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ABSTRACT

Azolla is a floating aquatic plant that offers numerous advantages, including high growth rates and
significant protein content, making it a valuable resource for animal feed, fertiliser, and a potential carbon
capture agent. Taxonomic analysis and the diversity of 4zolla in Indonesia remain unclear. Therefore, this
study explores the diversity of Azolla species in the Progo and Opak river basins, using 20 morphological
characters and 10 primers of inter-simple sequence repeat (ISSR). Morphological characters that strongly
contribute to differences between genotypes are branching patterns, dorsal lobe shapes, presence of
ventral stomata, lobe length, hyaline ratio, and number of branches. The genotypes are identified as
Azolla cristata, which are synonyms of conspecific species Azolla mexicana and Azolla microphylla.
Among 10 inter-simple sequence repeats (ISSR), UBC 814 and UBC 841 exhibit the high PIC
(0.29; 0.28) and RP (19.71; 23.29), respectively. The unweighted pair group method cluster analysis
grouped the accessions into two clusters based on their morphological and genetic traits. Diversity indices
were moderately high across the two populations, with Nei’s gene diversity (He) = 0.230 and Shannon’s

information index (I) = 0.342. AMOVA revealed

that 93% of the overall genetic variation occurred
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within populations, while only 7% was attributed
to differences among populations. The low
differentiation suggests high gene flow between the
two river basins, likely facilitated by water currents,
waterfowl, or humans, effectively maintaining a
single large, genetically diverse metapopulation.
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INTRODUCTION

Azolla is an aquatic fern primarily indigenous to warm climates, including tropical and
subtropical countries such as Africa, Asia, and the America (Bocchi & Malgioglio, 2010).
Azolla is referred to as the "green gold mine" due to its numerous advantages (Wagner,
1997). Azolla has a very high growth rate of only 2-5 days in multiplication, making it
potentially used as a carbon capture agent (Hamdan & Houri, 2022). Moreover, the high
protein content in 4. pinnata, A. filiculoides, and A. mexicana makes this aquatic fern
a valuable supplement for animal feed, including for chickens, ducks, and fish (Nasir
et al., 2022b; Sarah & Ratnam, 2020). Several studies have shown the effectiveness of
A. filiculoides and A. pinnata as a biofertiliser, phytoremediation, and wastewater treatment
(Amare et al., 2018; Brouwer et al., 2018; Kadir et al., 2020). The numerous benefits of
Azolla require adequate conservation efforts to ensure that each type of 4zolla may be used
optimally for its intended function. Hence, the taxonomy of Azolla remains controversial to
this day, especially within the Azolla section, due to species-level similarities and varying
characteristics across different geographical and ecological environments (Pereira et al.,
2001).

Genus Azolla has 7 species that are divided into 2 sections: Azolla and Rhizosperma.
Section Azolla consists of 4. microphylla Kaulf., A. caroliniana Willd., A. mexicana
Schlecht. & Cham. ex K. Presl, 4. rubra R. Br., and 4. filiculoides Lam. The section
Rhizosperma comprises A. pinnata R.Br., and A. nilotica Decne. ex-Mett (Pereira et al.,
2011). However, Evrard & Van Hove (2004), considered 4. mexicana and A. microphylla
as a single species based on certain morphological features. Metzgar et al. (2007) and Reid
et al. (2006) also classified them as a single evolutionary lineage. The Azolla taxonomic
controversy over the years is largely due to frequent misinterpretation of morphological
characters. Some reproductive characters of Azolla spp., such as the morphology and
septum number of glochidia around the massulae of microsporocarps, along with the surface
characteristics and stratification of the megasporocarp perine (Svenson 1944; Saunders &
Fowler, 1992; Perkins et al., 1985), are considered more reliable. However, this reproductive
character is difficult to find due to unfavourable environmental conditions (Kumar et al.,
2021). Therefore, Pereira et al. (2011) and Kumar et al. (2021) in their research used
vegetative characters to distinguish between 4zolla species.

In Indonesia, the diversity and distribution of Azolla is barely studied, with only three
species having been identified, namely A. filiculoides, A. pinnata, and A. microphylla
(Caruso et al., 2023; Utomo et al., 2019; Wiryati, 2021). This is mainly due to the
anthropogenic activities and the wide range of phenotypic variations of Azolla that are
often misinterpreted by people. Azolla displays phenotypic variability in colour, size, and
other traits. However, these variances may not directly correlate with alterations in their
genotypes but instead indicate environmental factors. For example, heat can induce stress,
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typically resulting in pigment shifts between green to reddish-brown due to the synthesis
of anthocyanins and a decrease in chlorophyll (Cannavo et al., 2023; Kdsesakal, 2014).
Moreover, the lack of identification and genetic diversity information arises because
studies of Azolla in Indonesia primarily focus on the utilisation of 4zolla in agriculture,
such as biofertilization (Jama et al., 2023; Meiriani & Tarigan, 2024), alternative feed for
livestock (Susilo et al., 2024), and phytoremediation agents (Lestari et al., 2024). The
lack of information on genetic diversity hinders the development of effective conservation
strategies.

Therefore, the aim of this study is to describe the diversity of Azolla across two
populations in the Progo and Opak river basins in Central Java and D.I Yogyakarta using
morphological and inter-simple sequence repeat (ISSR). Moreover, we also integrate the
ecological data of Azolla sampling locations to elaborate on the environmental factors
that might affect Azolla diversity. ISSR is a simple-to-use marker that has a high level of
polymorphism and reproducibility, and is a common molecular marker to analyse genetic
diversity in plants (Alaaddin et al., 2022; Dong et al., 2007; Nasir et al., 2022a).

However, research on genetic diversity analysis and the Azo/la population using ISSR
in Indonesia is still very limited. Although genetic diversity analysis using ISSR has been
used to analyse other aquatic ferns like Ceratopteris pteridoides, the use of ISSR on Azolla
is limited to verifying homology and distinction between crossbred Azo/la in China (Dong
et al., 2007; Nasir et al., 2022a; Zhong et al., 2011). Other molecular markers used for
the analysis of identification and genetic diversity in Azolla are RAPD, trnL-trnF, ITS]1,
rbcL, atpB, trnG-trnR, and rps4-trnS (Madeira et al., 2016, 2019; Metzgar et al., 2007;
Pereira et al., 2011). Specifically, the genetic analysis that has been conducted in Indonesia
is identification using rbcL, and genetic variation using trnlL-trnF (Mantang et al., 2018;
Najibulloh et al., 2025). The application of ISSR markers in this study, therefore, delivers
additional information about the entire genome by focusing on many unidentified nuclear
loci. This enables a more detailed examination of genetic variation both within and among
populations (Hadipour et al., 2020). Chloroplast and ribosomal markers are often stable
and more effective for species identification (Madeira et al., 2019). Conversely, using
ISSR enhances the precision of polymorphism assessment in Azolla cristata, particularly
regarding the connectivity of populations between the Progo and Opak river basins.

MATERIALS AND METHODS
Sampling Area and Plant Material

Field sampling was conducted for 6 months, from June to November 2024. Because Azolla is an
aquatic plant, purposive sampling was carried out in rice fields and ponds, covering both wild
and cultivated species along the Progo and Opak river basins in Central Java and D.I Yogyakarta.
The number of sampling locations is proportional to the length of each river system.
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Ten samples were collected from the Progo river basin (approximately 138 km), while
four samples were collected from the Opak river basin (approximately 65 km). Sampling
locations were selected to represent upstream-downstream river gradients and areas where
Azolla is commonly found, including river-connected agricultural habitats (e.g., rice fields
receiving irrigation directly from the river system). The sample size reflects both the
spatial distribution and natural availability of Azolla along the river basin and ecological
scarcity of populations during the dry season (June-November 2024), when reduced river
flow leads to fragmented and ephemeral populations. Therefore, this sampling strategy
was designed to capture representative genetic variation across river basins rather than
to estimate population size or density. This purposive sampling technique was selected
for its practicality, offering an efficient and cost-effective method to identify the target
population for the study (Lydia et al., 2023; Rebai, 2023). The map of 14 collections of
Azolla was made with QGIS (Figure 1). Environmental conditions such as light intensity,
total dissolved solids (TDS), electrical conductivity (EC), water temperature, humidity
(H), and shade condition were recorded as detailed in Table 1.

110,500

0Lt

110,500

Figure 1. Sampling location of Azolla cristata collected from the Progo and Opak river basins, Yogyakarta,
Indonesia. Sampling sites AP1-AP10 represent locations along the Progo river basin, while AO11-AO14
represent locations from the Opak river basin
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Table 1
Ecological condition of Azolla collection sites

Ace. WT TDS EC LI H SC Latitude, Longitude
7°16'29.40"S,
AP1 29.10® 108.0° 216.0® 49.87°  52.7* Shaded 110° 8'55.50"E
AP2 31.83%  7L.7® 143.3*  83.37¢ 53 Unshaded 7°23'48.23"S, 110°13'49.13"E
AP3 37.97¢  177.0°  356.7¢  96.73¢ 54*  Unshaded 7°27'50.55"S, 110°12'25.20"E
AP4* 31.83*  79.3*  169.3® 58.33%  55.7°  Shaded 7°29'15.02"S, 110°13'13.61"E
AP5 26.57°  127.3¢  255.3d  57.67% 56*  Unshaded 7°35'0.09"S, 110°13'35.49"E

AP6 30.20®  166.0° 321.3% 51.10°  60.3* Unshaded 7°35'14.56"S, 110°14'28.89"E
AP7 29.83®  174.0° 366.3° 59.93% 61 Shaded 7°48'54.57"S, 110°16'4.08"E
AP8 30.63®  183.0F  368.0° 27.47*  67.3* Shaded 7°48'3.97"S, 110°16"29.18"E
AP9 31.07®  150.0° 298.7°% 76.80% 70%¢  Shaded 7°47'6.36"S, 110°16'44.90"E
AP10 31.27®  164.3¢  348.7% 47.87° 70.3* Shaded 7°4722.10"S, 110°14'48.90"E
AOl1 30.10®  100.0° 197.3%c  52.00° 71%  Unshaded 7°3820.07"S, 110°26'8.83"E
AO12 29.83®  182.7f 357.3% 95.00%  72.3% Unshaded 7°51'27.30"S, 110°25'57.22"E
AO13* 30.27* 351.0¢  576.0° 69.70<  75.7% Shaded 7°52'23.85"S, 110°23'51.84"E
AO14 30.32®  176.3¢  375.0°  66.53% 79¢ Shaded 7°56'45.96"S, 110°22'15.47"E

Note. Acc. accession; AP, Progo river basin; AO, Opak river basin; *cultivated; WT: water temperature (°C);
TDS: total dissolved solids (ppm); EC: electrical conductivity (us/cm), AH: air humidity (% rh); LI: light
intensity (Klux); H: Humidity (% rh); SC: Shade condition. Lowercase letters represent statistically distinct
subsets at the 0.05 significance level

Morphological Characterisation and Analysis

Morphological identification of Azolla species was conducted based on vegetative traits
described by Goft (2011), Kumar et al. (2021), Pereira et al. (2011), Svenson (1944),
Saunders & Flowers (1992), and along with additional characters supplemented by
DMRT-based annotations (Table 2). Observations were performed using an Olympus
SZ61 stereomicroscope, a light microscope, and an Optilab® Advance Plus. Quantitative
traits were statistically evaluated using one-way ANOVA (Yusuf et al., 2023), followed
by Duncan’s multiple range test. To assess morphological clustering and trait variation, a
dendrogram was constructed using the unweighted pair group technique with arithmetic
mean (UPGMA), and principal component analysis (PCA) was executed in Minitab.

Genomic DNA Extraction

Silica gel-dried samples were crushed into a fine powder using liquid nitrogen, and 1 g
of polyvinylpyrrolidone (PVP) was added to improve the amount and quality of DNA.
The Geneaid DNA isolation kit was used with slight modification. The concentration and
purity of the extracted DNA were assessed using a NanoDrop Lite Plus spectrophotometer
(ThermoScientific, USA).
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Morphological parameters in this study

No. Description References

1 Sporophyte shape: (0) triangular, (1) starshaped (Kumar et al., 2021)

2 iﬁbﬁgitéfﬁég li(l)l?g;i(c(;)t:gitg;;}iy(lz?zrilgcl?lt;’imbricated (Kumar et al., 2021)

3 Ventral lobe colour: (0) green, (1) pink (Kumar et al., 2021)

4 Angle of dorsal and ventral lobes: (0) obtuse, (1) acute (Kumar et al., 2021)

5 Dorsal lobe shape: (0) rounded, (1) sub-round (Pereira et al., 2011)

6  Rhizome indumentum: (0) glabrous, (1) pubescent (Pereira et al., 2011)

7  Trichome lobe structure: (0) unicellular, (1) bicellular (Pereira et al., 2011)

8  Hyalin layers: (0) 3-4 layers, (1) 2-6 layers (Pereira et al., 2011)

9  Ventral lobe stomata: (0) absent, (1) present (Pereira et al., 2011)

10 Branching pattern: (0) dichotomous, (1) pinnate (Svenson, 1944)

2 0y gt () agon (Goft, 2011)

Hyalin ratio: multistate (Saunders & Flowers, 1992)
13 Dorsal lobe length: multistate (Saunders & Flowers, 1992)
14 Dorsal lobe width: multistate (Saunders & Flowers, 1992)
15 Ventral lobe length: multistate (Saunders & Flowers, 1992)
16  Ventral lobe width: multistate (Saunders & Flowers, 1992)
Table 3

Sequence and annealing temperature of ISSR primers used in the study

No. Primers Microsatellites Motifs Annealing Temperature, °C
1 UBC-814 (AT)YC 45.5
2 UBC-815 (GAXYT 50
3 UBC-826 (AC)C 55
4 UBC-834 (AGK YT 493
5 UBC-841 (GA)KYC 51.2
6 UBC-845 (CT)sRG 50.1
7 UBC-856 (AC)YA 51.5
8 UBC-860 (TG)RA 51.5
9 UBC-873 (GACA), 50.1
10 UBC-880 (GGAGA); 50.1
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PCR-ISSR Amplification

This study utilised ten ISSR primers: UBC-814, UBC-815, UBC-826, UBC-834, UBC-841,
UBC-845, UBC-856, UBC-860, UBC-873, and UBC-880 (Table 3). PCR amplification was
conducted utilising a Bio-Rad T100 thermal cycler (Bio-Rad, USA) under the following
protocols: initial denaturation at 94 °C for 4 minutes, followed by 40 cycles that included
30 seconds of denaturation at 94 °C, annealing at primer-specific temperatures for
60 seconds (Table 3), and extension at 72 °C for 90 seconds. A final extension was
performed at 72 °C for 7 minutes. Amplification products were separated by electrophoresis
and observed using a GelDoc-UV light transilluminator.

Molecular Data Analysis

Reproducible ISSR bands were recorded as binary data: presence (1) or absence (0) for all
samples, resulting in the creation of a binary matrix. The number of scored bands (NA),
the number of polymorphic bands (NP), and the polymorphic rate (PR) were recorded.
Marker informativeness was assessed by calculating the polymorphic information content
(PIC) and resolving power (RP) according to Prevost & Wilkinson (1999). PIC for each
primer was determined as shown in Equation (1):

PICi=2fi (1-fi) [1]

Where fi is the frequency of band presence at a given locus (Kumar et al., 2014; Roldan-
Ruiz et al., 2000). RP was calculated using Equation (2):

I,=1-2 x(0.5-Pi) (2]

where Pi represents the proportion of individuals exhibiting a band at a certain locus.
Genetic diversity measurements, such as Nei’s gene diversity (He), Shannon’s information
index (I), effective alleles count (Ne), polymorphism percentage (PBB), and molecular
variance analysis (AMOVA), were calculated with GenAlEx 6.5 (Freeland et al., 2011;
Weising et al., 2005). Phenetic links across samples were illustrated using a UPGMA
dendrogram derived from Neighbour Joining distance in MV SP software. Clustering was
further validated by Principal Coordinates Analysis (PCoA) utilising GeneAlex.

RESULTS AND DISCUSSION
Descriptive Statistics and Morphological Traits Among the Accessions

The vegetative characteristics used to describe Azolla revealed 6 monomorphic traits
and 10 polymorphic traits. Although monomorphic characters did not show significant
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differences between accessions, they still contributed to the identification of Azolla spp.
The polymorphic features are eventually utilised for clustering and principal component
analysis.

Characteristics of the Sporophyte

All fourteen Azolla samples exhibited star-shaped sporophytes with moderate to high levels
of leaf imbrication, as illustrated in Figure 2. These morphological characteristics clearly
indicate that all accessions belong to the section 4zolla (Kumar et al., 2021; Madeira et
al., 2013). The star-shaped morphology is characterised by overlapping leaf arrangements
and closely spaced branches, resulting in angular structures resembling a star, typical of
the Azolla section (Kumar et al., 2021). Pereira et al. (2011) reported that members of the
section Azolla exhibit a polygonal frond outline, whereas deltoid shapes are characteristic of
the section Rhizosperma. The present study provides further clarification by demonstrating
that the Azolla section also includes forms with pinnately arranged branches, deltoid
outlines, and high levels of imbrication (Figure 2). These findings are consistent with
earlier observations by Svenson (1944) and Gleason & Cronquist (1991), who reported

that A. microphylla and A. mexicana, both members of the Azolla section, develop pinnate
structures at full maturity.

Figure 2. Star-shaped sporophyte with pinnate (A); and isotomous (B) branching. Scale bar = 2mm
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Characteristics of Rhizome and Lobe

Rhizome indumentum of glabrous branches (Figure 3A) supported the conclusion that all
accessions belong to the Azolla section (Pereira et al., 2011). The observed angle between
the dorsal and ventral lobes indicates that all samples have an acute angle with the range
between 64.5° and 87.6° (Figure 3B and 3C), reinforcing the identification of all accessions
into the Azolla section (Kumar et al., 2021). This study also revealed that Azolla samples
are predominantly rounded dorsal lobes, while subround lobes were only identified in the
AP4 and AO13 accessions. Pereira et al. (2011) stated that the rounded shapes are possessed
by the section 4zolla, whereas subround are only found in section Rhizosperma. However,
findings by Kumar et al. (2021) and Svenson (1944) offer a different perspective, noting
that 4. mexicana, A. microphylla, A. rubra, and A. filiculoides from the Azolla section have
slightly acuminated, similar to subround dorsal lobes. Therefore, our findings suggest that
dorsal lobe shape is not a reliable trait for distinguishing Azolla species. This is likely
because the accessions with subrounded dorsal lobes (AP4 and AO13) were collected from
cultivated ponds, indicating that environmental conditions may influence this morphological
feature. This observation is consistent with the findings of Dunham and Fowler (1987),
who concluded that dorsal lobe shape is an unreliable character for species identification
due to its variability with developmental stage and environmental factors.

The environment also influences the colour of the ventral lobe. Six of the 14 accessions
exhibited a pink ventral lobe, while the remaining samples displayed green colouration. The
results showed that unshaded accessions had pink ventral lobes, indicating that sunlight
exposure occurred directly on 4Azolla accessions (Table 1). This finding is supported by
Sadeghi et al. (2013), who stated that Azolla typically maintains a green colour under
shaded conditions, while exposure to direct light causes the fronds to turn reddish. In
some cases, the pink colour of the ventral lobe can be caused by low nutrients in the
Azolla media; for instance, AP2, which is in a bright environment with a light intensity of
83.37 klux and low nutrients, has a TDS value of 71.7 ppm and an EC of 143.3 uS/cm,
which together indicate low nutrient content in the medium. Total Dissolved Solids (TDS)
indicate the concentration of inorganic and organic compounds dissolved in water, while
Electrical Conductivity (EC) reflects the ability of water to conduct electricity due to the
presence of these dissolved ions. Lower values of both TDS and EC typically correspond
to nutrient-poor conditions. Azolla tends to be green when in a nutrient-rich environment
with sufficient light intensity. A previous study from Cannavo et al. (2023) showed that
higher intensity starting from 700 pmol m™2 s™! (around 40 kLux) reduces the content of
chlorophyll in Azolla and makes the lobe of Azolla become reddish. Da Silva et al. (2022)
also added that Azolla could turn red because of the lack of nitrogen, coupled with light
intensity. The colour change of the lobes occurred as a result of stress mechanisms caused
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by nutrient deficiency or high light intensity, which led to the production of flavonoids
such as anthocyanin and phlobaphene (Cannavo et al., 2023; Janes, 1998).

All samples in this study had a bicellular trichome structure (Figure 3E), suggesting they
belong to the species A. caroliniana, A. mexicana, or A. microphylla (Pereira et al., 2011).
Moreover, all accessions examined in this study displayed a regular (in-a-row) trichome
arrangement on the dorsal lobes (Figure 3D), further narrowing the potential identification
to A. mexicana or A. microphylla. This is based on the observation that A. caroliniana
and A. filiculoides typically exhibit irregular trichome distribution on the dorsal lobes
(Goff, 2011). This research highlights that the structure of bicellular trichome and the
regular or in-a-row arrangement of bicellular trichome in lobus dorsal successfully used
to identify A. mexicana and A. microphylla among species in the 4zolla section (Chang et
al., 2020; Goft, 2011; Pereira et al., 2011).

Figure 3. Characteristics of lobes, trichomes and stomata of 4zolla. Glabrous rhizome (A) acute angle with
pink (B) and green (C) ventral lobe. Dorsal lobe with a row arrangement of bicellular trichomes (D) bicellular
trichome composed of trichome (t) and pedicle (p) cell (E)
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Saunders & Fowler (1992) previously used multivariate statistical analysis on
measurements such as the length and width of the dorsal and ventral lobes, as well as
the ratio of hyaline layer (Figure 4A), to differentiate 4. nilotica and A. pinnata in the
section Rhizosperma. This study examined the same measurements using one-way
ANOVA for section Azolla. The length of the dorsal lobe showed a significant difference
(F=4.73; P <0.05), with a range of 0.83-1.32 mm. This result supports the assumption
that the sample is likely A. mexicana or A. microphylla because the lobe length is more
than 0.7 mm. Svenson (1944) mentioned that only 4. caroliniana has a lobe length of about
0.5 mm. The length of the ventral lobe was also noticeably different (F = 3.96; P < 0.05),
measuring between 0.70 and 1.26 mm. In contrast, the width of the dorsal lobe (F = 0.62;
P> 0.05) and the width of the ventral lobe (F = 1.03; P > 0.05) did not show significant
differences. The hyaline layer ratio showed a significant difference (F = 3.83; P < 0.05)
with values ranging from 4.26 mm to 12.1 mm and an average of 8.9 mm.

Accessions AP1, AP4, AP7, AP8, AP9, AP10, AO11, AO12, and AO14 exhibited
the presence of stomata on the ventral lobes, whereas other accessions showed few or no
stomata in this region (Figure 4B). This characteristic, however, remains inconsistent for
defining members of the section 4zolla. For instance, Pereira et al. (2011) indicated that
stomata were exclusively observed in 4. caroliniana, suggesting limited taxonomic value.
However, Chang et al. (2020) and Lumpkin & Plucknett (1980) found contrary results.
Chang et al. (2020) mentioned that samples morphologically resembling A. caroliniana
due to the presence of stomata were actually genetically closer to 4. mexicana. Moreover,
Lumpkin & Plucknett (1980) also reported that 4. filiculoides has stomata in the ventral
lobe. This ambiguity implies that the stomata characteristic alone is not sufficient for
species delimitation. Busby & Gunning (1984) supported this idea, stated that the presence
of stomata is variable and could appear on both the ventral and dorsal lobes of Azolla.
The stomata formation depends on specific patterns of unequal cell divisions during the
development of Azolla.

Considering the ongoing debate surrounding the classification of Azolla, this research
highlights that all collected samples belong to the conspecific species Azolla mexicana or
Azolla microphylla, synonymous with Azolla cristata. This conclusion is supported by the
presence of bicellular trichomes, the regular arrangement (in a row) of trichomes on the
dorsal lobe, and the length of the dorsal lobe (Ahad et al., 2012; Goff, 2011; Pereira et al.,
2011; Saunders & Fowler, 1992). However, this morphological identification should be
further validated through molecular characterisation, which is discussed in the following
section.

Principal Component and Cluster Analysis Derived from Morphological Traits

Cluster analysis based on morphological characters showed the formation of two main
clusters (Figure 5A). Cluster I consisted of two accessions from cultivated samples,
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AP4* and AO13*. While the other wild accessions (AP1, AP2, AP3, AP5, AP6, AP7, APS,
AP9, AP10, AO11, AO12, and AO14) were clustered in Cluster II. These two clusters
are separated because of morphological differences in the size of quantitative characters,
such as the length and width of the ventral and dorsal lobes. Saunders and Fowler (1992)
demonstrated the use of these quantitative characters to observe morphological variation.
Interestingly, two accessions from the Progo and Opak river basins (“AP” and “AO”)
merged into one cluster, and only AP4 and AO13 from cultivated ponds separated.
Interestingly, two accessions from the Progo and Opak river basins (“AP” and “AO”)
merged into one cluster, and only AP4 and AO13 from cultivated ponds remained distinct.
These results were confirmed with Principal Component Analysis, where AP4 and AO13
also separated from others (Figure 5B). In cultivated conditions, the use of organic fertilisers
to Azolla supplies essential nutrients such as nitrogen (N) and phosphorus (P), which

Figure 5. (A) Unweighted pair group method dendrogram among 14 accessions of Azolla using morphological
markers, and (B) principal component analysis of 4Azolla accessions
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increase the nutrient content in the plant. This results in enhanced production and growth
of Azolla, accompanied by an increase in protein content. Moreover, this could affect the
geographical distribution, which is different from other wild types of Azolla (Azab &
Soror, 2020). PCA successfully simplified 18 characters into 11 polymorphic characters,
with the highest contributions being C2-branching shape (0.484), C4-branching number
(0.459), C5-dorsal lobe shape (0.456), C7-ventral stomatal presence (0.488), C11-hyaline
ratio (0.521), and C12-ventral lobe length (0.525) (Figure 5B).

ISSR Analysis

Primer optimisation was conducted by screening 20 ISSR primers synthesised by the
University of British Columbia, and 10 of the most optimal primers were obtained.
These primers succeed to amplifying 14 Azolla accessions, yielding 158 DNA bands and
135 polymorphic bands with sizes ranging from 101 to 1983 bp. The polymorphic band
range is 73.3% to 94.12%, with the PIC value averaging 0.23, and the RP value being
18.53 (Table 4). The PCR-ISSR results indicated that the UBC 841 primer generated
the highest level of polymorphism at 95.24%, while the UBC 834 primer produced the
lowest at 73.3%. Yusuf et al. (2022) claimed that a polymorphic band percentage of
50% is considered high, indicating that the ten primers used in genetic variation analysis
are effective. The PIC evaluates the quality and genetic information of primers; PIC
values span from 0.0 to 0.5, since they serve as dominant markers. A greater PIC value
indicates increased genetic diversity and greater primer effectiveness (Jamil et al., 2022).
In addition to PIC, the resolving power (RP) parameter is utilised to evaluate the capacity
of primers to distinguish between genotypes (Chesnokov & Artemyeva, 2015; Gilbert et
al., 1999; Prevost & Wilkinson, 1999). The primers UBC 814 and UBC 841 are considered
the most effective because of their high PR% (95.12; 94.24), RP (19.71; 23.29), and PIC
(95.12; 94.24) values, respectively.

The ISSR-based dendrogram analysis classifies the Azolla collection into two primary
clusters. Cluster I comprises only AO13, while AP1, AP2, AP3, AP4, AP5, AP6, AP7,
APS8, AP9, AP10, AO11, AO12, and AO14 categorized inside cluster II (Figure 6). The
dendrogram indicates that the two river basins are closely related, as there is no cluster
separation based on their location. The only one that separated from the dendrogram was
AO13, which came from the cultivated ponds and distinguished itself from cluster II by a
similarity value of merely 38%. The highest level of similarity was observed between the
accessions of AP6 and AP7 (93%), AP4 and AP5 (90%). According to Jaccard’s coefficient,
the greatest genetic distance was observed between AO13 and AO11 accessions with a
value of 0.685 (Figure 7A). This was followed by genetic distance between AO13 and
AO12,A013 and AP3, AO13 and AP2, with values 0.627, 0.623, and 0.619, respectively.
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Table 4
Measured indices of ISSR primers used in Azolla accessions

Primer NA NP PR (%) FS PIC RP
UBC 814 17 16 94.12 410-1695 0.29 19.71
UBC 815 11 10 90.90 493-1881 0.21 10.86
UBC 826 13 11 84.61 282-1209 0.25 13.57
UBC 834 15 11 73.30 101-1340 0.19 21.28
UBC 841 21 20 95.24 235-1373 0.28 23.29
UBC-845 15 13 86.67 305-1742 0.25 15.85
UBC-856 17 13 76.47 236-1983 0.20 20.49
UBC-860 15 13 86.67 221-1651 0.22 16.86
UBC-873 17 14 82.35 262-1835 0.28 19.71
UBC-880 17 14 82.35 255-1628 0.17 21

Total 158 135
Mean 13.5 85.27 0.23 18.53

Note. NA (number of scored bands); NP (number of polymorphic bands); PR (polymorphic rate); FS (fragment
size); PIC (polymorphic information content); and RP (resolving power)
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Figure 7. (A) Pairwise genetic distance; (B) and principal coordinate analysis of 14 Azolla accessions produced
by ISSR analysis

Validation by PCoA further supports the genetic distinctions of AO13 compared to other
clusters (Figure 7B). The differences of AO13 compared to other samples are supported
by the numerous specific bands that appear in the accession across almost all primers, for
example, UBC 841 at 1296 bp, 1109 bp, and 336 bp, and UBC 814 at 1132 bp and 817
bp (Figure 8).

AO13, which was morphologically identified as A. cristata, consistently clustered
separately from other accessions in both morphological and molecular analyses. This
distinction may be attributed to phenotypic variation arising from its origin in a cultivated
pond environment. AO13 is noticeably different from other accessions because its TDS and
EC values are much higher, specifically TDS at 351 mg/L and EC at 576 uS/cm, which are
double those of other sample locations (Table 1). Total Dissolved Solids (TDS) indicate
the concentration of inorganic and organic compounds dissolved in water, while Electrical
Conductivity (EC) reflects the ability of water to conduct electricity due to the presence of
these dissolved ions. The higher the TDS and EC values, the more dissolved substances,
including nutrients, are present in the water. Despite elevated TDS and EC levels negatively
impacting aquatic plants, Azolla, an aquatic fern, is often used as a phytoremediation agent,
effectively absorbing various heavy metals. The water fern may thrive in nitrogen-deficient
circumstances by assimilating atmospheric nitrogen, allowing it to develop without a
dedicated nitrogen nutrient supply. As a result, it may thrive in stressful environments,
such as polluted water bodies, and accumulate various substances in its vegetative sections
(Arora et al., 2006; Umali et al., 2006). Moreover, studies from Kumar et al. (2020) showed
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Figure 8. Gel electrophoresis profile of amplified products using primers UBC-814 (top) and UBC-841
(bottom). Red arrows indicate additional bands specific to accession AO13, while orange arrows show unique
bands present in other accessions

that Azolla can survive in a high TDS environment with a range of 300-900 mg/L and an
EC with a range of 500-1300 uS/cm, and even manages to reduce the value of pollutants
by decreasing TDS and EC values periodically until day 28. AO13 was separated from
other samples, possibly because the prolonged exposure to varying levels of organic and
inorganic compounds, such as salts, heavy metals, and other dissolved ions, can lead to
intraspecific genetic variation. This is supported by Gupta & Sarin (2009), who found that
aquatic macrophytes, where environmental stressors, including nutrient loading, salinity,
and heavy metal contamination, could create a change of genetic structure and variation,
while analysing it using microsatellite molecular markers.

Through morphology, we agree with Pereira et al. (2011) and Kumar et al. (2021) that
some characters could differ between sections Azolla and Rhizosperma through imbrication,
sporophyte shape, rhizome indumentum, angle of lobe, and hyaline layers. In the present
study, we confirm that bicellular trichomes, the regular (in-a-row) arrangement of trichomes
on the dorsal lobe, and the length of the dorsal lobe could distinguish 4. mexicana and
A. microphylla from other species in the Azolla section (Goff, 2011; Pereira et al., 2011;
Saunders & Fowler, 1992). Initially, we assumed that 4. mexicana possessed a ventral
stomatal lobe while A. microphylla lacked one (Chang et al., 2020; Pereira et al., 2011).

PREPRINT



Diversity of Azolla cristata in the Progo and Opak River Basins

However, the ISSR data disclosed an unexpected finding (Figure 6). Accessions that
were absent of ventral stomata (AP 2, AP3, APS, and AP6) joined into one cluster with
accessions with the presence of ventral stomata, indicating that the presence of stomata is
insufficient for identifying species of Azo/la. This final result also confirms the findings of
Evrard & Van Hove (2004) about detailed microscopic evidence from various cultures and
specimens of Azolla, showing that A. microphylla and A. mexicana are morphologically
indistinguishable and should be treated as a single species. Previous studies about
Azolla molecular taxonomy from Madeira et al. (2013), Metzgar et al. (2007), and Reid et
al. (2006) supported this theory that A. microphylla and A. mexicana, based on established
nomenclature precedent, are now referred to as A. cristata Kaulf.

Environmental Factors

The previous result and discussion suggested that specific environmental factors, like
high levels of electrical conductivity (EC) and total dissolved solids (TDS), can affect
the quantitative lobe size and intraspecific variation of 4zolla based on morphological
and molecular characterisations (Azab & Soror, 2020; Gupta & Sarin, 2009; Saunders &
Fowler, 1992). Moreover, low nutrient content (shown by low TDS and EC) and direct
light exposure may have an impact on the colour of 4zolla leaves (Da Silva et al., 2022;
Kumar et al., 2020; Sadeghi et al., 2013).

Moreover, this study discovered that elevation may have an impact on Azolla's
abundance, even though it did not seem to have an impact on its morphological or molecular
characteristics. Only one Azolla sample was found at each of the two sampling locations
with the highest elevations, AP1 and AO11, which were 648 m and 556 m above sea level
(a.s.l.), respectively. These sites were also quite far from the closest Azolla population
(Figure 1). On the other hand, Azol/la abundance increased in sites that were geographically
close at lower elevations. For example, the samples of AP7, AP8, AP9, and AP10, which are
located near one another, were all classified as low-altitude areas with elevations ranging
from only 70 to 90 meters a.s.l (Figure 1). The study by Lydia et al. (2023) supports this
conclusion by indicating that high altitude adversely affected the dispersal of Azolla.
Reduced water levels could be the cause of this phenomenon, as Azolla thrives on stagnant
or relatively slow-moving water. This study examines high-altitude zones (AP1 and AO11)
located in mountainous regions, which have rapid downhill water flow. These hydrological
conditions possibly limit the growth and survival of Azolla in these areas.

Based on the environmental data (Table 1), water temperature ranged from 26.57 °C
to 37.97 °C. The suitable water temperature range for 4Azolla survival is approximately
27-35 °C, with the optimal condition around 28 °C (Korsa et al., 2024). The humidity levels
at the Azolla sampling sites in this study were also supportive of its growth, ranging from
52.7% to 79%. Sadeghi et al. (2013) further supported that the average relative humidity
suitable for the growth of 4zolla spp. ranges around 55% - 83%.
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Genetic Diversity

Despite the small sample size, the samples can represent the genetic variation in the two
river basins because they were collected to capture the upstream-to-downstream area
where Azolla was present at the time of sampling. A study by Najibulloh et al. (2025) also
used comparable population genetic studies of Azo/la in the Special Region of Yogyakarta
and examined genetic variation and population structure using 11 samples from wild and
developed habitats. This previous study successfully identified haplotype patterns and
genetic divergence within the region using trnl-trnF molecular markers. This finding
indicates that, despite limited sampling due to the dry peak season in Indonesia (June-
November 2024), molecular markers can effectively detect genetic variation in Azolla.
Reitsema et al. (2020) and Rivaes et al. (2022) stated that aquatic macrophytes depend
totally on their habitat's water supply and are clearly vulnerable to hydrological changes
caused by global climate change. Diminished precipitation and reduced water availability
in habitats negatively impact the living conditions of macrophytes; conversely, a wetter
climate may expand their potential habitats. In river ecosystems, changes in flow patterns
have a big impact on macrophytes. Fernandez-Zamudio et al. (2010) found that spores of the
invasive 4. filiculoides in a Mediterranean temporary wetland had lower but still significant
germination rates after being dried out compared to controls that were always wet. This
shows that some spores can survive dry periods and grow new plants when water returns.

The genetic diversity analysis revealed a moderate level of genetic variation within
both Azolla populations, as indicated by the expected Nei’s gene diversity (He = 0.230).
The Opak population exhibited higher values of observed alleles (Na = 1.627), effective
alleles (Ne = 1.470), Nei’s gene diversity (He = 0.266), Shannon’s information index
(I=10.392), and percentage of polymorphic bands (PBB = 69.62%), indicating that Opak
has higher genetic diversity than the Progo River basin (Table 5). Results from the AMOVA
indicated that the majority of genetic variation was distributed within populations (93%)
rather than among populations (7%) (Table 6). However, the PhiPT value of 0.067 was
not statistically significant (P > 0.05), indicating that no statistically significant genetic
differentiation was detected between Azolla populations from the Progo and Opak river
basins. The higher genetic diversity observed in the Opak river basin compared to the Progo
river basin is primarily attributed to the genetic difference of sample AO13 compared to
other samples from the Opak river basin, which increased the overall variation within the
Opak population. This is consistent with clustering analysis that showed the most accessions
from both river basins grouped together, except AO13 genetically distinct. However, this
differentiation occurred at the individual level and did not result in significant population-
level genetic structuring. According to Peakall and Smouse (2012), PhiPT values lower than
0.05 generally indicate negligible or weak genetic differentiation, while higher values reflect
stronger population structure. In this study, the PhiPT value of 0.067 with a non-significant
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permutation test (P=0.108 > 0.05) suggests non-significant genetic differentiation between
the two river populations. In this study, the PhiPT value of 0.067 with a non-significant
permutation test (P = 0.108 > 0.05) suggests that 4zolla populations from both
river systems do not exhibit distinct genetic structure and can be considered part of
a single panmictic population. This pattern suggests extensive gene flow or shared
ancestry between accessions from the two river basins. This finding is consistent with
Al Salameen et al. (2020), who reported that low PhiPT values indicate populations that are
not yet genetically structured into distinct groups. Therefore, the ISSR-based results imply
high gene flow or shared ancestry among Azolla accessions from both rivers, supporting
the idea that environmental and geographic factors may influence local genotypic variation
(Ahmad et al., 2019).

The high percentage of genetic variation within the population (93%) and the lack of
significant population structure are ecologically expected for aquatic plants that possess
strong dispersal abilities. Azolla is a member of the Salviniaceae family that uses spores
as a propagule. According to Reynolds et al. (2015), a propagule is a structure that serves
as an agent for reproduction and propagation, including seeds, eggs, spores, statoblasts,
and cysts. The propagule found in water ferns, such as Azolla, may serve as a potential
vector for passive dispersal through various means, including water currents (hydrochory),

Table 5
Genetic variability estimated among two populations of Azolla

Population Na Ne I He PBB (%)
Progo River Basin 1.475+£0.056 1.335+0.031 0.292+0.023 0.194+0.016 59.49
Opak River Basin 1.627+£0.049 1.470+0.032 0.392+0.022 0.266+0.016 69.62
Total 1.551+£0.037 1.403+0,022 0.342+0,016 0.230+0,016 64.56

Note. Na (number of alleles); Ne (number of effective alleles); I (Shannon’s diversity index); He (Nei’s gene
diversity); and PBB (polymorphic loci)

Table 6
Analysis of molecular variance (AMOVA) results from 14 Azolla accessions

ISSR df SS MS Est. Var. Value %  PhiPt P value
Among populations 1 27.664 27.664 1.413 7 0.067 >0.05
Within populations 12 235.05 19.588 19.588 93

Note. df: degree of freedom; SS: sum of squared observations; Est. Var: estimated variance; Value%: percentage
of variation; PhiPt: proportion of total genetic variance distributed among populations. P (rand > data):
probability based on a permutation test indicating the statistical significance of PhiPT
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animals (zoochory), wind (anemochory), and human activities. Such dispersal mechanisms
can facilitate the spread of these ferns to new habitats and enhance their ecological
success (Casper et al., 2012; Trakhtenbrot et al., 2005), which has potential consequences
for gene flow across regions (Ronce, 2007). Previous research has found that Azolla sp.
fossils are often found in freshwater coastal environments (lagoon or similar) and wetland
environments across a wide geographical range. Climate conditions and water flow
(hydrochory) facilitate the easy transportation of Azolla propagules. Some data showed
that Azolla fossils found still have microspore massulae attached to the megaspores
(De Benedetti et al., 2018). Besides hydrochory, research by Coughlan et al. (2016)
showed that Azolla was seen to be spread ex-situ with high frequency by mallard ducks
(Anas platyrhynchos). Bird-mediated dispersal or epizoochory often occurs and significantly
contributes to the colonisation, range expansion, and biological invasion. Empirical
evidence shows similar mechanisms: waterbirds have been documented dispersing aquatic
plant propagules between habitats (Figuerola & Green, 2002; Jones et al., 2020). In contrast,
wind had no effect on Azolla dispersal (Coughlan et al., 2016).

The Progo and Opak river basins are geographically near and connected hydrologically,
offering no significant ecological barrier between them. Engloner et al. (2024) stated
that the genetic connectivity between macrophytes increases significantly in canal-
connected areas. No significant barrier implies the absence of artificial barriers such as
dams that might restrict macrophyte spread and endanger its distribution and persistence
(Jones et al., 2020). Nazareno et al. (2021) also supports these statements that the ability of
propagules to travel through water likely promotes high genetic connectivity among aquatic
plant populations, with limited geographical barriers on their distribution. Besides passive
dispersal, Azolla is deliberately transferred by humans (anthropogenic), especially for
agricultural purposes. Azolla is commonly utilised for biofertiliser, compost, livestock feed,
and mulch. This usage results in Azolla being repeatedly harvested, transported, and washed,
which creates numerous opportunities for fragments to reach canals, drainage ditches, or
temporary ponds near fields (Korsa et al., 2024; Thepsilvisut et al., 2024).

CONCLUSION

The recent study identified that the Azolla accessions in the Progo and Opak river
basins are A. cristata, which is identical with the conspecific species 4. microphylla and
A. mexicana, based on their morphological traits. The use of ISSR DNA fingerprinting
markers successfully aided in the patterns of genetic similarity and diversity that support
morphological distinctions (Animasaun et al., 2018). The high PIC and RP values seen from
the ISSR primers show that they work effectively for Azolla. Due to the multidirectional
distribution of 4Azolla as a water plant, the genetic diversity remains at a moderate level
with low and non-significant genetic differentiation among populations in the Progo and
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Opak river basins, suggesting that these populations form one panmictic (randomly
mating) population. This pattern is consistent with the aquatic nature of Azo/la and its
potential for gene flow through hydrological connectivity, passive dispersal mechanisms,
and human-mediated (anthropogenic) means. This study suggests that further research using
additional molecular markers or integrative taxonomic approaches is needed to confirm
species boundaries within Azolla populations and to clarify population connectivity. This
will support sustainable long-term conservation strategies.
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