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Abstract

Water hyacinth (Eichhornia crassipes [Mart.] Solms) is a fast-growing aquatic plant recognized as a highly invasive weed, posing substantial
economic, ecological and social threats. This study evaluates the invasive spread rate of water hyacinth through the plant tissue culture
method - culturing the apical and lateral buds separately at different stages to investigate the regenerative ability of Eichhornia crassipes.
[Mart.] Solms shoots. Additionally, this study evaluated the potential for sexual reproduction from water hyacinth seeds at different stages.
After four weeks of culture, a double-layered MS medium (solid agar base with a liquid overlay) under aerobic conditions, supplemented with
0.75 mg/L benzyladenine (BA) and 0.25 mg/L naphthalene acetic acid (NAA), was found to be optimal for in vitro growth of water hyacinth
buds and seeds. The invasive spread rate of water hyacinth is based on both vegetative propagation from buds and sexual reproduction from
seeds. The strongest regeneration from the apical buds and axillary buds with stolon and rootlets reached the highest rate of 60 %. The
highest germination reached 40 % from water hyacinth fruit at stage 4 - the stage when the flower turns dark brown.
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Introduction

Water hyacinth (Eichhornia crassipes [Mart.] Solms) is
considered the most harmful invasive weed globally (1). The
intense spread of this invasive plant has caused substantial
socio-economic and ecological damage in many countries,
including Vietnam. A study has determined that the invasion
area of water hyacinth only needs to reach 10 % of the total
lake surface area to cause serious impacts on the aquatic
ecosystem (2). In fact, the strong proliferation of water
hyacinth is assessed to be increasing rapidly. The rapid spread
is attributed to environmental pollution, agricultural runoff,
anthropogenic nutrient enrichment and restricted natural
water flow. A study reported that the rapid reproductive rate of
this plant species reaches a figure of two plants being able to
multiply to 1200 plants within 120 days, allowing water
hyacinth to rapidly invade water surfaces in a short time (3).
This invasion not only spreads in the same area but also to
neighbouring areas aided by strong winds and high water
levels. However, the determining factors for the reproduction
rate of water hyacinth plants are the concentration of nutrients
in the water and environmental temperature (4).

Water hyacinths form dense mats intertwined with
each other due to their rapid reproductive rate (5). Water
hyacinth has two forms of reproduction: asexual reproduction

(vegetative propagation) and sexual reproduction. Vegetative
propagation contributes significantly to the rapid expansion
and spread of water hyacinth into new areas (6). New plants
are formed from the elongation of stolons, developing their
own root systems and subsequently detaching from the parent
plant. The elongation of stolons is the key to the dense growth
of water hyacinth, even forming solid mats. Stolons give rise to
daughter plants at their nodes, leading to vegetative
propagation. The repeated elongation and branching of
stolons form dense, interconnected networks of plants, often
resulting in floating mats that cover entire water surfaces. The
plant hormone auxin is key to promoting cell elongation in
stolons. Auxin stimulates the loosening of cell walls, allowing
cells to expand (7). Optimal growth of water hyacinth occurs in
stagnant or slow-flowing water, under conditions of relatively
high humidity, abundant sunlight, a water temperature of 28-
30 °C and rich in nutrients such as nitrogen, phosphorus and
potassium (8). However, water hyacinths can survive short-
term in harsh weather such as frost, survival depends on
whether submerged structures escape freezing. After that,
limited regrowth can occur from roots or protected shoot
bases. Furthermore, in most cases, water hyacinth is often
associated with other invasive weeds such as Pistia,
Myriophyllum aquum and Azolla filiculoides and water hyacinth
consistently dominates (9). Sexual reproduction is also another
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form of proliferation in water hyacinths. Their inflorescence
contains 8 to 15 flowers and produces 3000-4500 seeds. The
seeds can be viable for 5-20 years. The seeds sink after
dispersal from the seed coat and germinate within 6 months
under low water conditions (10). Seedlings develop into fully
leafed and rooted plants within 40 days of germination. Over
time, the plants detach from the mud, float freely and then
multiply into floating mats. Water hyacinth also spreads
through seed dispersal via water and boats, potentially leading
to new outbreaks of water hyacinth (11).

Despite numerous management attempts, no long-
term control strategy has proven consistently effective. Various
methods have been studied and applied, such as chemical,
mechanical and biological methods. However, only short-term
control of water hyacinth invasion is achieved and its rapid
spread quickly resumes thereafter (12). Therefore, continuing
fundamental research on this plant species is extremely
necessary.

Tissue culture is the growth of sterile plant material on
artificial nutrient media under aseptic conditions. In vitro
plants are essential subjects in studying the growth and
development of plants, used to understand the physiological
mechanisms of plants. Additionally, in vitro plants are a rapid,
abundant and clean sample source. Using tissue culture
methods to study the reproduction process in plants through
rapid clonal propagation and the generation of numerous new
plants has also been conducted on various subjects (13). With
the applications of plant tissue culture, any particular organ
can be targeted and cultured. Furthermore, the elicitors can be
used to culture plant tissues, which can enhance the
effectiveness of basic research on reproductive processes in
plants, particularly in studying vegetative propagation through
the apical and lateral buds. The mechanism of biotic elicitation
and the applications of biotic elicitors include bacterial, fungal,
algal elicitors and other polysaccharides extracted from them
(14). Furthermore, seed germination is a stage in the sexual
reproduction process. With the application of plant tissue
culture, germination in vitro can eliminate viruses, facilitate
propagation, preserve genetic diversity and provide a large
homogeneous sample for research that produces reliable
results (15). A recent study has shown that using image
processing, Support Vector Machine (SVM) can accurately
describe the morphological characteristics of plants such as
root morphology, shoot length, generate stem and leaf organs
in a short time through the tissue culture method. This is an
optimal method for studying plant physiology and is well-
evaluated for both its effectiveness and convenience (16).
However, in studies on in vitro plants, water hyacinth has
received little attention due to its untapped economic value as
well as the difficulty in in vitro cultivation of aquatic plant
species. In this study, we focus on describing the vegetative
propagation from the apical and axillary buds, as well as the
sexual reproduction from seeds of water hyacinth Eichhornia
crassipes [Mart] Solms in vitro, aiming to evaluate the
reproductive rate of water hyacinth through different forms of
reproduction. Based on the findings of this assessment,
appropriate measures to inhibit reproduction can be proposed
to address the current issue of excessive invasion by water
hyacinth.

Material and Methods
Research materials

Research materials for vegetative propagation from the
apical and axillary buds

The research materials consisted of buds collected from 3
month-old mother water hyacinth plants raised in the
experimental garden. The mother plant is stripped of all
leaves and organs is cut separately with 5 different types of
explants including (1) apical bud, (2) stem with axillary buds,
(3) separate axillary buds, (4) shoots with stolons, (5) shoots
having stolons and new roots (Fig. 1).

The apical buds and axillary buds of the mother plant
which are arranged in rosettes along the mother stem are cut
separately apart and classified into 5 different types, each
type is considered a unit of research to evaluate the ability to
regenerate buds to create new plants in vitro (Fig. 2).

Research materials for sexual reproduction from seeds

The research unit is water hyacinth flower. Water hyacinth
flowers at the withering stage tend to bend toward the
water's surface. Flowers with different colours are called
stages 1, 2, 3 and 4. Flowers were anatomized to get fruits and
seeds, which were categorized into different stages: Stage 1,
2, 3 and 4 for fruits (fruit at stage 1, fruit at stage 2, fruit at
stage 3 and fruit at stage 4) and Stage 1, 2, 3 and 4 for seeds
(seed at stage 1, seed at stage 2, seed at stage 3 and seed at
stage 4) (Fig. 3).

Cultivation conditions: Lighting of 12 hr/day, light
intensity of 3000 lux; temperature of 25 °C + 2 °C at the Cell
Technology Laboratory, Ho Chi Minh City University of
Industry and Trade.

Research methods

Investigation of vegetative propagation from apical and
axillary buds of Eichhornia crassipes [Mart.] Solms under
in vitro conditions

The research materials included five different types: (1) apical
buds, (2) stems with axillary buds, (3) separate axillary buds,
(4) shoots with stolons and (5) shoots having stolons and new
roots. These materials were disinfected by first washing with
soap for 5 min, soaking in water for 3 hr, treating with 70 %
ethanol for 5 min and finally disinfecting with 50 % sodium
hypochlorite (NaOCl) for 5 min. The explants were cultured on
MS basic medium supplemented with 30 g/L sucrose, 0.75
mg/L BA and 0.25 mg/L NAA in two-layer MS system: a solid
bottom layer (with agar 8 g/L) and a liquid top layer (without
agar). Cultures were maintained under in vitro conditions
with a light intensity of 3000 lux and a temperature of 25 °C.
The experiment consisted of 5 treatments, each with 10
samples. The in vitro development of water hyacinth was
monitored at 1, 2, 3 and 4 weeks after culture using digital
photography, based on observations of live and dead shoots
under aseptic, uninfected conditions (infected shoots were
removed).

Investigation of sexual reproduction from seeds of Eichhornia
crassipes [Mart.] Solms under in vitro conditions

Research materials include 8 different types: Stage 1, 2, 3 and
4 for fruits (fruit bearing seeds at stage 1, 2, 3 and 4) and Stage
1,2,3 and 4 for seeds (seeds separated from fruit at stage 1, 2,
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(1) apical bud, (2) stem with axillary buds, (3) separate axillary buds,

(4) shoots with stolons, (5) shoots have stolons and new roots

Fig. 1. Research materials (A) 3 month-old mother water hyacinth plants (B) The mother plant is stripped of all leaves (C) The mother plant is
stripped of all leaves and organs is cut separately with 5 different types.

Fig. 2. Research materials (A) apical bud (B) stem with axillary buds

(C) separate axillary buds (D) shoots with stolons (E) shoots having

stolons and new roots. Fig. 3. Research materials (A) Stage 1, 2, 3 and 4 flowers (B) Stage 1,
2, 3 and 4 fruits (C) Stage 1, 2, 3 and 4 seeds.
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3 and 4). The materials were disinfected by washing with
soap for 5 min, soaking in water for 3 hr, treating with 70 %
ethanol for 5 min and finally disinfecting with 50 % NaOCl for
3 min. They were then cultured on MS basic medium
supplemented with 30 g/L sucrose, 8 g/L agar, 0.75 mg/L BA
and 0.25 mg/L NAA. Culturing on the medium in two ways
were applied: surface culture and submerged culture in the
agar layer. Cultures were maintained under in vitro conditions
with a light intensity of 3000 lux and a temperature of 25 °C.
The experiment consisted of 12 treatments, each with 10
samples. The development of in vitro germinated water
hyacinth from seeds was monitored at 1, 2, 3 and 4 weeks
after culture using digital photography, based on the
observation of germinated and non-germinated samples
under uninfected conditions (infected samples were
removed).

Statistical Analysis

All experiments were conducted with 10 replicates and the
data were recorded and statistically analyzed using
Statgraphics Centurion XV software. One-way ANOVA was
performed at a significance level of p <0.05.

Results

Investigation of vegetative propagation from apical
and axillary buds of Eichhornia crassipes [Mart.] Solms
under in vitro conditions

After 4 weeks of culturing the five different explant types, the
results showed that (1) apical buds and (5) shoots with
stolons and newly formed roots exhibited the highest
regeneration capacity, with a survival rate and formation of
healthy seedlings reaching 60 %. Explant type (4), shoots with
stolons, showed a regeneration rate of 40 %, which was
higher than that of (2) stems with axillary buds, which had a
30 % survival rate. In contrast, explant type (3) separate
axillary buds have a very low regeneration rate, with 0 %
survival recorded in this experiment (Table 1).

The survival rate of the apical bud was 60 %. During
the first week of culture, each surviving apical buds
developed one new leaf. In the following weeks, stem
elongation occurred along with the emergence of 2-3 new
leaves arranged in the radial shape. Then the root system
develops strongly in the third week and continues to
proliferate stems, leaves and roots in the fourth week of
culture (Fig. 4).

Table 1. Survival rate and non-induction rate of in vitro water
hyacinth shoots after 4 weeks of culture

Survivalrate Non-induction

S.No Treatment (%) rate (%)
1 Apical bud 609+0.7 402+0.4
2 Stem with axillary buds 30°+0.5 70°+0.3
3 Separate axillary buds 02+0.0 1009+0.0
4 Shoots with stolons 40°£0.4 60°+0.6
5 shoots having stolons and 609+ 0.6 407+ 0.4

new roots

a, b, c: show differences in significant columns at confidence level
p <0.05 in the Duncan test.

4

Stems with axillary buds showed a survival rate of 30
%. In the first week, the buds developed into shoots, with
roots from the plant mother still present. By the second week,
the young leaves began to emerge from the buds. In the third
week, stolon elongation was observed, gradually separating
the buds away from the mother stem. The roots of the mother
plant helped to grow a new plant and the new plant also forms
new roots to create a complete seedling but it is still attached
to the mother plant stem through the stolon. During this
period, the stolon continued to elongate (Fig. 5).

Separate axillary buds were cultured in MS medium,
showing no signs of life and turning black in the fourth week of
culture (Fig. 6).

Shoots with stolons were sterilized using ethanol and
sodium hypochlorite, then cut into 3 cm pieces and
transplanted into a two-layer MS medium. The regeneration
rate was 40 %.

Fig. 4. Water hyacinth in vitro culturing from apical bud.
(A) 1 week (B) 2 weeks (C) 3 weeks (D) 4 weeks.

Fig. 5. Water hyacinth in vitro culturing from stem with axillary
buds.
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Fig. 6. Water hyacinth in vitro culturing from separate axillary buds.
(A) 1 week (B) 4 weeks.

In the first week, the shoots remained healthy and
green. The stolon was no longer visible and had started to
decompose. By the second week, roots had formed, the stolon
had fully disappeared and the new leaves emerged. In the third
and fourth weeks, the shoots had developed into a complete
plantlet with leaves, stems and roots (Fig. 7).

Shoots with stolons and new roots were sterilized using
ethanol and sodium hypochlorite. After sterilization, they were
cut into 3 cm pieces, the roots were removed and the shoots
were transplanted into a two-layer MS medium. The
regeneration rate was 60 %. In the first week, the shoots
remained healthy and green. The stolon was no longer visible
and had decomposed. By the second week, the roots develop
healthy, the initial stolon almost disappeared and the new
plant produced new leaves. By the third and fourth weeks, fully
developed plantlets with leaves, stems and roots were
observed (Fig. 8).

Investigation of sexual reproduction from seeds of
Eichhornia crassipes [Mart.] Solms under in vitro condition

Water hyacinth seeds and fruits at stages 1, 2, 3 and 4 were
cultured on MS medium. After 4 weeks of culture, only stage 4

Fig. 7. Water hyacinth in vitro culturing from shoots with stolons.
(A) 1 week (B) 2 weeks (C) 3 weeks (D) 4 weeks.

fruits cultured on the surface and stage 3 and stage 4 fruits
submerged in agar, showed germination rates of 20 %, 20 %
and 40 % respectively. Among them, the highest rate was stage
4 fruit implanted submerged in agar reaching 40 %, seeds after
germination did not develop into 100 % seedlings and some
sprouts die immediately after germination. This result showed
that the percentage of seedlings formed with treatments 8, 11
and 12 was 10 %, 10 % and 30 % respectively (Table 2).

Water hyacinth seeds at stage 4 were cultured on MS
medium, resulting in a germination rate of 20 %. In the first
week after germination, cotyledons were observed. By the
second week, the sprouts had developed new leaves. The
roots were formed during the third week. A completely
healthy seedling was established by the fourth week (Fig. 9).

i .
Fig. 8. Water hyacinth in vitro culturing from shoots having stolons
and new roots.

(A) 1 week (B) 2 weeks (C) 3 weeks (D) 4 weeks.

Table 2. Germination rate and seedling rate of Eichhornia crassipes
[Mart.] Solms in vitro from seeds after 4 weeks of culture

S.No Treament Germination rate (%) Seedling rate (%)
1 Stage 1 Seed 0°+0.0 0°+0.0
2 Stage 2 Seed 0°+0.0 02+0.0
3 Stage 3 Seed 0°+0.0 02+0.0
4 Stage 4 Seed 0°+0.0 02+0.0
Stage 1 Fruit s R

5 culturing surface 0°+£0.0 0°£0.0
Stage 2 Fruit

®  culturing surface 0°£0.0 0°£0.0
Stage 3 Fruit s R

" culturing surface 0°£0.0 0°£0.0
Stage 4 Fruit R .

8 culturing surface 20°+£0.4 10°+0.5
Stage 1 Fruit s R

o culturing submerges 0°£0.0 02+0.0
Stage 2 Fruit . R

10 culturing submerges 0°£0.0 0°£0.0
Stage 3 Fruit b N

1 culturing submerges 20°£0.4 10°+£0.5

12 Stage 4 Fruit 4054 0.5 30404

culturing submerges
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Fig. 9. Germination and development into seedlings of stage 4 wa-
ter hyacinth fruit cultured on agar surface.

(A) 1 week (B) 2 weeks (C) 3 weeks (D) 4 weeks.

Stage 4 water hyacinth seeds cultured submerged in
agar on MS medium under in vitro conditions had a
germination rate of 40 %. In the first week of germination,
the sprouts emerged from the agar layer. In the second
week, the sprouts formed their first new leaf. By the third
week, roots began to form and by the fourth week , a
complete seedling with spongy leaf petioles was
established (Fig. 10).

Fig. 10. Germination and development into seedlings of stage 4
water hyacinth fruit cultured submerges in agar: (A) 1 week (B) 2
weeks (C) 3 weeks (D) 4 weeks.

After germination, sprouts also die at a high rate,
from 25 % to 50 % of the sprouts failing to develop into
complete plants and die immediately after first week of
germination (Fig. 11).

Fig. 11. Sprouts death of water hyacinth: (A) 1 week; (B) 2 weeks.

Discussion

Evaluating the potential for in vitro shoot formation in
Eichhornia crassipes [Mart.] Solms is an important aspect in
understanding its reproductive capacity, particularly given its
invasive nature and the ecological harm it causes. Despite the
natural spread of water hyacinth in Vietnam rivers and canals
being described in previous studies (17), scientific evidence
demonstrating the strong spreading ability of water hyacinth
is detailed only in this study. The results of this research have
shown the strong regenerative ability of water hyacinth
through vegetative reproduction from apical buds and
axillary buds. Moreover, sexual reproduction from flowers,
fruits and seeds of water hyacinth also contributes to its
spread and dissemination. These results indicate that there
are numerous pathways for the regeneration of water
hyacinth, despite previous efforts to control it using
combined physical, chemical and biological methods (12).
Recent studies further confirm that such control measures
have had limited effectiveness in halting the invasion of this
highly adaptable species.

The main method used to control water hyacinth is
mechanical removal. Mechanical removal typically targets
the leaves and roots, which constitute the bulk of the plant’s
biomass. Some water hyacinth removal machines also chop
up the plants. With this method, apical buds and axillary buds
may remain and they are strong reproductive organs capable
of rapid regeneration. This study has demonstrated the high
regenerative ability of water hyacinth apical buds and axillary
buds. Additionally, water hyacinth is a flowering plant that
begins blooming at 3-5 months of age. The flowers open and
wither within a single day, followed by fruit and seed
development. Mechanical removal is often carried out when
water hyacinth has spread and reached the flowering stage.
Therefore, after removal, water hyacinth seeds may remain,
which is also the reason for its re-invasion afterward. Some
recommendations from this study include avoiding chopping
up water hyacinths during removal and conducting removal
before flowering.

Plant tissue culture is a biotechnological technique
widely used in both basic and applied plant research. Tissue
culture methods, such as culturing plant organs, can
stimulate gene expression pathways to generate specific
traits in cultured plant samples, providing high value in
research. The current advancements in plant tissue culture
research have demonstrated its enormous potential (18). The
application of plant tissue culture to culture-separated
organs is a strong point of this study. The purpose of the
research is to demonstrate the strong regenerative ability of
water hyacinth buds. Specifically, culturing apical and axillary

https://plantsciencetoday.online


https://plantsciencetoday.online

buds at various stages aims to assess the reproductive ability
of water hyacinth shoots. Similarly, culturing seeds at various
developmental stages highlights the plant’s prolific potential
for spread through sexual reproduction.

Currently, there is almost no in vitro research on water
hyacinth. The most recent report on in vitro research on water
hyacinth is about the effect of phytohormones on the
formation of water hyacinth shoots and roots (19). However,
the prospects for in vitro research are increasingly being
emphasized, especially for plant species that are difficult to
culture in vitro and receive little attention for various reasons.
Many emerging technologies are being integrated into plant
tissue culture, including the use of electronic grid and cloud
computing to simulate the tissue culture process and predict
sample productivity prior to experimental work (20).
Additionally, artificial intelligence is being applied to model
the in vitro culture processes of species that are difficult to
cultivate, primarily to support research and optimization
efforts. An example is Cannabis micropropagation; Cannabis
research is largely an underground effort by some scientists.
Along with the lack of deep understanding of Cannabis in vitro
techniques, which has limited the biological technology
utility. In fact, Cannabis is known to be difficult to regenerate
into complete plants under in vitro conditions (21, 22). In vitro
modeling using artificial intelligence is a future direction that
can be applied to water hyacinth research on its spread and
control strategies.

In this study, the results show that the reproduction
rate of water hyacinth from buds and seeds is also limited by
environmental factors such as nutrition, light, temperature
and humidity in the culture room. The highest reproductive
rate from water hyacinth buds is 60 % and the highest from
seeds is 40 %. In the tissue culture method, many factors limit
the research process. A recent study also reported that shoot
apical necrosis is a physiological disorder that can arise in
seedlings or in vitro shoots leading to in vitro shoot death. This
condition, which can spread basipetally and affect the
emergence of axillary shoots from buds lower down the stem,
is due to the cessation of apical dominance. Shoot tip necrosis
(STN) can occur at both shoot multiplication and rooting
stages. One of the most common factors that cause STN is
nutrient deficiency or imbalance. Moreover, the presence or
absence of plant growth regulators (auxins or cytokinins) at
specific developmental stages can influence shoot tip necrosis
(23). Although in vitro plant regeneration has been studied for
over 50 years, several mechanistic aspects remain poorly
understood. The path associated with the reprogramming of
explants in the fully functioning regenerants includes a series
of processes that may result in the appearance of
morphological, physiological, biochemical and ultimately,
genetic and epigenetic changes. All these changes occur during
the tissue culture stage and appear in regenerants as tissue
culture-induced variation. These variations can then be
inherited by generative progeny as somaclonal variation. The
cause may be oxidative stress, which can arise during explant
preparation and throughout tissue culture due to nutrient
components and environmental factors (24). The most recent
report also concluded that the success of plant tissue culture is
dependent on several factors such as available nutrients,

endogenous auxin synthesis, organic compounds and
environmental conditions (25). Additionally, successful root
formation is a crucial factor for achieving effective tissue
culture. The results of this study also indicate that most in vitro
seedlings grow healthily after 4 weeks of culture, primarily due
to root formation occurring during the first week or second
week. Many in vitro studies have also demonstrated the
importance of root formation in plant research. For example, in
vitro root systems serve as useful tools for learning the
biosynthesis of valuable plant compounds, with proper
nutritional balance being essential for the development of
healthy roots (26).

The results of this research suggest that cutting
nutrients can be made to limit the strong spread of water
hyacinth because limiting nutrient availability is a factor that
reduces the reproductive rate.

Research on plants always opens up results that serve
economic, social and cultural life. Currently, new
achievements in plant research are also of interest such as the
breeding and development of research crops, with an
extensive scope for molecular research, especially changes in
the genome that are produced by plant tissue culture (27).
Genome editing is a new strategy to improve plant
characteristics (28). The understanding of plant metabolism is
very important because it affects the nutritional value of plants
as well as studying the stress resistance of plants (29, 30).
Research on plants consistently contributes to addressing the
economic, social and cultural challenges faced by humanity.

Conclusion

After four weeks of culture, a two-layer MS medium
comprising a solid agar base and liquid upper layer under
aerobic conditions and supplemented with 0.75 mg/L BA and
0.25 mg/L NAA was found to be suitable for the in vitro
development of water hyacinth buds and seeds. The results
confirmed that the reproductive rate of water hyacinth is
based on both vegetative reproduction from buds and sexual
reproduction from seeds. The highest regeneration rate, 60
%, was observed in apical and axillary buds with stolons and
newly formed roots. The highest seed germination rate, 40 %
was recorded from stage 4 fruits corresponding to the stage
when the flower turns dark brown. These findings provide a
scientific basis to evaluate the strong invasive spreadability of
Eichhornia crassipes [Mart.] Solms, an invasive aquatic weed.
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