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ABSTRACT: Azolla is a perennial aquatic fern and often forms symbiosis with nitrogen-fixing cyanobacteria. Flora of Taiwan
records only one native Azolla species, A. pinnata R. Br., in the Island. Recently, an exotic Azolla species has been documented
with naturalized populations in Taiwan and been reported as A. japonica or A. caroliniana. However, data supporting its identity
have not been presented. The purposes of this study are: (1) to test the hypothesis that the exotic Azolla species is A. japonica or A.
caroliniana, and (2) to illustrate the morphological differences between the exotic and the native Azolla species.

The DNA sequences of four plastid regions, rbcL, atpB, rps4 and rps4-trnS, were generated from plants of the Azolla species
growing in different regions of Taiwan. Our phylogenetic analyses reveal that the native species belongs to 4. pinnata, while plants
of the exotic species are phylogenetically nested within a clad, including A. microphylla. A. mexicana and A. craoliniana. The host-
symbiont specificity between Azolla spp. and their cyanobionts was confirmed by the phylogeny of 16S rRNA genes, which also
supports the grouping of the exotic species to the aforementioned clad. Thus, the phylogenetic results suggest that the exotic Azolla
is more closely related to A. caroliniana than to A. japonica. A table summarizing the morphological characters of their sporophytes
illustrates the differences in the gross form, epidermal structures and surface of rhizome between the native and exotic Azolla species

which can be used to differentiate the two species in Taiwan.
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INTRODUCTION

Azolla, a floating fern of order Salviniales, family
Azollaceae, is distributed in warm-temperate, subtropical
and tropical regions of Africa, Asia, and America
(Lumpkin and Plucknett, 1980). The plant consists of a
short and branched rhizome floating on the water, two
rows of leaves growing on the rhizome, and roots
elongating into the water. Each leaf is dissected into two
lobes, an aerial chlorophyllous dorsal lobe and a ventral
lobe contacting with water surface (Svenson, 1944;
Lumpkin and Plucknett, 1980; Peters and Meeks, 1989;
Wagner, 1997). In natural habitats, Azolla is vertically
transferred and forms symbiosis with cyanobacterium
Anabaena azolla, which lives in the cavities of the dorsal
lobes and is capable of fixing atmospheric nitrogen (see a
review of Peters and Meeks, 1989; Carrapigo, 2010).
Because of harvesting nitrogen source by cyanosynbiont,
Azolla is traditionally served as an important biofertilizer
and often co-farmed with rice in tropics and subtropics
(Lumpkin and Plucknett, 1980). In addition, the symbiotic
relationship might also confer Azolla competitive
advantages in nitrogen-poor habitats and thus contribute
to its widely distribution (Carrapigo, 2010).

Seven extant species of Azolla have been recognized
(Svenson, 1944; Saunders and Fowler, 1992, 1993; Reid
et al., 2006; Pereira et al., 2011). Some of these species
have been introduced and designated as invasive plants in
some regions or countries (Ahad ef al., 2012; Murillo et
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al., 2007; Gratwicke and Marshall, 2001; Szczesniak et al.,
2009; Shaw et al., 2004; Hashemloian and Azimi, 2009;
Masoodi and Khan, 2012). For example, the Invasive
Species Compendium lists 4. filiculoides, A. Mexicana
and A. pinnata as invasive species. In addition to the
native Azolla - A. pinnata R. Br. (Devol, 1994), one exotic
Azolla species was also documented in Taiwan, and
reported as A. japonica previously (Hwang, 2004) and as
A. caroliniana (Chen, 2008; Taiwan Pteridophyte Group,
2019). However, data supporting its identity have not been
presented. Features on reproductive organs, such as the
glochidia surrounding the massulaec and the perine of
megaspore, have been used as the important diagnostics
for Azolla species identification (Perkins et al., 1985;
Saunders and Fowler, 1993). Unfortunately, reproductive
organs of the exotic Azolla in Taiwan have not been found
in field or under cultivation. So far, species identification
of this Taiwanese exotic Azolla species is still difficult
solely based on morphology. More recently, DNA
phylogeny in combination with morphological traits have
been successfully used to reveal the species taxonomy of
Azolla (Reid et al., 2006; Metzgar et al., 2007; Madeira et
al., 2013; Li et al., 2018). Results of these reports suggest
that the molecular analyses in combination with
morphological characters may be helpful in identifying
the exotic Azolla species in Taiwan. In addition, because
Azolla species have specific symbiont cyanobacteria,
identify of cyanobionts may provide additional evidence
supporting the identity of their host Azolla. Taking the
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advantage of the relationship, we thus also extracted and
analyzed molecular components of the cyanobionts
associated with the targeted Azolla species hoping that the
result could be reinforced.

Accordingly, the purposes of the study were (1) to test
the hypothesis that the exotic Azolla species is A. japonica
(reported by Huang, 2004) or A. caroliniana (reported by
Chen, 2008 and by Taiwan Pteridophyte Group, 2019)
and (2) to compare the morphological differences between
the two Azolla species in Taiwan. To achieve the purposes,
we observed the morphological characters and generated
the DNA sequences of four plastid regions from plants of
the Azolla species growing in different regions of Taiwan.

MATERIALS AND METHODS

The native and exotic Azolla species were collected
from a greenhouse of National Taiwan University
(NTU), Taipei, and the rice field of Academic Sinica,
respectively. These materials were cultivated in an
artificial pond of NTU.

Leaves of the native and the exotic species were also
collected from field growing plants in habitats located in
different regions of Taiwan for the following genetic
analyses. To avoid being asexual clones, field growing
plants were selected from habitats located at
geographically distant regions.

Sequencing the four plastid regions of the two Azolla spp.

Leaf samples of the exotic species were collected from
the culture (the aforementioned pond in NTU) and from
three different habitat regions, Ilan (24°45'07.6"N
121°36'45.7"E), Guantian (23°11'05.2"N 120°18'47.4"E),
and Beitou (25°09'36.0"N 121°31'54.9"E), and those of
the native species were from the culture and from 2
habitats regions, Fulong (25°0023.7"N 121°57'18.3"E)
and Shoufeng (23°53'52.8"N 121°30'35.6"E), in Taiwan.
Two replicates were taken in each collecting sites.
Totally, eight samples and 6 samples of the exotic and
the native species, respectively, were sampled for the
following analyses. Voucher specimens of the native and
exotic Azolla species were deposited in the herbarium of
National Taiwan University.

Total genomic DNA of leaves (ca. 2 cm?) of native
and exotic species was extracted with Tissue Genomic
DNA extraction Mini kit (Favorgen Biotech Corporation,
Pingtung, Taiwan). PCR amplifications of the four
chloroplast regions, rps4-trnS intergenetic spacer (IGS),
rbcL, atpB, and rps4 genes were performed. The primers
and PCR conditions are listed in Supplementary Table
S1. PCR products were first checked on 1.5% agarose
gel and purified with DNA Clean & Concentrator Kit
(Zymo Research, California, USA). All sequencing
reactions were performed by using the ABI 3730 DNA
sequencer (Applied Biosystems, Foster City, CA, USA).
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Sequencing 16S rRNA gene of the symbiotic cyanobacteria

Fresh leaves (ca. 2 cm?) of cultivated plants in NTU
and of the field (in Tamsui region) growing plants of the
native species, and those of individuals (sampled from 7
locations of a terraced field in Beitou region) of the
exotic species (see Supplementary Table S3) were
surface-sterilized by immersion in 0.5% sodium
dodecylsulphate for 1 min, then 70% ethanol for 5 min,
and washed three times by sterile deionized-distilled
water (DDW). To release the symbiotic cyanobacteria
from leaf cavity, the surface-sterilized leaves were
crushed in DDW with a micropestle.

The cyanobacteria suspension was then used for
DNA extraction. The partial 16S rRNA gene was
amplified by using the cyanobacteria specific primer
(Niibel et al., 1997) and the universal primer (Marchesi
et al., 1998) (see Supplementary Table S1). Purification
and sequencing of PCR products were conducted as
aforementioned methods. GenBank accession numbers
of the sequences obtained in this study are provided in
Supplementary Table S3.

Phylogenetic analysis of Azolla species

The rbcL, atpB, rps4 and rps4-trnS IGS sequences of
8 Azolla species (A. caroliniana, A. filiculoides, A.
Japonica, A. mexicana, A. microphylla, A. nilotica, A.
pinnata and A. rubra) published by Metzgar et al. (2007)
and Ebihara et al., (2010), and those of Salvinia
cucullata by Li et al., (2018) were download from the
GenBank database (https://www.ncbi.nlm.nih.gov/).
(Supplementary Table S2)

The sequences of the four plastid regions obtained
from this study and from GenBank were aligned by using
the CLUSTALW program (Thompson et al, 1994). In
order to obtain more robust phylogeny for Azolla species,
the sequences of four plastid regions were concatenated
to reconstruct a phylogenetic tree. The congruence of the
four DNA regions were examined by partition analyses
before the concatenation.

A Maximume-likelihood (ML) tree based on the four-
region concatenated dataset was reconstructed under the
model Tamura 3-parameter model plus Gamma rate
distribution (T92 + G) using the software MEGA6
(Tamura et al., 2013). To test the strength of the
phylogeny, the bootstrap method based on 1000
replicates was performed. In addition, the concatenated
gene tree was also assessed by Bayesian Inference (BI)
with MrBayes version 3.2.2 (Ronquist et al., 2012) using
the nucleotide substitution model GTR + Gamma + 1.
For analysis, 1,000,000 Markov Chain Monte Carlo
(MCMC) generations and trees were sampled every 250
generations. Posterior probabilities were calculated by
sampling 25% post-burnin trees.

Phylogenetic analysis of symbiotic cyanobacteria
To analyze the phylogenetic relationships between
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the cyanobionts associated with plants of the Azolla
species in Taiwan and those with identified Azolla
species, the 16S rRNA sequences of reference
cyanobionts which are highly similar with the
cyanobionts in this study were download from the NCBI
GenBank database (https://www.ncbi.nlm.nih.gov/)
based upon BLAST results. The Kimura’s 2-parameter
distance correction model plus Gamma rate distribution
(T92 + G) was used to reconstruct an ML trees of these
cyanobionts by software MEGAG6. The topology of the
tree was evaluated by bootstrapping with 1,000
replications. In addition, a BI tree was also reconstructed
using the nucleotide substitution model General Time
Reversible plus Gamma rate distribution and invariant
site (GTR + G + I). For analysis, 1,000,000 Markov
Chain Monte Carlo (MCMC) generations and trees were
sampled every 250 generations. Posterior probabilities
were calculated by sampling 25% post-burnin trees.

Morphological traits

For the observation of the leaf surfaces, fresh plant
samples were collected (0.3 —0.5 cm?), mounted directly
on a metal stub with double-sided adhesive tape and
observed with a SEM with cryo-holder facilitates (TM-
3000, HitAmhi High-Technologies Corp., Japan).
Pictures were taken for the counting of epidermal,
stomatal and trichome number under the magnification
0f 400 x. Stomatal and trichome indexes were calculated
as stomatal number/ number of total epidermal cells and
trichome no. / no. of total epidermal cells, respectively.
The size of the stomatal pore was also estimated by
Image J (1.48p, National Institutes of Health, USA).

For the observation of the rhizome and the epidermis
of leaf ventral lobe, fresh plant samples of both species
were first dissected under a dissecting microscope
(S8APO, Leica). Rhizomes, with some leaves removed,
were observed and photo’d under the dissecting
microscope while detached leaf fragments were
transferred to a slide and observed under a light
microscope (CX41, Olympus) coupled with a digital
camera for image acquisition.

Statistical analysis

The statistical analysis was performed by Sigmaplot
12.5 (Systat Software, Inc., USA). Data of morphological
traits of the two Azolla species were checked for the
normality and homogeneity of variance first and then
compared by unpaired T-test. The a level is defined as
p<0.05.

RESULTS

The sequences of four plastid regions, azpB (1200 bp),
rbeL (1300bp), rps4 (600 bp) and rps4-trnS (400 bp) were
obtained from the Azolla samples. Totally 3000 characters
were in the four-region dataset, and were used to infer
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relationships among the Azolla species in Taiwan and
other known Azolla species. Results from the partition
analyses revealed that the congruence of the four DNA
regions were not significantly different (p value > 0.05).
Therefore, the sequences of the four plastid regions were
concatenated to reconstruct a phylogenetic tree.

The ML tree revealed that plants of exotic and native
Azolla sampled from the culture ponds and from habitats
in different regions of Taiwan were found nested into
two major clades (Fig. 1), referring to sections Azolla
and Rhizosperma, respectively (Reid et al., 2006 ;
Metzgar et al., 2007).

All exotic Azolla individuals from the four sites share
the same sequences and are grouped with 4. caroliniana,
A. mexicana and A. microphylla in one of the major
clades with strong supports (ML bootstrap value =
100%). Besides, A. rubra, A. japonica and A. filiculoides
were grouped into the other lineage of this clade.

The sequences generated from the exotic Azolla were
almost identical with those of an 4. mexicana sample
from Columbia (99.9% similarity). The individuals of
the exotic Azolla and this A. mexicana form a clad (ML
bootstrap value = 86%), which is nested in a clade mixed
with A. mexicana and A. microphylla (ML bootstrap
value = 89%). 4. caroliniana clade is the sister clade to
the clade contating A. mexicana, A. microphylla and the
exotic Azolla.

In another major clad, the individuals of the native 4.
pinnata sampled from three habitat regions share
identical sequences with A. pinnata from China. All 4.
pinnata individuals form a monophyletic group.

16S rRNA gene phylogeny of cyanobionts

Cyanobionts of the exotic Azolla sampled from 7
locations of a terraced field in Beitou region had
identical 16S rRNA gene sequences (data not presented),
thus they were presented altogether as E3 in the Fig. 2.
Identical 16S rRNA gene sequences were also found in
the two samples of the native species from two different
regions. The results imply that the same Azolla species
might harbor the same cyanobacterial strain.

The 16S rRNA gene phylogeny shows that the
cyanobionts isolated form section Azolla formed a
distinct group from the Rhizosperma section (Fig. 2).
The cyanobionts of the exotic species are grouped
together with cyanobionts of 4. caroliniana, whereas
those of native species are closely related to cyanobionts
of A. pinnata (Fig. 2).

Morphological traits

The two species differ in their gross forms, the native
Azolla pinnata appears triangular and the exotic species
polygonal (Fig. 3A, D). During winter, particularly on
days of low air temperature and high light intensity, the
exotic species turns red while A. pinnata in the same
habitat remains relatively green (Fig. 3A, D).
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Fig. 1. Maximum likelihood phylogeny of Azolla species based on four plastid loci (rbcL+atpB+rps4+rps4-trnS). Bold letters N and E
represent the native and exotic Azolla species, respectively, sampled from the culture ponds in National Taiwan University (NTU) and
from different regions (parenthesis) of Taiwan. Two replicates for each species were sampled from each sits. The information of tip
labels is in Table S2. The numbers above nodes are ML bootstrap values.
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Fig. 2. Maximum likelihood (ML) phylogeny of cyanobionts of Azolla species based on 16S rRNA genes. Bold letters N and E represent
the native and exotic Azolla species, respectively, sampled from the culture pond in National Taiwan University (NTU) or from different
regions (parenthesis) of Taiwan. Their voucher information and GenBank accession number are provided in Table S3. The numbers
above nodes are ML bootstrap values.
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Fig. 3. The plants (A, D) and the SEM pictures (B, C, E, F) of abaxial surface of leaf dorsal lobe of the native (A,B,C) and exotic Azolla
(D,E,F) in Taiwan. o : ordinary cell, p : pedicel cell , s: stoma, t: trichome cell. All scale bars = 100 pm.
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Table 1. Morphological traits, including stomatal density (S.D.), stomatal index (S.l.), stomatal pore size, trichome density (T.D.) and
trichome index (T.l.), on dorsal lobe of leaves of the native, A. pinnata, and the exotic Azolla spp. cultivated in an experimental farm of

the National Taiwan University. (Mean + S.E.,n=3)

Traits S. D. (no. mm2) S. I. (%) Pore size (mm) T. D. (no. mm) T.1. (%)
A. pinnata 194.2 £ 14.5 39.9+17 17.7 £ 0.8 252.8 £ 4.0 52.4 +1.3A
Exotic A. 213.9+13.4 354101 13.5+0.78 177.7 £ 11.28 26.2+0.78

*Means within columns followed by different superscripts are different at P = 0.05.

The SEM photographs reveal similarity and
differences in the epidermis of leaves between the two
species (Fig. 3). The apex of leaf dorsal lobe looks
different between the two species, sub-round in the native
species while round in the exotic species (Fig. 3B, 3E).
Stomata and trichomes were observed on adaxial surfaces
of leaf dorsal lobes of both species. In both species, each
stoma is surrounded by a single annular guard cell forming
a central pore (Fig. 3C, F) and trichomes are composed of
two cells, with a pedicel cell at base and an oblong
trichome cell at top (Fig 3C, F). In 4. pinnata, the
epidermis of the dorsal lobe of its leaves is composed of
vertical rows of stomata and trichomes (Fig. 3C). In
addition to stomata and trichome cells, ordinary epidermal
cells were also observed on the epidermis of the dorsal
lobe of the leaves in exotic species (Fig. 3F).

The surfaces of rhizomes and leaf ventral lobes also
differ between the two species (Fig. 4). The native Azolla
species has pubescent rhizomes (Fig. 4A) while the
exotic species glabrous rhizomes (Fig. 4D). The leaf
ventral lobe of A. pinnata is thin, appears
achlorophyllous and has no stomata on both surfaces
(Fig. 4B, C). In contrast, few chloroplasts and stomata
were observed on the adaxial surface of leaf ventral lobe
of the exotic species (Fig. 4E). Stomata, but not
chloroplasts, were also observed on the abaxial surface
of leaf ventral lobe of the exotic species (Fig. 4F)

Similar stomatal density and stomatal index were
measured of the leaf dorsal lobes in both species, but
significantly larger stomatal pore was found in 4. pinnata
than in the exotic Azolla species (Table 1). Significantly
higher trichome density and trichome index were
measured in 4. pinnata than in the exotic species.

A comparison of the morphological characters
between the native and the exotic Azolla species in
Taiwan is presented in Table 2.

Table 2. Characteristics of the morphological traits of the native
and the exotic Azolla species in Taiwan.

Native Azolla species

Exotic Azolla species

Deltoid sporophyte

Sub-round dorsal lobe apex

Pubescent rhizome

Bicellular leaf dorsal lobe
trichomes

Annular stomata on leaf
dorsal lobe

Absence of stomata on leaf
ventral lobe

Polygonal sporophyte

Round dorsal lobe apex

Glabrous rhizome

Bicellular leaf dorsal lobe
trichomes

Annular stomata on leaf
dorsal lobe

Presence of stomata on leaf
ventral lobe

DISCUSSION

Phylogenies of the Azolla plants and of their
symbiotic cyanobionts confirm that the native species in
Taiwan is 4. pinnata, also that the exotic Azolla species
in Taiwan is another, introduced species. Because all
individuals of this exotic Azolla sampled from different
regions of Taiwan were found genetically identical in
their four plastid regions, we conclude that the exotic
populations belong to the same species.

The exotic Azolla species in Taiwan has been
documented as A. japonica previously (Hwang, 2004;
Chen, 2008; Wu et al., 2010). The result that the exotic
species and A japonica were grouped into different
lineage (Fig. 1) indicates that the exotic species is
phylogenetically differentiated from A. japonica. Thus,
the molecular data does not support the classification of
the exotic species as A. japonica. Instead, the exotic
species is phylogenetically nested within the lineage
mixed with 4. mexicana and A. microphylla, and A.
caroliniana is sister to this lineage. Though the
sequences generated from the exotic Azolla were almost
identical with those of an 4. mexicana sample from
Columbia. However, similar to previous studies (Reid et
al., 2006; Metzgar et al., 2007), the current plastid trees
are not able to resolve each of 4. maxicana and A.
microphylla as a monophyly.

The symbiotic cyanobacteria are not only present in
the vegetative parts (dorsal lobe leaves) but also in the
sexual parts (megasporocarps) of Azolla (Carrapigo,
2010). It is known that symbiotic cyanobacteria are
vertically transmitted during sexual reproduction to
subsequent generations. The co-speciation phylogenies
have been demonstrated by Li et al. (2018). As a result,
the host phylogeny is similar to the associated cyanobiont
phylogeny. Results of this study also showed that the
cyanobionts isolated from exotic and native Azolla species
belong to distinct groups and the Azolla phylogeny fits to
the cyanobiont phylogeny (Fig. 1 and Fig. 2).

The exotic species has been reported as A.
caroliniana (Chen, 2008; Taiwan Pteridophyte group,
2019). However, phylogenetic results of this study
suggest that the exotic Azolla might be more closely
related to A. mexicana/microphylla than to A.
caroliniana (Fig. 2). According to the description by
Goff (2011), A. caroliniana has isodiametic trichomes
randomly arranged on leaf surface while A. mexicana has
regular arrangement of oblong trichomes on its leaf
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Fig. 4. The stereoscopic pictures of rhizomes (A, D), and LM pictures of adaxial (B, E) and abaxial (C, F) surfaces of leaf ventral lobes of the
native (A, B, C) and exotic (D, E, F) Azolla in Taiwan. Arrowheads indicating the rhizomes and arrows stomata. All scale bars = 100 pym.
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surface. Morphologically, the regular arrangement and
the oblong shape of the trichomes observed on the leaf
surface of the exotic Azolla (Fig. 3) are more similar to
those of A. mexicana than those of A. caroliniana.
Pereira et al. (2011) used morphological characters and
RAPD markers successfully partition the Azolla species.
According to one vegetative criterion of Pereira et al.
(2011), stomata are present in the ventral lobe of leaves
of A. caroliniana but not in those of A. mexicana. Thus,
they used this character to differentiate 4. carolinaina
from A. mexicana. In our observation, we found stomata
on the leaf ventral lobe of the exotic species (Fig. 4). In
this regard, the morphological trait support the identity
of the exotic species as A. caroliniana. Accordingly,
there are conflicts in identify the exotic species as A.
caroliniana or A.microphylla/A. mexicana using the
morphological traits of the vegetative sporophytes.

In conclusion, the identification of the native species
of Taiwan as A. pinnata is confirmed phylogenetically.
The exotic individuals of Azolla sampled in Taiwan all
belong to the same species, which is more closely related
to A. caroliniana than to A. japonica. Morphologically,
the native and exotic Azolla species differ in their gross
form, leaf epidermal structures and rhizome surface,
which can be used to differentiate both species.
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