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Abstract. The roots of aquatic plants are known to grow continuously in the low-oxygen environment, frequently encounte-
ring hypoxia, a common environmental stress that affects plant growth. Hypoxia disrupts normal physiological and metabolic
processes, making necessary to adapt and maintain productivity. Studies on Sagittaria sagittifolia and Alisma plantago-aqua-
tica (Alismataceae) have demonstrated that root aerenchyma formation is a crucial mechanism for mitigating the detrimental
effects of hypoxia in both species. Alisma plantago-aquatica develops the schizogenous root aerenchyma, whereas S. sagitti-
folia forms a lysigenous aerenchyma. The actin cytoskeleton plays a specific role in the formation of both aerenchyma types.
The differences in root aerenchyma development between S. sagittifolia and A. plantago-aquatica highlight their evolutionary
adaptation to distinct aquatic environments, reflecting both their phylogenetic divergence within the family Alismataceae and
high developmental plasticity.
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Introduction

Since oxygen has low solubility in water (~9.1 mg/L
at 20 °C), flooded or waterlogged plants frequently
experience hypoxia. Hypoxia disrupts root meta-
bolism, leading to reduced nutrient uptake and ul-
timately affecting overall plant growth (Yamauchi,
2024). To cope with oxygen deficiency, plants have
evolved various adaptive responses that minimize

damage and maintain essential functions such as
nutrient and water uptake. Several strategies enable
plants to survive hypoxic conditions, including: (a)
the formation of adventitious roots near the water
surface, which facilitates oxygen uptake; (b) deve-
lopment of the root aerenchyma, where air-filled
spaces in the root cortex enhance internal oxygen
transport between the root and shoot, thereby redu-
cing reliance on soil oxygen (Takahashi et al., 2014).
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Fig. 1. General view of the fibrous root systems. A: Sagittaria
sagittifolia (image from Gao et al., 2016); B: Alisma plantago-
aquatica. Bar: 1 cm

In addition to morphological adaptations, plants
undergo key metabolic changes to resist hypoxia,
including a shift to anaerobic respiration, activa-
tion of ethylene signaling, and induction of antioxi-
dant defense mechanisms (Basit et al., 2024; Daniel,
Hartman, 2024). However, prolonged hypoxia can
still be detrimental if oxygen transport and alterna-
tive metabolic pathways are insufficient to sustain
cellular functions (Basit et al., 2024).

In this article, we discuss the strategies em-
ployed by two aquatic perennial plants, Alisma
plantago-aquatica L. and Sagittaria sagittifolia L.,
both members of the family Alismataceae (order
Alismatales, monocots, angiosperms), for growth
under identical environmental conditions. Alis-
ma plantago-aquatica is described as a monocen-
tric, short-rooted plant. Its annual acrosympodial
monocarpic shoots are positioned in the water-
air interface and typically consist of three to four
branching orders (Sandulescu et al., 2017). This
species is widely distributed across the North-
ern Hemisphere, including Europe, most of Asia,
northern and eastern Africa, and is also known as
introduced and partly naturalized in North Amer-
ica, Australia, and some other parts of the world
(Uotila, 2009-onward, in Euro+Med Plantbase:
http://ww2.bgbm.org/EuroPlusMed/PTaxonDetail.
asp?Nameld=35621&PTRefFk=7300000; POWO,
2025-onward:  https://powo.science kew.org/tax-
on/urn:lsid:ipni.org:names:30019518-2; Ukrainian
Biodiversity Information Network, UkrBIN, 2025-
onward: https://www.ukrbin.com). It has been also
assessed for the IUCN Red List of Threatened Spe-
cies and listed as Least Concern, which means that
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this species is not threatened at present (Lansdown,
Beentje, 2017).

Sagittaria sagittifolia is characterized by semi-
rosette monocarpic shoots (Bercu, 2017). It has a
broader ecological range, occurring from subarc-
tic to tropical environments (Uotila, 2009-onward;
POWO, 2025-onward; UkrBIN, 2025-onward, etc.).

Both species, S. sagittifolia and A. planta-
go-aquatica, inhabit standing and shallow waters
such as bays and riverbanks, where their roots usu-
ally remain continuously submerged. Molecular
phylogenetic analyses, particularly those based on
chloroplast genome sequencing, have confirmed
that S. sagittifolia and A. plantago-aquatica are
closely related within Alismataceae (Ito et al., 2020).
However, morphological and reproductive differen-
ces highlight the evolutionary divergence between
these genera (Nicolau et al., 2024). Sagittaria sagit-
tifolia typically possesses sagittate (arrow-shaped)
leaves, whereas A. plantago-aquatica has broadly
lanceolate leaves with entire margins. Additionally,
S. sagittifolia produces unisexual flowers, while A.
plantago-aquatica has bisexual flowers. Although
numerous studies describe the aboveground struc-
tures of A. plantago-aquatica and S. sagittifolia, in-
formation on their root morphology and anatomy
remains scarce, especially in the context of their
ecophysiology and ecological adaptation. Both
species are known to develop fibrous root systems
with aerenchymatous roots, which facilitate oxygen
transport in hypoxic environments.

In this study, we focus on the morphology of
roots of S. sagittifolia and A. plantago-aquatica, with
particular emphasis on aerenchyma formation and
the role of the cytoskeleton in this process. Under-
standing the structural and functional adaptations
of the root system under low-oxygen conditions
will contribute to a clearer understanding of the
mechanisms that enable plants to withstand envi-
ronmental stress.

Materials and Methods

Roots of the aquatic plants S. sagittifolia and A.
plantago-aquatica were collected from the coastal
zone of the Dnipro River in the urban-type settle-
ment of Koncha-Zaspa, Kyiv Region, south of Kyiv
City. Root apices (1 cm in length) were washed
with phosphate buffer (pH 6.9) and fixed in 3.7%
formaldehyde for one hour. The samples were then
embedded in alcohol-soluble wax and polymerized.
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Longitudinal sections (10 pm thick) were obtained
using a MS-2 microtome. Sections were rehydrated
through a graded ethanol series (96%, 70%, and
50%), followed by staining of actin microfilaments
with phalloidin-FITC (6.6 puM, Sigma Co.). The
stained sections were mounted on slides in a glyce-
rol (80%) and phosphate buffer (20%) mixture and
analyzed using a Zeiss LSM 5 PASCAL confocal la-
ser scanning microscope equipped with standard
filters (BP 450-490, LP 520). Images were processed
using the LSM 5 PASCAL software and subsequen-
tly converted to the TIFF format with a resolution
of 300 pixels per inch.

Results and Discussion

Both plant species, A. plantago-aquatica and S. sagit-
tifolia, develop a fibrous root system (Fig. 1) characte-
rized by numerous thin, branching roots that extend
in various directions from the base of the plant stem,
rather than originating from a single main root.

The fibrous root system is a common feature
of monocotyledonous plants, including grasses
and many aquatic species. This system provides a
large surface area, facilitating efficient water and
nutrient uptake from the surrounding environ-
ment. Such an adaptation is particularly beneficial
in low-nutrient aquatic habitats, where maximiz-
ing nutrient absorption is essential for survival.
Fibrous roots exhibit rapid growth and an exten-
sive branching pattern, which enhances anchorage
and helps prevent displacement by water currents
or waves (Nibau et al., 2008). A distinctive fea-
ture of the root system of S. sagittifolia is the pres-
ence of specialized structures, including tubers
(starch-storage organs) and rhizomes (horizontal-
ly growing underground stems that produce new
shoots and roots).

In low-oxygen environments, some plants de-
velop adventitious roots above the water surface
to access oxygen directly from the air. These roots
typically originate from non-root tissues, such
as stems or leaves (Karlova et al., 2021). In both
S. sagittifolia and A. plantago-aquatica, the root
system facilitates the formation of adventitious
roots, which emerge as a new layer from the stem.

Formation of different aerenchyma types and
involvement of the cytoskeleton

To facilitate internal oxygen transport, A. planta-
go-aquatica and S. sagittifolia develop aerenchyma

— extensive intercellular spaces in the root cortex
that enhance oxygen transport from the root to the
shoot. However, the types of aerenchyma present in
these species have not been thoroughly characteri-
zed to date.

Our analysis of A. plantago-aquatica roots classi-
fies its aerenchyma as schizogenous, meaning that
the intracellular spaces are formed through the sep-
aration of cell files (Fig. 2A).

The first separation of cell files occurs already in
the meristem (Fig. 3A). The process of cell separa-
tion during root aerenchyma development is com-
mon to many species (Seago, Fernando, 2013). This
process begins with the dissolution of pectic sub-
stances in the middle lamella, the layer that binds
adjacent plant cells. The dissolution of these sub-
stances leads to the separation of cells and cell files,
thereby creating intracellular spaces. In many cases,
cells within the separated files undergo plasmolysis
and partial degradation, as they are deprived of nu-
tritional support from the root. Specific molecular
mechanisms regulate aerenchyma formation and
coordinate the extensive reorganization of cell walls
(Nakano, 2015).

The cytoskeleton, particularly actin filaments
(AFs), plays a role in the formation of schizogenous
aerenchyma. In normal meristematic cells, AFs
form a dense meshwork surrounding the nucleus
and vacuoles (Fig. 3A, B).

There is an increased vacuolization in cells from
the separating files. In these cells, AFs lose their
filamentous structure, and actin accumulates near
the cell walls (Fig. 3B). This observation probably
points to exocytosis, as it is known that in the cor-
tical cell region, AFs form a specific network to
facilitate the delivery and docking of Golgi vesicles
to the plasma membrane. These vesicles contain
polygalacturonases and pectinesterases, enzymes
that degrade the pectin components of the mid-
dle lamella, ultimately leading to cell separation
(Federici et al., 2006; Pelloux et al., 2007). Cells
within the separated files often collapse, as they
are deprived of intercellular connections due to
destruction of plasmodesmata and disruption of
symplastic growth.

In S. sagittifolia, the root aerenchyma is primarily
lysigenous (Schussler, Longstreth, 1996). The pres-
ence of inner spaces in the root cortex supports this
observation (Figs 2B; 3D). In the root cells of S. sag-
ittifolia involved in aerenchyma development, AFs
undergo gradual degradation, which coincides with
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Fig. 2. Apical part of a root of Alisma plantago-aquatica showing schizogenous aerenchyma (A) and that of Sagittaria
sagittifolia exhibiting lysigenous aerenchyma (B). AR — aerenchyma cavities. Staining with phalloidin-FITC. Bars: 50 pm

the general stages of cellular degradation (Fig. 3C,
D).

During the early stages of cell degradation, AFs
continue to perform the exocytosis function. In
the case of lysigenous aerenchyma, in addition to
pectinases degrading pectin in the middle lamella,
cell wall degradation is also facilitated by cellulases
and xyloglucan endotransglucosylases/hydrolases
(XTHs), which disrupt the cellulose and hemicellu-
lose structures (Luo et al., 2023).

In highly vacuolized or plasmolyzed cells, AFs
lose their filamentous structure and form thick
cables (Fig. 3D), while remnants of actin aggregate
near the cell walls (Fig. 3C). Thus, the actin cy-
toskeleton remains preserved in cells until the final
stages of their collapse and lysis.

In contrast to animal cells, there are some dis-
crepancies regarding the final stages of lysigenous
aerenchyma formation in plants. Traditionally,
this type of aerenchyma is characterized by cell ly-
sis, which results in the formation of extensive gas
spaces. The formation of lysigenous aerenchyma
in root cells involves several key physiological and
biochemical processes, including: induction of the
ethylene-mediated signaling cascade, accumulation
of reactive oxygen species (ROS), and degradation
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of the cell wall (Steffens et al., 2011). These process-
es ultimately lead to programmed cell death (PCD)
and the lysis of cortical cells (Evans, 2003; Yamauchi
etal., 2018a, 2018b).

The certain role in the formation of aerenchy-
ma is attributed to changes in the auxin transport
induced by hypoxia. There are reports about asso-
ciation of auxin accumulation and actin filament
disruption in hypoxic roots during the aerenchyma
formation process. This may occur due to affection
of PIN cycling (auxin efflux carriers) by disruption
of actin filaments during hypoxia. Auxin-induced
actin reorganization promotes cellular responses
needed for adaptation, such as cell wall loosening,
separation of cell files (in schizogenous aeren-
chyma), or programmed cell death (in lysigenous
aerenchyma) (Yamauchi et al., 2018b; 2020).

Programmed cell death is a highly regulated
process, and its major characteristics (depending
on the type of PCD and tissues) include chroma-
tin condensation, DNA fragmentation, vacuolar
rupture, tonoplast degradation, and cytoplasmic
collapse (Kawai, Uchimiya, 2000; Takahashi et al.,
2014). In the case of S. sagittifolia, we did not ob-
serve nuclear DNA fragmentation during aerenchy-
ma formation (Fig. 3C, D). Instead, the nuclei in the
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Fig. 3. Separation of cell files during the formation of schizogenous aerenchyma in the meristem. A, B: root of Alisma
plantago-aquatica; C, D: lysigenous aerenchyma in Sagittaria sagittifolia. AR — aerenchyma cavities, N — nucleus, snowflakes
(*) — accumulation of actin. Staining with phalloidin-FITC. Bars: 5 um (B), 10 um (A, D), 20 pm (C)

cells undergoing collapse appeared to be shrunk-
en (Fig. 3C). This observation does not contradict
the general hallmark features of PCD typically
observed in plant cells (Yamauchi et al., 2018b).
In our previous research on the semiaquatic plant
species Sium latifolium L. (Apiaceae/ Umbelliferae;
order Apiales, asterids, eudicots), we also observed

neither chromatin condensation nor nuclear frag-
mentation (Shevchenko et al., 2016), which disagree
with the common PCD characteristics. It should be
noted that some authors suggest that hypoxic plants
exhibit multiple forms of programmed cell death
beyond classical apoptosis markers, including auto-
phagy-like and necrosis-like mechanisms, which
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—
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Fig. 4. Initiation of lateral roots (LRs) in the apical meristem of Sagittaria sagittifolia. A: general view of the root apex; B: LR

formation in the meristem. Bars: 100 pm (A), 20 pm (B)

may act in parallel or during stress adaptation and
aerenchyma formation (Reape, McCabe, 2010; van
Doorn et al., 2011; Ye et al., 2021).

It is worth mentioning that despite the many
well-documented types of lysigenous aerenchy-
ma formation in various plant species, the mecha-
nisms of its development remain highly variable,
and there is still no established pattern for the final
PCD stages preceding the formation of inner root
spaces (van Doorn et al,, 2011). Additionally, there
are cases where not all PCD markers are identified,
but extensive cavities appear in the root cortex. In
these cases, the cells are not dead, but rather col-
lapsed, shrunken, or partially degraded. It was the
case with the already mentioned species Sium lati-
folium (Shevchenko et al., 2016), and a similar ob-
servation was made in Sagittaria latifolia, where no
dead cells were found in the roots, sparking a debate
on whether this type of aerenchyma should be clas-
sified as lysigenous (Schussler, Longstreth, 1996) or
as schizogenous, involving collapsed but not dead
cells (Longstreth, Borkhsenious, 2000). Cell collapse
often ends up in cell death or development of PCD.

Nevertheless, we can conclude that highly di-
verse processes accompany root aerenchyma
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formation in plants. This variety of mechanisms
allows plants to form aerenchyma in the most effi-
cient and rapid manner, depending on the oxygen
deficit in the environment. The causes for the differ-
ences in aerenchyma types remain unclear. Lysige-
nous aerenchyma appears to facilitate more efficient
oxygen transfer. In this regard, the connection be-
tween lysigenous aerenchyma and root parameters
is plausible, suggesting that this type of aerenchy-
ma may be more effective in oxygen exchange for
plants with thicker roots. Besides, S. sagittifolia has
a broader habitat amplitude as compared to that of
A. plantago-aquatica, thus implying its high plas-
ticity in adaptation. Overall, understanding the
mechanisms behind aerenchyma formation pro-
vides valuable insights into plant adaptations to
hypoxic environments and unveils strategies for im-
proving crop resilience to flooding.

Formation of lateral roots

It is considered well established that hypoxic condi-
tions in waterlogged soils and other substrates can
stimulate cell division in the pericycle, leading to
the formation of new lateral roots (LRs) (Du, Sche-
res, 2018). The formation of LRs is also considered
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a specific adaptation to the environment, as LRs ex-
pand the plant's ability to search for more favora-
ble conditions (Nibau et al., 2008). This adaptation
helps plants enhance oxygen uptake and maintain
nutrient acquisition (Motte, Beeckman, 2019). Ad-
ditionally, the development of aerenchyma in LRs
improves oxygen supply, and the altered root archi-
tecture enables plants to access better-aerated zones
(Yamauchi et al., 2018a). However, under extreme
hypoxia, reducing LR formation helps conserve
energy (Karlova et al., 2021).

In most plants, lateral roots originate from peri-
cycle cells above the meristem in the differentiation
zone (Dubrovsky, Laskowski, 2017). However, in
several taxa of angiosperms, lateral root formation
occurs in the apical part of the root meristem itself
(Dubrovsky, Laskowski, 2017; Du, Scheres, 2018).
In comparison with A. plantago-aquatica, where
LRs appear at the level of the proximal elongation
zone, S. sagittifolia is characterized by LR initiation
at the level of the meristem (Fig. 4).

To date, this type of LR initiation has been de-
scribed for some representatives from the families
of eudicots (Cucurbitaceae, Polygonaceae, Convol-
vulaceae), monocots (Pontederiaceae, Araceae, Bu-
tomaceae), and ferns (Pteridaceae). Some authors
associate the shift of the LR initiation zone from
the elongation zone to the meristem with the evo-
lution of monopodial branching (Motte, Beeckman,
2019). Although this type of LR initiation is found
in many aquatic plants, such as Pistia stratiotes L.
(Araceae), Pontederia crassipes Mart. (Eichhornia
crassipes (Mart.) Solms: family Pontederiaceae)
(Clowes, 1985), and Butomus umbellatus L. (Bu-
tomaceae) (Zhupanov, Brykov, 2014), it has also
been observed in terrestrial plants like Cucurbita
pepo L. (Cucurbitaceae) and Fagopyrum esculentum
Moench (Polygonaceae) (O’Dell, Foard, 1969; Zhu-
panov, Brykov, 2014), suggesting that this feature is
not specifically adaptive to waterlogging. Neverthe-
less, specifically for aquatic plants, it may serve as
an adaptive response by enabling faster anchoring
in shallow, fast-flowing water.
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Crpareris aganTanii pocIMH A0 KUTTA Y BOfi: 0COOMNBOCTI opraHisamii
KOpeHeBoi cucteMu Sagittaria sagittifolia Ta Alisma plantago-aquatica (Alismataceae)

10. OBYAPEHKO, I. IIEBYEHKO
IncturyT 6otaniku im. M.I. XonogHoro HAH VYkpaiuu,
By TepemenkiBcbka 2, Kuis 01601, Ykpaina

Pedepart. Kopeni Boguyx poc/iuH, sKi IOCTiIHO POCTYTh B YMOBaX HU3bKOTO BMICTY KICHIO, 3a3HAIOTD TillOKcii — momm-
PEHOTO eKOJIOriYHOTrO CTPecy, 10 BIUIMBAE Ha AKiCTb pocty. Iimokcis mopyurye HopmanbHi disionoriyni Ta Metabomivni
Hporecn y KITHHAX, 10 notpebye amanranil s 36epexxeHHs mpoaykruBHOCTI. Jlocmimkenns Sagittaria sagittifolia ta
Alisma plantago-aquatica Tokasamm, o GOpMyBaHH:A aepeHXiMM B KOPEHAX € K/II0YOBMM MeXaHi3MOM IpPOTWAIl BIUIMBY
TiNoKcii y npenctaBHUKIB poyau Alismataceae. Y xopeHax A. plantago-aquatica yTBOPIOETbCA CXM30T@HHA aepeHXiMa, TOfi
K v S. sagittifolia — nmisureHHa aepeHximMa. AKTMHOBUIT IMTOCKENET Biflirpa€ ponb y GopMyBaHHI 060X TUIIB aepeHXiMIL.
BigmiHHOCTI y pO3BUTKY KOpeHeBoI aepeHximu Mix S. sagittifolia Ta A. plantago-aquatica TiIKpecTIO0OTb IXHIO eBOMIOLIITHY
aJlalTalliio /IO Pi3HUX TUIIB BOJHOTO CepelOBNIIA, IO BifoOpakae AK (ioreHeTUYHY JUBEPTEHINI0 BCePENVHI POAVHY
Alismataceae, Tak i BUCOKY IIACTUYHICTb PO3BUTKY.

KmouoBi coBa: aepenxiMa, akTHHOBI dinaMeHTH, 6i4Hi KopeHi, BogHi pocvuy, Alismataceae
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