INFEC

mk_ Archaea;p__Euryarchaeota;c__Methanomicrobia
mk__Archaea;p__Thaumarchaeota;c_ NA

m k__Bacteria;p__Acidobacteria;c__Holophagae

m k__Bacteria;p__Actinobacteria;c__Acidimicrobiia

mk_ Bacteria;p__Actinobacteria;c__Coriobacteriia

mk__ Bacteria;p__Actinobacteria;c__Nitriliruptoria

®m k__ Bacteria;p__Actinobacteria;c__Thermoleophilia

k__Bacteria;p__Armatimonadetes;c__Fimbriimonadia

M-UNINFEC

M-NONHOST T-SAPBUD

mk__Archaea;p__Euryarchaeota;c__Thermoplasmata
k__Bacteria;p__Acidobacteria;c__Acidobacteria

mk__Bacteria;p__Acidobacteria;c_ NA

mk__Bacteria;p__Actinobacteria;c__Actinobacteria

mk_ Bacteria;p__Actinobacteria;c_ NA

mk__ Bacteria;p__Actinobacteria;c__Rubrobacteria

wk__Bacteria;p__Aerophobetes;c_ NA
k__Bacteria;p__Armatimonadetes;c__NA

m k__Bacteria;p__Armatimonadetes;c__wastewater metagenome m k__Bacteria;p__Bacteroidetes;c__Bacteroidia

mk__Bacteria;p__Bacteroidetes;c__Cytophagia

®m k__ Bacteria;p__Bacteroidetes;c__NA

®mk__ Bacteria;p__Chlamydiae;c__Chlamydiae

= k__Bacteria;p__Chlorobi;c__Ignavibacteria
k__Bacteria;p__Chloroflexi;c__Ardenticatenia
k__Bacteria;p__Chloroflexi;c__Chloroflexia

mk__Bacteria;p__Chloroflexi;c_ NA

mk__Bacteria;p__Cyanobacteria;c__Chloroplast

mk_ Bacteria;p__Cyanobacteria;c__Melainabacteria

mk__ Bacteria;p__Deferribacteres;c__Deferribacteres
k__Bacteria;p__FElusimicrobia;c__Elusimicrobia
k__Bacteria;p__Firmicutes;c__Bacilli

m k__Bacteria;p__Firmicutes;c__Erysipelotrichia

mk_ Bacteria;p__Firmicutes;c__Negativicutes

mk__ Bacteria;p__Gracilibacteria;c_ NA
k__Bacteria;p__Latescibacteria;c_ NA
k__Bacteria;p__NA;c__NA
k__Bacteria;p__Omnitrophica;c__NA

®mk_ Bacteria;p__Planctomycetes;c_ NA

mk__Bacteria;p__Bacteroidetes;c__Flavobacteriia

wk__Bacteria;p__Bacteroidetes;c__Sphingobacteriia

mk_ Bacteria;p__Chlorobi;c__Chlorobia
k__Bacteria;p__Chloroflexi;c__Anaerolineae
k__Bacteria;p__Chloroflexi;c__Caldilineae
k__Bacteria;p__Chloroflexi;c__Ktedonobacteria

mk__Bacteria;p__Chloroflexi;c__Thermomicrobia

mk__Bacteria;p__Cyanobacteria;c__Cyanobacteria

mk__ Bacteria;p__Cyanobacteria;c_ NA
k__Bacteria;p__Deinococcus-Thermus;c__Deinococci
k__Bacteria;p__Fibrobacteres;c__Fibrobacteria
k__Bacteria;p__Firmicutes;c__Clostridia

mk__Bacteria;p__Firmicutes;c_ NA

m k__Bacteria;p__Gemmatimonadetes;c__Gemmatimonadetes

mk_ Bacteria;p__Hydrogenedentes;c__ NA
k__Bacteria;p__Lentisphaerae;c_ NA
k__Bacteria;p__Nitrospirae;c__Nitrospira
k__Bacteria;p__Parcubacteria;c_ NA

mk__Bacteria;p__Planctomycetes;c__Phycisphaerae

Rafflesia buds (M-Raftbud) show bigger proportion of Clostridia (light green), Coriobacteria (red) but diminished proportion
of Deltaproteobacteria (beige) and Acidobacteria (yellow) compared to the Miagao Zetrastigma roots, whether infected or not.

The Zetrastigma roots (M-Infec, M-Uninfec, and M-Nonhost) seem to share similar bacterial compositions. The bacterial com-

position of T-Sapbud is significantly different from M-Raftbud.
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FIGURE 3.

Endophytic Bacterial Proportions and Compositions at Genus Level of Rafflesiaceae samples from Illumina sequencing.
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This is the top 0.1% genera in Rafflesia (M-Raffbud) and Sapria (T-Sapbud) buds, which differ dramatically from each other

in bacterial genera composition and proportions. Sapria bud only had 3 genera: Enterobacter, Nocardioides, Pseudomonas which

were all present in the other samples as well. M-Raffbud also shows a different composition compared to the Zétrastigma sam-
ples, infected or not. Herbiconiux was among the top 0.1% unique genera in Rafflesia bud. Other unique M-Raftbud taxa are

listed in Table 1.
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TABLE 1.

Endophytic bacterial genera shared across samples from Hlumina sequencing. (RB=Raffbud, SB=Sapbud, TH=Tetrastigma host,
NH=Tetrastigma nonhost)

Present in Unique to Unique to

Genus Unique to RB  both RB/SB RB/TH NH

Holdemanella (P. Firmicutes)
Dialister (P. Firmicutes)
Herbiconiux (P. Actinobacteria)
Prevotella (P. Bacteroidetes)
Olsenella (P. Actinobacteria)
Bifidobacterium (P. Actinobacteria)
Propionibacterium (P. Actinobacteria)
Salinibacterium (P. Actinobacteria)
Buttiauxella or Lelliottia (P. Proteobacteria)
Pseudomonas (P. Proteobacteria)
Enterobacter (P. Proteobacteria)
Kluyvera (P. Proteobacteria)
Rhizobium (P. Proteobacteria)
Novosphingobium (P. Proteobacteria)
Klebsiellz (P. Proteobacteria)
Pantoea (P. Proteobacteria)

Erwinia (P. Proteobacteria)
Flavobacterium (P. Bacteroidetes)
Kosakonia (P. Proteobacteria)
Mucilaginibacter (P. Bacteroidetes)
Shinella (P. Proteobacteria)
Rathayibacter (P. Actinobacteria)
Lactovum (P. Firmicutes)

Arthrobacter or Glutamicibacter (P. Actinobacteria)
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TABLE 2.

Ecological characteristics of bacterial genera from Table 1.

Genus

Ecology of the bacteria

References

Holdemanella (RB)

This is an endophyte composing the microbiome of bamboo shoots but its
ecological role is unclear.

Cui et al., 2021

Dialister (RB)

This is an endophyte found in watermelon seed embryos but its ecological
role is unclear.

Thomas et al., 2021

Herbiconiux (RB)

This is an endophyte found in yerba mate (Ilex paraguariensis) and was
positive for nitrogen fixation. Amidase, endoglucanase, phosphatase, and
superoxidative dismutase were retrieved and classified as gene-clusters with
plant growth-promotion (PGP) functions such as IAA-production, cellu-
lose-degradation and anti-oxidant effects.

Pérez et al., 2016

Prevotella (RB)

This is one of the bacterial genera found in the leaves of Eucalyptus tereti-
cornis but ecological role is unclear.

Dasgupta et al., 2020

Olsenella (RB) No ecological information found in the literature. N/A
The strain Bifidobacterium longum subsp. longum is associated with metabo-
Bifidobacterium lizing plant-derived poly/oligosaccharides, hemicellulose, and pectin-asso-
(RB) ciated glycans. Kelly et al., 2021
Propionibacterium | This is an endophyte found in seeds of Crotalaria pumila growing on metal | Sdnchez-Lépez et al.,
(RB) sites in Mexico but ecological role is unclear. 2018
Salinibacterium Salinibacterium was found in Stevia leaf and its relative abundance was
(RB) positively correlated with plant height. Yu etal., 2015
Buttiauxella or Lel- | The endophytic bacterium, Buttiauxella sp. SaSR13 was able to improve
liottia (RB) the growth of Sedum alfredii by 39 and 42% for shoot and root biomass. | Wu et al., 2018
Researchers investigated the effect of the nitrogen-fixing strain, Pseudo-
monas stutzeri A15, and discovered that A15 promoted the growth of rice
Pseudomonas (RB/ . . )
SB) seedlings. In another research stud}'r, .the strain, Pseudo@onas' b'nmzcaceamm ?ham etal., 2017;
CDVBNI10 was selected as a promising candidate to biofertilize rapeseed | Jiménez-Gdémez et al.,
crops. 2020
Enterobacter (RB/ Ente;job'acter Spp- are kn(?wn to have many Plant growth promo.ti.ng ‘char—
SB) acterlstlfs that 1nv'ol.ve ‘mtrog'efl fixation, 5011' phosphorus solubilisation,
production of antibiotics, ability to secrete siderophores, etc. Jhaetal., 2011
Kluyvera (RB/SB) The bacterial strain EN4 (Kluyvera ascorbata) was isolated from cabbage

and it was able to reduce Plutella xylostella.

Laurentis et al., 2014

Rhizobium (RB/SB)

Rhizobium is a major contributor to nitrogen fixation, especially in legumi-
nous plants. Researchers discovered Rhizobium species living in the stems
of poplar trees, allowing them to grow in nutrient-poor soil.

Zahran, 1999; Doty et
al., 2005

Novosphingobium
(RB/SB)

Novosphingobium sp. PS5 was selected for its plant growth-promoting
potential in optimizing rice cultivation.

Rangjaroen et al., 2017

Klebsiella (RB/SB)

The nitrogen-fixing Klebsiella variicola strain DX120E was shown to pro-
mote sugarcane growth.

Lin et al., 2015

Table 2 continues on page 13
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Table 2 continued from page 12

Genus

Ecology of the bacteria

References

Pantoea (RB/SB)

In a study, Pantoea agglomerans MK-29 significantly reduced Meloidogyne
incognita nematode infestation on tomato roots.

Feng et al., 2006

Erwinia (RB/SB)

The endophytic bacterium, Erwinia gerundensis strain (A4) was tested
for plant growth-promoting ability and the results showed that A4 had a
positive effect growth on Arabidopsis thaliana as it increased its root hair

length.

Guzmain et al., 2021

Flavobacterium (RB/
TH)

The genus Flavobacterium harbors many extra-cellular macromolecular-de-
grading enzymes. Some strains have been found to possess H2-oxidizing
and ACC (1-aminocyclopropane-1-carboxylate) deaminase activities,
which have been correlated to plant growth promotion.

Kolton et al., 2016

Kosakonia (RB/TH)

Kosakonia sp. UYSO10 was able to promote sugarcane growth.

Taulé et al., 2019

Moucilaginibacter is known to have many roles in plant growth promotion.

Mucilaginibacter In a study, Mucilaginibacter was shown to alleviate salt stress in the plant Fan et al., 2020; Broc-

(RB/TH) model, Arabidopsis thaliana. In addition, they are bacteria that are capable | canello et al., 2022;
of degrading pectin, xylan, laminarin and some other polysaccharides. Pankratov et al., 2007
In 2012, Shinella sp.UYSO24 was identified as a potential endophytic

) diazotroph for sugarcane (Saccharum officinarum L.) In 2016, the research-

Shinella (RB/TH) ers identri)ﬁed stra?n Shinella sp.UYSsz‘ as a true endophyte of sugarcane | Taulé et al., 2012; Taulé
plants. etal., 2016

Rathayibacter (RB/ | In a study, researchers observed plant growth for pine seedlings that were

TH) inoculated with Rathayibacter tanaceti AN2r. Padda et al., 2019

Lactovum (NH)

Cells of the genus Lactovum are chemoorganotrophic and characterized by
an aerotolerant anaerobic metabolism that yields lactate.

Drake et al., 2014

Arthrobacter or Glu-
tamicibacter (NH)

Arthrobacter was isolated from tomato rhizosphere and demonstrated plant
growth promoting activities such as indole acetic acid (IAA) production.
Glutamicibacter sp. FBE-19 was isolated based on its strong antagonism

to the cucurbit bacterial blight pathogen Erwinia tracheiphila on plates.
Members of the Glutamicibacter genus can promote plant growth under
saline conditions and antagonize fungi via chitinolytic activity.

Banerjee et al., 2010; Fu
etal., 2021

(RB=Raftbud, SB=Sapbud, TH= Zezrastigma host, NH=Tetrastigma nonhost). If there are two bacterial genera in the column,

the taxonomic identity was ambiguous based on the database.
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FIGURE 4.
Phylogeny of bacterial endophytes in Rafflesia buds.
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This phylogeny accounts for the top 0.1% in 7 Rafflesia buds with a total of 1,792,958 reads from Nanopore. The highlighted

genera are also found in results from Illumina sequencing (cf. Table 1).
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promoting benefits to Rafflesia bud.

At the genus level (Fig. 3), Rafflesia bud is quite different
from the other samples in terms of microbial composition. It
was hypothesized that Rafflesia buds will have a similar bac-
terial proportion and composition as its infected Zezrastigma
hosts (M-Infec) but this was not the case with Rafflesia bud
harboring some unique bacterial genera such as Holdemanella,
Dialister, Herbiconiux, Prevotella, Olsenella, Bifidobacterium,
Propionibacterium, Salinibacterium and Buttiauxella-Lelliottia
(Table 1 and Table 2). There was no ecological role found for
Holdemanella or Olsenella but Holdemanella is under phylum
Firmicutes and as mentioned earlier, Firmicutes species are
commonly known for having plant growth promoting traits
(Hashmi et al., 2020). As for Dialister, there was no suffi-
cient information on its plant growth promoting benefits but
Dialister also belongs to phylum Firmicutes, and it was found
as one of the abundant genera in watermelon seed embryos
(Thomas et al., 2021). Many of the unique genera in Raffle-
sia bud that were found in the literature have plant-growth
promoting properties such as nitrogen fixation and increase in
plant biomass. In a research study, the endophyte Herbiconiux
was positive for nitrogen fixation (Pérez et al., 2016). Another
endophytic bacterium, Buttiauxella was able to improve the
shoot and root biomass of Sedum alfredii by 39 and 42% re-
spectively. There were unique genera in Rafflesia bud that were
not detected in its associated host, which is surprising. It is
possible that these were vertically transmitted via the Rafflesia
seed when it germinated inside the host, and may be bacteria
that do not readily cross between the host and parasite. These
unique genera may be important to the germination of Raffle-
sia seeds and may facilitate propagation attempts from seed.

Excluding the very high proportion of chloroplast reads,
Sapria bud had three genera having at least 0.1% proportion:
Enterobacter, Nocardioides, Pseudomonas, which were also pres-
ent in other samples (Rafflesia and Tetrastigma). Even though
Sapria bud only had three unique genera, they all demonstrat-
ed plant growth promoting benefits that involved production
of antibiotics, plant growth under salinity stress, and plant
growth on seedlings. Enterobacter species are known for their
production of antibiotics, nitrogen-fixation ability, and secre-
tion of siderophores. (Jha et al., 2011). In a study, the actino-
bacterium endophyte, Nocardioides sp. NIMMEG had many
plant-growth promoting effects that allowed for the growth
of wheat plants under salinity stress (Meena et al., 2020). In
addition, the nitrogen-fixing strain, Pseudomonas stutzeri A15
promoted the growth of rice seedlings (Pham et al., 2017).
These genera in Sapria bud may also serve as bioinoculants
that can facilitate Sapria propagation.

There were other genera (not among the top 0.1%)

shared by Rafflesia bud and Sapria bud such as Kluyvera,
Rhizobium, Novosphingobium, Klebsiella, Pantoea, and Erwinia
(Table 1, 2). These taxa were also found in the Zetrastigma
samples so are not unique to Rafflesiaceae. The plant growth
promoting traits of the genera that were shared in Rafflesia
and Sapria bud included nitrogen fixation and plant growth
promoting ability. For example, the genera Rhizobium is a
major contributor to nitrogen fixation, especially to the stems
of poplar trees, which are trees that have the ability to grow
in nutrient-poor soil (Zahran, 1999; Doty et al., 2005). The
nitrogen-fixing Klebsiella variicola strain DX120E was able

to promote sugarcane growth (Lin et al., 2015). Rhizobium
and Klebsiella are diazotrophic endophytes and they could
both potentially provide nitrogen fixation to Rafflesia and
Sapria. The endophytic bacterium, Erwinia gerundensis strain
(A4) had a positive effect growth on Arabidopsis thaliana as

it increased its root hair length (Guzmadn et al., 2021). These
genera were shared by Rafflesia, Sapria, and Tetrastigma sam-
ples. The shared genera between the samples could potentially
be common endophytic taxa of plants.

Furthermore, Rafflesia buds and its Zetrastigma host also
share genera, as expected given their intimate association.
These shared genera include Flavobacterium, Kosakonia,
Shinella, Mucilaginibacter and Rathayibacter. Kosakonia sp.
and Shinella sp. were reported to promote sugarcane growth
(Taulé et al., 2016; Taulé et al., 2019). Mucilaginibacter is
known to have many roles in plant-growth promotion, and it
was shown to alleviate salt stress in the plant model, Arabi-
dopsis thaliana (Fan et al., 2020; Broccanello et al., 2022).
Flavobacterium strains have been found to possess H2-oxidiz-
ing and 1-aminocyclopropane-1-carboxylate deaminase ac-
tivities (ACC), which have been correlated with plant growth
promotion (Maimaiti et al., 2007; Kolton et al., 2016). H2
plays a key role in plant development, with positive effects on
seed germination as well as root elongation (Li et al., 2018).
Bacteria that produce ACC deaminase activities can directly
promote and protect plant growth (Glick, 2014)

Though the genus Zerrastigma is the sole host to Raffle-
siaceae species, not all Zesrastigma species can serve as hosts.
In fact, only 11 of 95 Terrastigma species serve as Rafflesia
hosts (Pelser et al., 2016). There may be unique microbiota
in Zetrastigma non-host species that could be antagonistic
to Rafflesia infection such as Lactovum, Arthrobacter, and
Glutamicibacter which were identified in non-host species in
this study. Cells of the genus Lactovum yield lactate; lactic
acid bacteria strains have been considered promising candi-
dates in agriculture for their ability to promote plant growth
and show antagonistic effects against pathogens (Drake et al.,
2014; Raman et al., 2022). Arthrobacter demonstrated plant
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growth promoting activities such as indole acetic acid (IAA)
production and Glutamicibacter was able to promote plant
growth under saline conditions and antagonize the pathogen,
Erwinia tracheiphila (Banerjee et al., 2010; Fu et al., 2021).
Perhaps these unique bacteria somehow suppress Rafflesia
infection conferring some immunity to the Zezrastigma non-
host species.

The phylogeny of endophytic bacteria in Rafflesia bud
from Nanopore in (Fig. 4) shows six genera that were also
characterized by Zymo (Table 1). They are Klebsiella, Entero-
bacter, Pantoea, Erwinia, Pseudomonas, and Novosphingobium.
However, there were also discrepancies between the two data-
sets when comparing the Rafflesia buds. In Zymo, there were
87 genera with at least 0.1% abundance, while in Nanopore
sequencing, 57 genera were characterized with 0.1% abun-
dance (Fig 4). An explanation to why Zymo and Nanopore
have differences in genera could be because the Rafflesia buds
samples were collected at different sites. Also, it is possible
that Zymo and Nanopore used different 16S primers sets. An
issue that arose with Nanopore sequencing was not having
sufficient microbial DNA concentration even after experi-
menting with various extraction Kkits.

In conclusion, this research has provided insight into the
microbiome of Rafflesiaceae species. Microbial taxa present
in both Rafflesia and Sapria bud could be potentially used as
bioinoculants in propagation attempts of these horticultur-

ally recalcitrant taxa. The identification of unique bacterial
taxa in Rafflesia buds despite its close association with its host
is interesting and may have been vertically transferred via
Rafflesia seeds and could thus be vital in stimulating Rajfflesia
seed germination in vitro or in planta. The identification of
unique bacteria in 7etrastigma non-host species could suggest
that there are endophytic microbes that could confer some
immunity to non-host species and ecologically antagonize
Rafflesia infection. This study unveils the symbiotic microbes
of Rafflesia and Sapria and their potential horticultural appli-
cation in propagating the world’s largest flowers.

ACKNOWLEDGMENTS

JM gratefully acknowledges the contributions of collab-
orators, field guides, and government agencies in the Philip-
pines and Thailand, as well as personnel from USBG, USDA,
LIU, and Pace University. DD thanks the Honors College,
laboratory colleagues, and her family for their support. This
research was supported by the National Science Foundation’s
Plant-Biotic Interactions Program (Awards 2204938 and
2346626).

Related findings were previously reported in Molina, J.,
et al. (2024). The endophyte’s endophytes: The microbial
partners of the endangered plant parasite Rafflesia speciosa
(Rafflesiaceae) reveal clues about its cryptic biology and cues
for cultivation. Journal of Plant Interactions, 19(1), 2304221.



Diaz & Molina | Unveiling the Microbes of the World’s Largest Flowers 17

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Banerjee, S., Palit, R., Sengupta, C., & Standing, D. (2010). Stress Induced Phosphate Solubilization by “Arthrobacter”
Sp. And “Bacillus” Sp. Isolated from Tomato Rhizosphere. Australian Journal of Crop Science, 4: 378-383. doi:
10.3316/informit.414789554792811

Beaman, R. S., Decker, P. J., & Beaman, J. H. (1988). Pollination of Rafflesia (Rafflesiaceae). American Journal of Bota-
ny, 75: 1148-1162. doi: 10.1002/j.1537-2197.1988.tb08828.x

Boukhatem, Z. E, Merabet, C., & Tsaki, H. (2022). Plant Growth Promoting Actinobacteria, the Most Promising Can-
didates as Bioinoculants? Frontiers in Agronomy. doi: 10.3389/fagro.2022.849911

Broccanello, C., Ravi, S., Deb, S., Bolton, M., Secor, G., Richards, C., Maretto, L., Lucia, M. C. D., Bertoldo, G.,
Orsini, E., Ronquillo-Lépez, M. G., Concheri, G., Campagna, G., Squartini, A., & Stevanato, . (2022). Bacte-
rial endophytes as indicators of susceptibility to Cercospora Leaf Spot (CLS) disease in L. Scientific Reports, 12:
10719. doi: 10.1038/s41598-022-14769-8

Brown, R. (1821). An Account of a new Genus of Plants, named Rafflesia. Transactions of the Linnean Society of Lon-
don, 0s-13: 201-234. doi: 10.1111/j.1095-8339.1821.tb00062.x

Cai, L., Arnold, B. J., Xi, Z., Khost, D. E., Patel, N., Hartmann, C. B., Manickam, S., Sasirat, S., Nikolov, L. A.,
Mathews, S., Sackton, T. B., & Davis, C. C. (2021). Deeply Altered Genome Architecture in the Endoparasit-
ic Flowering Plant Sapria himalayana Griff. (Rafflesiaceae). Current Biology, 31: 1002-1011. doi: 10.1016/j.
cub.2020.12.045

Cui, F, Yang, Y., Ye, M., Wei, W., Huang, W., Wu, Y., Jiao, X., Ye, X., Zhou, S., Hu, Z., Zhang, Y., Gui, R., Wu, W,
Yrjild, K., Overmyer, K., Liu, S., Cui, E, Yang, Y., Ye, M., & Liu, S. (2021). Case study of a rhizosphere microbi-
ome assay on a bamboo rhizome with excessive shoots. Forestry Research, doi:10.48130/FR-2021-0010

Dasgupta, M. G., Burragoni, S., Amrutha, S., Muthupandi, M., Parveen, A. B. M., Sivakumar, V., & Ulaganathan,

K. (2020). Diversity of bacterial endophyte in Eucalyptus clones and their implications in water stress tolerance.
Microbiological Research, 241: 126579. doi: 10.1016/j.micres.2020.126579

Dorji, R., Phuentsho, Dechen, U., Gyeltshen, Samdrup, T., Dorji, K., Powrel, R. B., Dorji, P, Dhimal, K. P, & Long,
D. G. (2022). Discovery, Distribution and Conservation of the Rare Parasitic Plant Sapria Himalayana (Rafflesiace-
ae) in Bhutan. Curtis’s Botanical Magazine, 39: 541-554. doi: 10.1111/curt.12461

Doty, S., Dosher, M. R., Singleton, G. L., Moore, A. L., Van Aken, B, Stettler, R., Strand, S., & Gordon, M. P. (2005).
Identification of an endophytic Rhizobium in stems of Populus. Symbiosis, 39: 27-35.

Drake, H. L. (2014). The genus Lactovum. Wiley Online Library. doi: 10.1002/9781118655252.ch27

Fan, D., Subramanian, S., & Smith, D. L. (2020). Plant endophytes promote growth and alleviate salt stress in Arabi-
dopsis thaliana. Scientific Reports, doi: 10.1038/s41598-020-69713-5

Felestrino, E. B., Santiago, I. E, Freitas, L. da S., Rosa, L. H., Ribeiro, S. P, & Moreira, L. M. (2017). Plant Growth
Promoting Bacteria Associated with Langsdorffia hypogaea-Rhizosphere-Host Biological Interface: A Neglected
Model of Bacterial Prospection. Frontiers in Microbiology, 8: 172. doi: 10.3389/fmicb.2017.00172

Feng, Y., Shen, D., & Song, W. (2006). Rice endophyte Pantoea agglomerans YS19 promotes host plant growth and
affects allocations of host photosynthates. Journal of Applied Microbiology, 100: 938-945. doi: 10.1111/j.1365-
2672.2006.02843.x

Fitzpatrick, C. R., Lu-Irving, P, Copeland, J., Guttman, D. S., Wang, P. W., Baltrus, D. A., Dlugosch, K. M., &
Johnson, M. T. J. (2018). Chloroplast sequence variation and the efficacy of peptide nucleic acids for blocking host
amplification in plant microbiome studies. Microbiome, 6: 144. doi: 10.1186/s40168-018-0534-0

Fu, B., Olawole, O., & Beattie, G. A. (2021). Biological Control and Microbial Ecology Draft Genome Sequence Data
of Glutamicibacter sp. FBE-19, a Bacterium Antagonistic to the Plant Pathogen Erwinia tracheiphila. Phytopatholo-
gy, 111: 765-768. https://doi.org/10.1094/PHYTO-09-20-0380-A

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiologi-
cal Research, 169: 30-39. doi: 10.1016/j.micres.2013.09.009

Guzmdn, J. P, Reyes-Prieto, M., & Hart, S. C. (2021). Characterization of Erwinia gerundensis A4, an Almond-Derived
Plant Growth-Promoting Endophyte. Frontiers in Microbiology. doi: 10.3389/fmicb.2021.687971



Fine Focus | Volume 12

19.

20.

21.

22.

23.

24.

25.

20.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hashmi, I., Bindschedler, S., & Junier, P (2020). Chapter 18—Firmicutes. Beneficial Microbes in Agro-Ecology. doi:
10.1016/B978-0-12-823414-3.00018-6

Hazarika, S. N., & Thakur, D. (2020). Chapter 21—Actinobacteria. Beneficial Microbes in Agro-Ecology. doi:
10.1016/B978-0-12-823414-3.00021-6

Hidayati, S. N., Meijer, W., Baskin, ]J. M., & Walck, ]. L. (2000). A Contribution to the Life History of the Rare
Indonesian Holoparasite Rafflesia patma (Rafflesiaceae). Biotropica, 32: 408—414. doi: 10.1111/j.1744-7429.2000.
tb00487 x

Jha, C., Aeron, A., Patel, B., Maheshwari, D., & Saraf, M. (2011). Enterobacter: Role in Plant Growth Promotion. In
Bacteria in Agrobiology: Plant Growth Responses. doi: 10.1007/978-3-642-20332-9_8

Jiménez-Gdémez, A., Saati-Santamaria, Z., Kostovcik, M., Rivas, R., Veldzquez, E., Mateos, . E, Menéndez, E., &
Garcia-Fraile, P. (2020). Selection of the Root Endophyte Pseudomonas brassicacearum CDVBN10 as Plant Growth
Promoter for Brassica napus L. Crops. Agronomy, doi: 10.3390/agronomy10111788

Kelly, S. M., Munoz-Munoz, J., & Sinderen, D. (2021). Plant Glycan Metabolism by Bifidobacteria. Frontiers in Mi-
crobiology, doi: 10.3389/fmicb.2021.609418

Kolton, M., Erlacher, A., Berg, G., & Cytryn, E. (2016). The Flavobacterium Genus in the Plant Holobiont: Ecologi-
cal, Physiological, and Applicative Insights. doi: 10.1007/978-981-10-2555-6_9

Kruh, L., Lahav, T., Abu-Nassar, J., Achdari, G., Salami, R., Freilich, S., & Aly, R. (2017). Host-Parasite-Bacteria Tri-
angle: The Microbiome of the Parasitic Weed Phelipanche aegyptiaca and Tomato-Solanum lycopersicum (Mill.) as a
Host. Frontiers in Plant Science, 8. doi: 10.3389/fpls.2017.00269

Laurentis, V. L., Bortoli, S., Polanczyk, R., Vacari, A. M., Veiga, A., De Bortoli, S. L., & Volpe, H. (2014). Kluyvera
ascorbata: A Plant Growth-Promoting Bacteria (PGPB) to Manage Plutella xylostella (L., 1758) (Lepidoptera: Plutel-
lidae). International Journal of Research in Agricultural Sciences.

Li, C., Gong, T., Bian, B., & Liao, W. (2018). Roles of hydrogen gas in plants: a review. Functional Plant Biology:
Functional Plant Biology, 45:, 783-792. doi: 10.1071/FP17301

Lin, L., Wei, C., Chen, M., Wang, H., Li, Y., Li, Y., Yang, L., & An, Q. (2015). Complete genome sequence of endo-
phytic nitrogen-fixing Klebsiella variicola strain DX120E. Standards in Genomic Sciences, 10: 22. doi: 10.1186/
$40793-015-0004-2

Maimaiti, J., Zhang, Y., Yang, ]., Cen, Y.-P, Layzell, D. B., Peoples, M., & Dong, Z. (2007). Isolation and characteri-
zation of hydrogen-oxidizing bacteria induced following exposure of soil to hydrogen gas and their impact on plant
growth. Environmental Microbiology, 9: 435—444. doi: 10.1111/j.1462-2920.2006.01155.x

Meena, K. K., Bitla, U. M., Sorty, A. M., Singh, D. P, Gupta, V. K., Wakchaure, G. C., & Kumar, S. (2020). Miti-
gation of Salinity Stress in Wheat Seedlings Due to the Application of Phytohormone-Rich Culture Filtrate Ex-
tract of Methylotrophic Actinobacterium Nocardioides sp. NIMMeb6. Frontiers in Microbiology, doi: 10.3389/
fmicb.2020.02091

Miyamoto, T., Kawahara, M., & Minamisawa, K. (2004). Novel Endophytic Nitrogen-Fixing Clostridia from the Grass
Miscanthus sinensis as Revealed by Terminal Restriction Fragment Length Polymorphism Analysis. Applied and
Environmental Microbiology, 70: 6580-6586. doi: 10.1128/AEM.70.11.6580-6586.2004

Molina, J., Hazzouri, K. M., Nickrent, D., Geisler, M., Meyer, R. S., Pentony, M. M., Flowers, J. M., Pelser, P, Barcelo-
na, J., Inovejas, S. A., Uy, I, Yuan, W., Wilkins, O., Michel, C.-I., LockLear, S., Concepcion, G. P, & Purugganan,
M. D. (2014). Possible Loss of the Chloroplast Genome in the Parasitic Flowering Plant Rafflesia lagascae (Rafflesia-
ceae). Molecular Biology and Evolution, 31: 793-803. doi: 10.1093/molbev/msu051

Molina, J., McLaughlin, W., Wallick, K., Pedales, R., Marius, V. M., Tandang, D. N., Damatac, A., Stuhr, N., Pell, S.
K., Lim, T. M., & Novy, A. (2017). Ex Situ Propagation of Philippine Rafflesia in the United States: Challenges and
Prospects. Sibbaldia: The International Journal of Botanic Garden Horticulture. doi: 10.24823/Sibbaldia.2017.224

Molina, J., Wicaksono, A., Michael, T. P, Kwak, S.-H., Pedales, R. D., Joly-Lopez, Z., Petrus, S., Mamerto, A., Tomek,
B., Ahmed, S., Maddu, V., Yakubova, K., Tandang, D., Morin, J. W,, Park, S.-Y., Lee, H.-O., McLaughlin, W,
Wallick, K., Adams, J., & Purugganan, M. D. (2023). The seed transcriptome of Rafflesia reveals horizontal gene
transfer and convergent evolution: Implications for conserving the world’s largest flower. Plants, People, Planet. doi:
10.1002/ppp3.10370



Diaz & Molina | Unveiling the Microbes of the World’s Largest Flowers 19

36.
37.

38.

39.

40.

41.

42.

43,

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

Nais, J. (2001). Rafflesia of the World. Sabah Parks, Borneo, Malaysia.

Nikolov, L. A., & Davis, C. C. (2017). The big, the bad, and the beautiful: Biology of the world’s largest flowers. Jour-
nal of Systematics and Evolution, 55: 516-524. doi: 10.1111/jse.12260

Osathanunkul, M. (2019). EDNA-based monitoring of parasitic plant (Sapria himalayana). Scientific Reports, 9: 9161.
doi: 10.1038/541598-019-45647-5

Padda, K. P, Puri, A., & Chanway, C. (2019). Endophytic nitrogen fixation — a possible ‘hidden’” source of nitrogen for
lodgepole pine trees growing at unreclaimed gravel mining sites. FEMS Microbiology Ecology, doi: 10.1093/fem-
sec/fiz172

Pankratov, T. A., Tindall, B. J., Liesack, W., & Dedysh, S. N. (2007). Mucilaginibacter paludis gen. nov., sp. Nov. And
Mucilaginibacter gracilis sp. nov., pectin-, xylan- and laminarin-degrading members of the family Sphingobacte-
riaceae from acidic Sphagnum peat bog. International Journal of Systematic and Evolutionary Microbiology. doi:
10.1099/ijs.0.65100-0

Pelser, P. B., Nickrent, D. L., & Barcelona, ]. E (2016). Untangling a vine and its parasite: Host specificity of Philippine
Rafflesia (RafHlesiaceae). Taxon, 65: 739-758. doi: 10.12705/654.4

Pérez, M. L., Collavino, M. M., Sansberro, P. A., Mroginski, L. A., & Galdeano, E. (2016). Diversity of endophytic
fungal and bacterial communities in Ilex paraguariensis grown under field conditions. World Journal of Microbiolo-
gy and Biotechnology, 32: 61. doi: 10.1007/s11274-016-2016-5

Pham, V. T. K., Rediers, H., Ghequire, M. G. K., Nguyen, H. H., De Mot, R., Vanderleyden, J., & Spaepen, S. (2017).
The plant growth-promoting effect of the nitrogen-fixing endophyte Pseudomonas stutzeri A15. Archives of Microbi-
ology, 199: 513-517. doi: 10.1007/s00203-016-1332-3

Rafflesiaceaec Dumort. Plants of the World Online. Kew Science. http://powo.science.kew.org/taxon/urn:lsid:ipni.
org:names:30012988-2

Raman, J., Kim, ].-S., Choi, K. R., Eun, H., Yang, D, Ko, Y.-]., & Kim, S.-J. (2022). Application of Lactic Acid Bacte-
ria (LAB) in Sustainable Agriculture: Advantages and Limitations. International Journal of Molecular Sciences, 23:
7784. doi: 10.3390/ijms23147784

Rangjaroen, C., Sungthong, R., Rerkasem, B., Teaumroong, N., Noisangiam, R., & Lumyong, S. (2017). Untapped
Endophytic Colonization and Plant Growth-Promoting Potential of the Genus Novosphingobium to Optimize Rice
Cultivation. Microbes and Environments, 32: 84-87. doi: 10.1264/jsme2.ME16112

Sénchez-Lépez, A. S., Thijs, S., Beckers, B., Gonzilez-Chavez, Ma. C., Weyens, N., Carrillo-Gonzélez, R., & Vangrons-
veld, J. (2018). Community structure and diversity of endophytic bacteria in seeds of three consecutive generations
of Crotalaria pumila growing on metal mine residues. Plant and Soil, 422: 51-66. doi: 10.1007/s11104-017-3176-
2

Santoyo, G., Moreno-Hagelsieb, G., Orozco-Mosqueda, M. del C., & Glick, B. R. (2016). Plant growth-promoting
bacterial endophytes. Microbiological Research, 183: 92-99. doi: 10.1016/j.micres.2015.11.008

Shen, G., Zhang, S., Liu, X,, Jiang, Q., & Ding, W. (2018). Soil acidification amendments change the rhizosphere
bacterial community of tobacco in a bacterial wilt affected field. Applied Microbiology and Biotechnology, 102:,
9781-9791. doi: 10.1007/s00253-018-9347-0

Taulé, C., Castillo, A., Villar, S., Olivares, E, & Battistoni, F. (2016). Endophytic colonization of sugarcane (Saccharum
officinarum) by the novel diazotrophs Shinella sp. UYSO24 and Enterobacter sp. UYSO10. Plant and Soil, 403:
403-418. doi: 10.1007/s11104-016-2813-5

Taulé, C., Luizzi, H., Beracochea, M., Mareque, C., Platero, R., & Battistoni, E (2019). The Mo- and Fe-nitrogenases
of the endophyte Kosakonia sp. UYSO10 are necessary for growth promotion of sugarcane. Annals of Microbiology,
69: 741-750. doi: 10.1007/s13213-019-01466-7

Taulé, C., Mareque, C., Barlocco, C., Hackembruch, E, Reis, V. M., Sicardi, M., & Battistoni, E (2012). The contribu-
tion of nitrogen fixation to sugarcane (Saccharum officinarum L.), and the identification and characterization of part
of the associated diazotrophic bacterial community. Plant and Soil, 356: 35-49. doi: 10.1007/s11104-011-1023-4

Thomas, P, & Sahu, P. K. (2021). Vertical Transmission of Diverse Cultivation-Recalcitrant Endophytic Bacteria Eluci-
dated Using Watermelon Seed Embryos. Frontiers in Microbiology. doi: 10.3389/fmicb.2021.635810



20

Fine Focus | Volume 12

54.

55.

56.

57.

58.

59.

60.

Wicaksono, A., Cristy, G. P, Raihandhany, R., Mursidawati, S., Teixeira da Silva, J. A., & Susatya, A. (2022). Rhizan-
thes, the Forgotten Relative of Rafflesia in the Rafflesiaceae. The Botanical Review, 88: 130-143. doi: 10.1007/
§12229-021-09261-3

Wicaksono, A., Mursidawati, S., & Molina, J. (2021). A Plant within a Plant: Insights on the Development of the Raf*
flesia Endophyte within its Host. The Botanical Review, 87: 233-242. doi: 10.1007/s12229-020-09236-w

Wicaksono, A., Mursidawati, S., Sukamto, L. A., & Teixeira da Silva, ]. A. (2016). Rafflesia spp.: Propagation and con-
servation. Planta, 244: 289-296. doi: 10.1007/s00425-016-2512-8

Wu, K., Luo, J., Li, J., An, Q., Yang, X., Liang, Y., & Li, T. (2018). Endophytic bacterium Buttiauxella sp. SaSR13 im-
proves plant growth and cadmium accumulation of hyperaccumulator Sedum alfredii. Environmental Science and
Pollution Research, 25: 21844—-21854. doi: 10.1007/s11356-018-2322-6

Yu, X., Yang, J., Wang, E., Li, B., & Yuan, H. (2015). Effects of growth stage and fulvic acid on the diversity and
dynamics of endophytic bacterial community in Stevia rebaudiana Bertoni leaves. Frontiers in Microbiology, doi:
10.3389/fmicb.2015.00867

Zahran, H. H. (1999). Rhizobium-Legume Symbiosis and Nitrogen Fixation under Severe Conditions and in an Arid
Climate. Microbiology and Molecular Biology Reviews. doi: 10.1128/MMBR.63.4.968-989.1999

Zhang, S., Liu, X., Jiang, Q., Shen, G., & Ding, W. (2017). Legacy effects of continuous chloropicrin-fumigation for
3-years on soil microbial community composition and metabolic activity. AMB Express, 7: 178. doi: 10.1186/
$13568-017-0475-



	Unveiling the Microbes of the World’s Largest Flowers

