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Abstract

To uncover the nature of various kinds of stolons of Utricularia subgenus Poly-
pompholyx (Lentibulariaceae) we studied branching of stolons by scanning electron
microscopy, statistically investigated correlations of stolon types and other traits
across 56 species, and evaluated seedling development and process morphological
aspects. Some results were compared to the sister genera Pinguicula and Genlisea.
A key to nine stolon types in Polypompholyx is provided. Predominant stolon types
were rhizoids, runner stolons with rhizoids on nodes, and runner stolons without
rhizoids on nodes but with bladders on internodes. Stolon types were taxonomically
relevant and correlated to the distribution/climate. They obviously diverged with
speciation events in Australia. Examined seedlings of Genlisea and Polypompho-
lyx showed similar developmental patterns. Stolons were homologous to traps and
leaves. Selected subterranean organs contained specific but similar process combi-
nations of roots, shoots and/or leaves. We assume the Genlisea-Utricularia ancestor
trap included processes of a Pinguicula root and leaf.

Keywords Carnivorous plants - Lentibulariaceae - Polypompholyx - Process
morphology - Seedling development - Stolon - Utricularia

Introduction

The Lentibulariaceae (Lamiales) with its genera Pinguicula L., Genlisea A.St.-Hil.
and Utricularia L. is the largest family of carnivorous plants. The monophyletic Pin-
guicula is predominantly represented in the Northern Hemisphere, in Central America,
the Caribbean, and along the eastern regions of South America, growing generally in
a variety of moist to wet habitats and in cavities of calcareous rocky slopes (e.g. Leg-
endre, 2000; Fleischmann & Roccia, 2018). The genus possesses aerial leaves capable
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of trapping and digesting small animals by stalked and sessile trichomes, respectively.
The “conventional” nutrient uptake is via roots, although, depending on the species,
Pinguicula roots may be morpho-anatomically reduced (e.g. without root cap and/or
branching) and ephemeral (Legendre, 2000; Adlassnig et al., 2005; Reut et al., 2021).
Genlisea and Utricularia show several morphological similarities and phylogeneti-
cally form a sister clade of Pinguicula (Jobson et al., 2003; Miiller & Borsch, 2005).
Genlisea occurs in tropical regions of Central and South America, Cuba, Africa, and
Madagascar, and is confined to nutrient poor, usually wet to often submerged or inun-
dated habitats (Fleischmann, 2012, 2018), where it catches tiny invertebrates living in
wet soil or water (Ptachno et al., 2005; Fleischmann, 2012). With around 240 species,
Utricularia (bladderworts) is the most diverse genus of the family. It is almost globally
distributed in a large variety of nutrient deficient wetlands such as bogs, wet and inun-
dated depressions, riverbanks, lakeshores, wet heaths, sandy to peaty soils, and rocky
surfaces, but a minority of obligate hydrophytes occupies also inland waters (Taylor,
1989; Guisande et al., 2007; Jobson et al., 2018b; Adamec, 2020; Reut et al., 2021).
The genus is subdivided into Polypompholyx (Lehm.) P. Taylor, Bivalvaria Kurz and
Utricularia P.Taylor, with Polypompholyx being monophyletic (Miiller & Borsch,
2005; Jobson et al., 2018b; Silva et al., 2018). As we currently know, subgenus Poly-
pompholyx encompasses sections Polypompholyx (Lehm.) P. Taylor with two, Triden-
taria P. Taylor with one, Pleiochasia Kamiénski with 29, and Lasiocaules R.W.Jobson
& Baleeiro with 24 recognized species (Jobson et al., 2017, 2018a; Jobson & Baleeiro,
2020; Jobson & Cherry, 2020; Baleeiro & Jobson, 2022).

In Pinguicula and Genlisea, the most common life cycle strategy is perennial
(Fleischmann, 2018; Fleischmann & Roccia, 2018), and although almost 50% of Utri-
cularia species are annual, the perennial life cycle appears to be their ancestral state
(Jobson et al., 2003). There are species in Genlisea and Utricularia exhibiting both life
cycles (Taylor, 1989; Fleischmann et al., 2010), which may result from different habi-
tat or climatic conditions. Shifts from one life cycle to another may occur in one spe-
cies as response to environmental changes and not necessarily as evolutionary trend
(Wang et al., 2016). In Utricularia subg. Polypompholyx, except for U. dichotoma
subsp. novae-zelandiae (Hook.f) R.W.Jobson, which is distributed in New Zealand
and New Caledonia, species occur exclusively in Australia where they occupy moist
to submerged habitats (Jobson & Baleeiro, 2020). Jobson et al. (2017) concluded that
the predecessor of Polypompholyx was annual, and that all species of sections Poly-
pompholyx and Tridentaria, and merely all taxa of section Lasiocaules have an annual
lifecycle. The authors showed that the life history in Polypompholyx is correlated with
biogeography and seasonality, and that annual species occur predominantly in season-
ally drier and monsoonal regions, while perennial species are more abundant in per-
manently wet habitats or temperate regions of Australia (Jobson et al., 2017).

The Vegetative Body of Genlisea and Utricularia
In Genlisea and Utricularia, the trapping function has been evolutionary transferred from

aerial leaves of a Pinguicula-| Genlisea-Utricularia) ancestor into subterranean, ascidiate leaf-
like organs. It seems that while adding complexity to the trap morphology, the sister genera
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Genlisea and Utricularia abandoned or reduced some other structures known in Pinguicula
(e.g. of the root) that were of less importance or were replaced by the trap function (e.g. uptake
of nutrients) for a successful propagation (Rutishauser, 2016, 2020; Reut & Plachno, 2020;
Reut et al., 2021). The traps of Genlisea and Utricularia deploy the functionality in moist to
submerged habitats, with Utricularia being physiologically the most dependent on free water
(e.g. Juniper et al., 1989; Guisande et al., 2007; Ptachno et al., 2014). In Utricularia, the traps
(bladders) show a taxonomically relevant variety of the entrance architecture and of external
appendages (e.g. Taylor, 1989; Poppinga et al., 2016; Westermeier et al., 2017; Jobson et al.,
2018b; Ptachno et al., 2019). However, bladder structures may relate to the substrate in terms
of mechanical protection and prey capturing mechanisms (in soil versus water), and are, there-
fore, also considered to be correlated to life forms (Reut & Jobson, 2010; Westermeier et al.,
2017).

Apart from the homologous traps, Genlisea and Utricularia have several other fea-
tures in common that substantiate a close relationship between the two genera (Fleisch-
mann, 2018; Jobson et al., 2018b). Genlisea has a rudimentary vegetative body of a
short stem with rosulate aerial leaves and only traps growing into the substrate. The
simplest vegetative organization in Utricularia is found in several rosulate species
of subgenus Polypompholyx, which bear two types of geotropically positive organs:
traps and unbranched rhizoids (anchor stolons). Initial morphological and anatomical
simplifications from Pinguicula to the Genlisea-Utricularia ancestor may have been
fostered in hydric environments with variable water conditions, and they culminated
in a miniaturization of the genome, which is unrivalled in the plant kingdom (cf.
Hidalgo et al., 2015; Greilhuber et al., 2006; Veleba et al., 2014; Reut & Plachno,
2020). However, Utricularia further evolved increasingly complex vegetative organs
(e.g. runner stolons, water shoots, air shoots, and floaters), the more it adapted to
submergence and to a life in the water column (cf. Taylor, 1989; Jobson et al., 2018b;
Reut et al., 2021).

In Polypompholyx, the predominant and plesiomorphic habit (life form) is amphibi-
ous (“terrestrial”), but we presently also know eight emergent hydrophytes (“affixed
subaquatics”), five submerged hydrophytes (“affixed aquatics”), one lithophytic (U.
wannanii R.-W.Jobson & Baleeiro), and one free-floating (freely suspended) aquatic
species (U. tubulata F.Muell.) (Taylor, 1989; Jobson et al., 2017, 2018b; Reut et al.,
2021). Reut et al. (2021) investigated morpho-anatomical adaptations of Utricularia
(including 7 taxa of subgenus Polypompholyx) to submergence and a life in the water
column and found that leaves tend to be narrower in submerged hydrophytes and dis-
sected in free-floating hydrophytes, confirming similar observations on heterophyllous
amphibious plants (e.g. Nakayama et al., 2017) and obligate hydrophytes (e.g. Sculth-
orpe, 1967; Colmer et al., 2011). An increased submergence may, furthermore, induce
the elongation of stolons and internodes (Wetzel, 1988; Voesenek et al., 2006).

Developmental and Dynamic Morphology
Goebel (1891) insinuated that the understanding of the vegetative morphology is

elucidated by grasping the embryo and seedling development. The family Lentib-
ulariaceae shows an evolutionary trend in embryo simplification by the loss of a
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radicle (in Genlisea and Utricularia) and the reduction of cotyledons (e.g. Merl,
1915; Degtjareva et al., 2004, 2006; Ptachno & Swiqtek, 2010; Fleischmann, 2012).
In Pinguicula, one or two cotyledons are developed (Degtjareva et al., 2004), and in
Genlisea the cotyledons are thought to remain in the seed testa (Merl, 1915; Fleis-
chmann, 2012) or grow as small structures (Fleischmann, 2012). Although Utric-
ularia is a species rich genus, only about 10% of all taxa were studied regarding
germination patterns (e.g. Warming, 1874; Kamienski, 1876; Goebel, 1891; Lang,
1901; Merl, 1915; Lloyd, 1937; Kondo et al., 1978; Brugger & Rutishauser, 1989;
Ptachno & Swiatek, 2010; Studnicka, 2011). In Utricularia, the embryo is the most
reduced, except for the aquatic epiphytes U. nelumbifolia Gardner, U. cornigera
Studnicka, and U. humboldtii Schomb., which display seedlings with 6-15 chloro-
phyllous, flattened or forked primary organs (Merl, 1915: “primary leaves”; Lloyd,
1942: “cotyledonoids”; Ptachno & Swiatek, 2010; Studnicka, 2011). However, these
primary organs do not appear to be cotyledons (Compton, 1909; Ptachno & Swiatek,
2010), and Kondo et al. (1978) considered Utricularia to be acotyledonous.

The floral bauplan of Utricularia is conservative and conforms to the Lamiales
and other angiosperms, but the vegetative morphology of the genus follows struc-
tural rules differing from typical flowering plants (Rutishauser & Sattler, 1989; Ru-
tishauser & Isler, 2001; Rutishauser, 2016, 2020). Bladderworts are regarded as
root-less (Taylor, 1989; Adlassnig et al., 2005). Some authors even considered them
as being leaf-less, having leaf-like structures representing phylloclades (cf. Comp-
ton, 1909; Troll & Dietz, 1954; Ptachno & Swiqtek, 2010) or fuzzy organ identity,
combining shoot and leaf characters (Rutishauser, 2016, 2020). There are funda-
mental theories behind these views.

While the Goethean idealistic plant morphology relies on the concept that plants
consist of parts, which are phylogenetically determined and derive from a basic
organ class (i.e. either ‘root’, ‘stem’, or ‘leaf”), the realistic (essentialistic) morphol-
ogy emphasizes that ontogenetic processes influence the form, which may change
by specialization of a basic organ class (Ganong, 1901, 1913). For instance, in the
orchid Taeniophyllum Blume, photosynthesis is performed by flattened, chlorophyl-
lous aerial roots, while foliar leaves were evolutionary abandoned. Ganong (1913:
Fig. 25) used this organ of Taeniophyllum as an example of morphological origin
(traceable back to a root) interrelated with ecological meaning (collecting light by a
leaf). Although these classical morphological concepts are still in many minds, none
of these theories acknowledges that organs can have multiple identities or partial
homologies by the transfer of functions and genetically determined traits (cf. Baum
2019). Continuum and process plant morphology are modern approaches to under-
stand intermixing of classical morphological categories of leaves, shoots and roots
(cf. Rutishauser, 2016, 2020), which are determined by developmental processes
influenced by the expression and repression of corresponding genes (cf. Chorman-
ski & Richards, 2012; Ibarra-Laclette et al., 2013; Carretero-Paulet et al., 2015a,
2015b).

Addressing the phenotypic plasticity of U. dichotoma Labill. sensu lato, Reut &
Ptachno (2020) examined developmental patterns and the anatomy of the vegetative
body from 25 sources from Australia and New Zealand. The authors demonstrated
that there is a common pattern of initial stolon node formation, and a high degree of
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interchangeability of organ types in later stolon node development. Reut & Ptachno
(2020) visualized the morphospace of vegetative organs of U. dichotoma by means
of the Principal Component Analysis (PCA), methodologically largely following
Jeune & Sattler (1992). The results showed that the structure and function of each
organ are influenced by combinations of developmental processes for root, shoot and
leaf, and that strict boundaries between organ categories are blurred (cf. Jeune &
Sattler, 1992; Sattler & Jeune, 1992; Jeune et al., 2006; Kirchoff et al., 2008).

Variety of Stolons in Polypompholyx

The rosette plants of subgenus Polypompholyx sect. Polypompholyx and sect. Tri-
dentaria were suspected to be the most “primitive” representatives of Utricularia, as
they share more morphological similarities with Genlisea than other species of the
genus (cf. Merl, 1915; Lloyd, 1942; Fleischmann et al., 2010; Jobson et al., 2018b).
However, a phylogenetic affinity of Polypompholyx with the Genlisea-Utricularia
ancestor has not been substantiated to date.

In contrast to Pinguicula and Genlisea, most Utricularia species (and subgenus
Polypompholyx) are stoloniferous (Taylor, 1989; Jobson et al., 2018b). Merl (1915)
suggested that stoloniferous species of section Pleiochasia (sensu Jobson et al., 2017)
represent a transitional stage towards more advanced terrestrial bladderworts. How-
ever, while the ancestor of the genus Utricularia may have already shown stolonifery,
a closer morphological affinity of rosulate Polypompholyx species to Genlisea may
likewise be a result of retrogressive evolution towards a rosulate Genlisea-Utricularia
ancestor (cf. Jobson et al., 2018b). Irrespective of the origin of stolonifery, only sub-
genus Polypompholyx offers the opportunity to study simple (non-stoloniferous) and
complex growth forms in one taxonomic group within Utricularia.

The variability and variety of stolons in subgenus Polypompholyx is remarkable.
There are unbranched rhizoids and stolons bearing bladders along their axis (‘simple
stolons’), whereas the latter type may develop from the former when the water table is
increased (Reut & Plachno, 2020). Other stolons show branching patterns with a seem-
ingly high phenotypic plasticity and with unknown genotypic determination (cf. Taylor,
1989). Stolons of sect. Lasiocaules seem to differ from stolons of sect. Pleiochasia by
having bladders on internodes (Jobson et al., 2017). Apart from U. dichotoma sensu lato
(Reut & Ptachno, 2020), no systematic review has been undertaken within Polypompho-
lyx to reveal branching patterns and organogenesis on stolons of stoloniferous species.

Focussing on the diversity of stolons in subgenus Polypompholyx, we aim to bet-
ter understand branching patterns, correlations to other characters or external factors,
taxonomic and evolutionary aspects, the early development on seedlings, and process
morphology. Correlations between stolon type and phylogenetic group, distribution/
climate, leaf form and apex, trap type, plant and stolon size, life form, and life cycle
across all species are evaluated, based upon information from the literature, and statisti-
cally assessed by PCA. Early developmental stages of seedlings of U. westonii P.Taylor
(sect. Tridentaria) and G. pygmaea A.St.-Hil. are studied by scanning electron micros-
copy (SEM) to reveal possible patterns and homologies of stolons to other organs. The
dynamic morphology of stolons, other vegetative organs of Polypompholyx, the trap of
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Genlisea repens Benj., and the root of Pinguicula gigantea Luhrs is evaluated by apply-
ing a PCA with developmental processes (cf. Reut & Ptachno, 2020).

We acknowledge that naming organs in Polypompholyx, that have an unclear or
mixed identity, poses challenges, but for reason of consistency and in agreement with
e.g. Taylor (1989) and Lloyd (1942), we use terms that have been established in the
past. In this paper, we distinguish runner stolons (syn. runners) from other types of sto-
lons, whereby runner stolons produce nodes with rosettes of various organs and (gener-
ally) inflorescences.

Materials and Methods
Plant Material and Preparation

Morphological studies were done by SEM on 12 taxa to represent Pinguicula, Genlisea,
and three out of four sections of Utricularia subg. Polypompholyx (see Table 1 for taxo-
nomic information, sources, and habits of the material). Utricularia westonii was selected
to investigate early developmental stages and patterns of seedlings, which were compared
to seedlings and rhizomes of Genlisea pygmaea used in an earlier study (Reut, 1993b).
The material of Pinguicula and Utricularia was carefully rinsed, cleaned from debris,
fixed as in Reut et al. (2021), and pre-examined under a stereo microscope. A part of the
material was selected for further examination, dehydrated, and critically-point dried using
liquid CO,. Subsequently, it was sputter-coated with gold and examined with a Hitachi
S-4700 scanning electron microscope at the Institute of Geological Sciences, Jagiellonian
University in Krakéw, Poland. Genlisea pygmaea material was fixed in 70% ethanol with
1% glycerine, proceeded as above, and studied with a Hitachi S-4000 scanning electron
microscope at the Institute of Systematic Botany, University of Ziirich, Switzerland in 1992.
In addition, plants of Trapa natans L. were collected from a pond of the Botanic
Garden of Jagiellonian University in Krakdw, Poland, in September 2021 to study the
anatomic origin of branches in submerged photosynthetic roots. Pictures of the plants
were taken with a Galaxy S105G phone. Samples for SEM examinations were treated
as described above. Cross sections were prepared and investigated as published in
Gomes Rodrigues et al. (2017). Handmade sections were treated with alum carmine
and iodine green for staining of lignin and cellulose. A Nikon Eclipse E400 light micro-
scope with UV-2A, DAPI filter was used for observations and photo documentation.

Data Collection

Multivariate analyses were performed to assess a) correlations of biometric traits (clade/
phylogeny, region/distribution, life forms/habits, life cycle, plant size, leaf form and
apex, trap morphology, and stolon length and type) across all 56 known species of Utri-
cularia subg. Polypompholyx, and b) correlations of developmental processes of the root
of Pinguicula gigantea, the trap (thizophyll) of Genlisea, organs of Utricularia subg.
Polypompholyx, and organs of twelve other angiosperms. Supplementary Information
1 (online resource) contains data matrices of samples (species/organs) and variables
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Table 1 Lentibulariaceae taxa used in morphological studies

Taxa

Source, habit

Pinguicula gigantea Luhrs
Genlisea pygmaea St.-Hil

Utricularia subg. Polypompholyx (Lehm.) P.
Taylor

Sect. Tridentaria P. Taylor
U. westonii P. Taylor
Sect. Pleiochasia Kamiénski

U. volubilis R. Br

U. paulineae A. Lowrie

U. dichotoma subsp. monanthos R.W.Jobson
U. oppositiflora R. Br
U. beaugleholei subsp. orientalis R.W.Jobson

Sect. Lasiocaules R.-W.Jobson & Baleeiro
U. uniflora R. Br
U. uniflora R. Br., L-form Lismore
U. magna R.W.Jobson & M.D.Barrett

Ex origin Oaxaca, Mexico', lithophytic or terrestrial

Ex origin Auyan-Tepui, Estado Bolivar
(Venezuela)?, amphibious

Ex origin SW Western Australiat>, amphibious

Ex origin SW Western Australia*, emergent or
submerged

Ex origin SW Western Australiat>, amphibious

Ex origin Falls Creek, Victoria, Australial®,
amphibious

Ex origin Newcastle, NSW, Australia4, amphibious
or emergent

Ex origin Anglesea, Victoria, Australia'®,
amphibious

Ex origin Australiat>, amphibious
Ex origin New South Wales, Australia’, amphibious
Ex origin Prince Regent River, Kimberley, NT,

Australia’r(’, amphibious

Sources, ex situ: 'Cultivation in the Botanic Garden of Jagiellonian University in Krakéw, Poland. *Cul-
tivation in the Botanic Garden of the University of Ziirich, Switzerland; from a collection of Lorenz
Biitschi, Switzerland. *Collection of Marco Pezzotta, Italy; seedlings grown on peat and sand. *Cultiva-
tion in the Department of Plant Cytology and Embryology, Institute of Botany, Jagiellonian University
in Krakéw, Poland; from a collection of Dr. Lubomir Adamec, Institute of Botany of the Czech Acad-
emy of Sciences at Treboii, Czech Republic. *Collection of Nigel Hewitt-Cooper, UK, http://www.hccar
nivorousplants.co.uk. %Collection of Kamil Pasek, Ostrava, Czech Republic, http://www.bestcarnivorous
plants.net, from in-vitro culture. "Collection of Nook Vosse, https://vosserareplants.com. { =fresh mate-
rial received from cultivation and fixed in 70-90% ethanol

(biometric traits/developmental processes) with resulting values used in the multivariate
analyses. We ran PCAs including biplots with BioVinci (version 3.0.9, BioTuring Inc)
and XLSTAT statistical and data analysis solution (2022.2.1, Addinsoft, Boston, USA,
https://www.xlstat.com). Linear regressions were calculated in Microsoft Excel. The
PCA with confidence ellipses was done with Clustvis (Metsalu & Vilo, 2015).

Data used for the determination of stolon types and for the multivariate analysis of vari-
ous biometric traits in subgenus Polypompholyx were gathered from morphological exami-
nations using scanning electron microscopy on seven stoloniferous taxa, earlier works by
Merl (1915) and Lloyd (1942), the monograph of genus Utricularia (Taylor, 1989), and
subsequent species/section descriptions (Gassin, 1993; Lowrie, 1998, 2002; Wakabayashi,
2010; Jobson, 2012, 2013; Jobson et al., 2017, 2018a; Jobson and Baleeiro, 2015, 2020; Job-
son & Cherry, 2020, Baleeiro & Jobson, 2022). Values of several traits were pre-evaluated
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to select the strongest contributing traits for the PCA. For this reason, we preferred the seven
clades of Polypompholyx (cf. Jobson et al., 2017) to the four sections of Polypompholyx as
variable ‘clade’, and characters of trap wings to combinations with lateral appendages as
variable ‘trap type’. As thizoids occurred in all species of subgenus Polypompholyx, except
for U. tubulata F.Muell., we used only “main” stolons (horizontal or floating) with high-
est branching complexity as character ‘stolon type’. In the literature, more information was
available on stolon length than on internode length. Since we found that stolon and inter-
node lengths generally directly correlate, we decided to use ‘stolon length’ as a trait in the
analysis. Where no data on stolon length was available (U. dichotoma, U. speciosa R.Br., U.
oppositiflora R.Br., U. holtzei FMuell., U. singeriana FMuell., and U. tridactyla P.Taylor),
the stolon length was approximated based on descriptions or drawings of internodes as pro-
vided in Taylor (1989) and Jobson & Baleeiro (2020). Table 2 shows the finally defined
biometric traits (variables) and their values used for the multivariate analysis.

Table 3 lists the plant species and organs (with notes on general characteristics and
the source of information) used for the multivariate analysis of organ classes in angio-
sperms. Table 4 shows the selected developmental processes and their corresponding
values in organs, largely following Reut & Ptachno (2020) with slight modifications
on ‘expansion’ (apical/subapical/transverse expansion has been separated from lon-
gitudinal/lateral/marginal expansion, providing more variability) and ‘vascular tissue
distribution’ (the process for absent vascular elements or not identifiable distribution
of vascular tissue was omitted, as it was not applicable for the scope of the current
study). The developmental process ‘branching complexity’ was added to this analysis,
taking account of non-branching organs and branching with single organs, multiple
branching on nodes, or with mixed branching patterns. This allowed, for instance, to
differentiate between stolon types in Utricularia subg. Polypompholyx.

Results
Typology and Morphology of Stolons
Based upon the literature review and the current morphological investigations of

subgenus Polypompholyx, we identified nine types of stolons, for which we propose
the following key.

1. Stolon without adaxial rosettes bearing vegetative organs and inflorescences ...3
2. Stolon with adaxial rosettes of various organs (runner stolon) .................. 8
3. Stolon without daughter structures .................. rhizoid (syn. ‘anchor stolon’)
4.  Stolon with a row of single bladders ... bladder-bearing rhizoid (syn. ‘simple stolon”)
5. Stolon with a row of single or paired organs other than just bladders ..... .. type ‘lasiocaulis’
6. Stolon with bladders and leaves alternating in whorls on stolon nodes ... .type ‘tubulata’
7. Runner stolon without organs on internodes ...........c.ccevveviiiiiiinneinnennnnn. 9
8. Runner stolon with organs on internOdes ............ccevveiieeinniiiininiineenennn. 12
9. Runner stolon without organs on internodes, without rhizoids ...... type ‘holtzei’
10.  Runner with a row of tufts of bladders (and occasionally with rosettes) .. ....... type ‘volubilis’
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212 M. S. Reut, B. J. Plachno

11. Runner stolon without organs on internodes, with rhizoids ......... type ‘dichotoma’
12. Runner stolon with organs on internodes, without rhizoids .........type ‘uniflora’
13.  Runner stolon with organs on internodes, with rhizoids ............ type ‘magna’

Six of these stolon types were found in the material of U. volubilis R.Br., U. paul-
ineae A. Lowrie, U. dichotoma, U. oppositiflora, and U. beaugleholei R.J. Gassin of
section Pleiochasia, and U. uniflora R.Br. and U. magna R.W.Jobson & M.D.Barrett
of section Lasiocaules), examined by SEM and described in detail as follows.

Utricularia volubilis

Plants of U. volubilis exhibited three types of stolons (Fig. 1a—c), which all grew by apical
elongation: a) very few c. 0.4 mm thick branched stolons of type ‘dichotoma’ with rosettes
bearing leaves, bladders, rhizoids, and daughter stolons, b) 0.3—0.4 mm thick stolons of
type ‘volubilis’ bearing whorls of 2—6 bladders, and c) few c. 0.3 mm thick rhizoids.

In intervals along some unbranched stolons of type ‘volubilis’, 2—-6 bladders grew almost
simultaneously as whorl from a hump (a compressed side shoot of the stolon) (Fig. 1a, b).
The axis of the whorl was approximately in a 120—135° angle to the growing direction of the
mother stolon axis. The succession of organs on the whorl seemed to be irregular but was
often initiated by two distichously positioned bladder primordia and a third primordium,
which was slightly more proximal to the stolon tip. Bladder petioles grew up to 2—4 mm,
before the bladders reached a mature and functional stage. The distal part (towards the tip)
of some of these stolons appeared somewhat bent, while the stolon tip was straight.

On the adaxial side along other branched stolons of type ‘dichotoma’ (Fig. 1c),
meristematic zones (‘nodes’, ‘humps’, ‘compressed side shoots’) were formed. They
developed leaves, and in their proximal axils, various further organs arose in seem-
ingly irregular but probably spiral or centripetal order. Stolon tips were straight.

Utricularia paulineae

The material of U. paulineae revealed two stolon types: a) 0.2-0.3 mm thick main stolons of type
‘dichotoma’ with rosettes bearing leaves, bladders, and thizoids, and b) 0.1-0.2 mm thick rhizoids.

Main stolons developed short side shoots with organs arising in irregular but
probably spiral-centripetal order (Fig. 1d, e). An axillant leaf on the rosette could
not be identified. Due to damaged and sparse material, we were not able to see early
stages of rosettes closer to the stolon tips.

Utricularia dichotoma, U. oppositiflora, and U. beaugleholei

Three stolon types were found in the three taxa: a) 0.2—-0.4 mm (up to 0.6 mm in U.
oppositiflora) thick branched stolons of type ‘dichotoma’ (Fig. 1f), carrying leaves,
bladders, ‘simple stolons’, and daughter runners, b) 0.1-0.2 mm (up to 0.3 mm in U.
oppositiflora) thick ‘simple stolons’ bearing bladders (Fig. 1g), and c) 0.1-0.2 mm
thick rhizoids, which were found at the base of the peduncle.

Rosettes on branched stolons were initiated by the formation of a leaf and two almost
laterally flanking bladders on the adaxial side of the stolon. In the proximal axil of the
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214 M. S. Reut, B. J. Plachno

first leaf, a bud with two distichously arranged ‘simple stolons’ and, somewhat closer to
the leaf base, up to three primordia developed (Fig. 1f). Tips of branched stolons were
coiled. ‘Simple stolons’ of U. oppositiflora were curved, differing from the generally
straight tips of ‘simple stolons’ of U. dichotoma and U. beaugleholei.

In their juvenile stage, ‘simple stolons’ appeared as (often twisted) rhizoids, but
during elongation they grew geotropically positively into the substrate and formed
up to four bladders in monostichous organotaxis.

Utricularia uniflora

The plants of U. uniflora exhibited two stolon types: a) 0.1-0.2 mm thick branched
stolons of type ‘uniflora’ (Fig. 2a—c) with leaves, bladders and daughter stolons, and
b) 0.1-0.15 mm ‘simple stolons’ bearing bladders.

Branched stolons had single bladders and occasionally single leaves along internodes on
the adaxial side, and rosettes with random combinations of up to 7 leaves, up to 8 bladders,
and occasionally 1-2 daughter stolons and/or ‘simple stolons’ on a short vertical stem. Dur-
ing longitudinal growth, ‘simple stolons’ potentially turned into branched stolons by build-
ing rosettes after approximately 2—10 organs (generally bladders) in distances of 2-5 mm
had grown along the internode (Fig. 2a). Rosettes showed a subtending leaf in inverse axil-
lant position (Fig. 2b). No rhizoids were observed on stolons. Stolon tips were straight.

Utricularia magna

The material of U. magna showed a) 0.15-0.2 mm thick stolons of type ‘magna’
with rosettes of leaves, bladders, rhizoids, and inflorescences, and with one bladder
on the internode (Fig. 2d-f), and b) 0.05-0.1 mm thick rhizoids.

On the adaxial side of the runner stolon, a rosette was formed in inverse axillary posi-
tion at the base of a subtending leaf. The rosettes initially developed a rhizoid, a second
leaf, and three primordia between the two organs (Fig. 2d, e). A third leaf arose subse-
quently. The development of 1-2 inflorescences was initiated in the centre of the rosette
after around 6 leaves were formed on the stolon node (Fig. 2f). Juvenile bladders were
also visible at this later stage of rosette development. Runners showed straight tips.

Correlations of Stolon Types and Other Biometric Traits

In multivariate analyses, clustering of Polypompholyx species by phylogenetic clades
was weakly supported (e.g. PCA with Silhouette Score c. 0.2), since the groups
overlapped to some extent. The best supported grouping of species was achieved
by computed auto-clustering with a Silhouette Score of c. 0.6. As a result, the PCA
(Fig. 3) grouping was primarily driven by ‘clade’ and ‘stolon type’, and secondar-
ily by ‘trap type’. If the variable ‘clade’ was omitted from the dataset, the graphical
spreading and clustering of species in the PCA was only slightly altered (not shown
here), since the directly correlated ‘stolon type’ had a similar effect. The PCA of the
complete dataset led to following four solid clusters of species (Fig. 3).
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Fig. 1 Organ development on stolons in Utricularia section Pleiochasia. a Apical part of a U. volubi-
lis stolon of type ‘volubilis’, displaying a subapical hump (h”) and, more distal from the tip, another
hump (h’) with three primordia. b Hump with five bladders (b1-5) on the same type of stolon. ¢ Runner
stolon of type ‘dichotoma’ of U. volubilis with a rosette arising inverse axillary at the base of a subtend-
ing leaf (L1). The rosette shows two leaves (L) flanked by indeterminate organs (maybe runner stolons,
R?), another somewhat flatter organ (maybe a juvenile leaf, L?), and groups of primordia (asterisks) at
the base of each leaf. d Stolon of U. paulineae with a rosette of leaves, a bladder (b), an indeterminate
primordial organ (maybe developing to a bladder, bp?), and a primordial leaf (Lp) with a group of three
primordia (asterisk) at its base and a detached organ (x) on the opposite side of Lp. e Stolon rosette of U.
paulineae showing three leaves, a bladder, a rhizoid (a), an indeterminate juvenile organ in the centre of
the rosette (asterisk), and two other indeterminate juvenile organs (arrowheads). f Apical part of a runner
stolon of U. dichotoma subsp. monanthos with a strongly coiled tip and three primordia (asterisk) close
to it. Distal from the tip, a rosette is visible, consisting of an inverse-axillant subtending leaf, two flank-
ing bladders (b2 and b3), and three primordia (4-6). g Juvenile bladders and primordia (asterisk) in the
curved apical part of ‘simple stolons’ (s) of U. oppositiflora. Arrows point in the direction of the tip of
the main stolon. Primordia and organs are numbered according to the order of development in rosettes.
Scale bars=0.5 mmina,d, g; ] mminb,c, e; 0.3 mm in f
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Cluster 0 encompassed species mainly characterized by ‘stolon type’ (runners with
organs on internodes, with or without rhizoids on nodes; stolons with rows of sin-
gle or paired organs other than just bladders; or runners without organs on internodes
and without rhizoid on nodes) and ‘clade’ (species of section Lasiocaules clades D,
F and E, except for U. albertiana R.W.Jobson & Baleeiro and U. lowriei R.-W. Job-
son of clade E). Cluster 1 consisted of species of section Pleiochasia clade B (except
for U. blackmanii R.W. Jobson), U. byrnea R.W. Jobson & Baleeiro and U. tubulata
(clade C), and U. albertiana and U. lowriei (clade E) of section Lasiocaules, largely
distinguishable by ‘trap form’ (reduced to generally absent or +entire wings). Cluster
2 contained species primarily characterized by ‘region’ (SW Australia), ‘stolon type’
(rosulate plants, only with rhizoids from a short stem), and ‘clade’ (sections Polypom-
pholyx, Tridentaria and Pleiochasia clade A, except for U. paulineae). Cluster 3 was
composed of species of section Pleiochasia clade C, U. paulineae (clade A), and U.
blackmanii (clade B), mainly defined by ‘life cycle’ (perennial, or annual or perennial)
and ‘stolon type’ (runners without organs on internodes, and with rhizoids on nodes).

The prevalent stolon types were type ‘dichotoma’ with 19 species and type ‘uniflora’
with 16 species (Supplementary Information 1). Other stolon types were less frequent
in the subgenus: nine rosulate taxa without horizontal (main/runner) stolons (i.e. with
only rhizoids), followed by type ‘holtzei’ with six species, type ‘lasiocaulis’ with four
species, and three types (‘volubilis’, ‘tubulata’, and ‘magna’) with one species each. Sto-
lon type ‘dichotoma’ was predominant in clade C but occurred also in clade B of sect.
Pleiochasia and in only two species of clade E of sect. Lasiocaules. It was restricted to
clusters 1 and 3. Stolon type ‘uniflora’ prevailed in clades E and F of sect. Lasiocaules
in cluster 0 but was also found in U. hamata R.W.Jobson & M.D.Barrett of clade B in
sect. Pleiochasia in cluster 1. The absence of rhizoids on stolon nodes was predominant
in sect. Lasiocaules but occurred also in clade B of sect. Pleiochasia. Similarly, single
bladders on internodes were prevalent in sect. Lasiocaules, but in sect. Pleiochasia they
were only present in U. hamata (cf. Jobson et al., 2018a) of clade B.

Table 5 provides the data of correlations of biometric traits calculated by linear regres-
sions. We recognized four thematic correlation groups, within which the traits corre-
sponded moderately to very strongly to each other: ‘correlation group phylogeny’ (‘clade’,
‘stolon type’, ‘leaf form’, ‘leaf apex’), ‘correlation group climate’ (‘region’, ‘clade’, ‘stolon
type’), ‘correlation group habit’ (‘habit’, ‘leaf apex’, ‘leaf form’, ‘trap type’), and ‘correla-
tion group reproduction’ (‘life cycle’, ‘stolon length’, ‘habit’, ‘plant size’).

Organogenesis in Seedlings

The seedling of U. westonii initially produced a primary leaf and an unbranched
primary stolon (rhizoid). Between the primary leaf and the rhizoid but in slightly
decentral position, at the base of the rhizoid, a bladder (trap) developed (Fig. 4a),
followed by a second leaf at its base, approximately opposite from the primary sto-
lon (Fig. 4b). Between the first bladder and the leaves, at the base of the bladder
stalk, four more primordia were inserted (Fig. 4c, d).

In G. pygmaea, two organs penetrated the seed integument first. One of these
organs developed into a primary foliage leaf, while the other organ (designated as
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“scale”) seemed to cease further growth. Early in development of the primary leaf, a
primary trap appeared proximally on the petiole of the leaf. At a slightly later stage,
the primary leaf flattened and grew geotropically negative, whilst the trap main-
tained a cylindrical shape and grew in the opposite direction. The further succession
of organs (Fig. Sa—c) indicated that leaves and traps developed alternately and each
at the base of the previous organ.

Later in seedling development, the rhizome of G. pygmaea could be recognised
as relative main axis. The lateral organs and the primordia on the vegetative point
seemed to develop in irregular spiral but probably spiro-decussate order (Fig. 5d).

Developmental Processes of Organs

In contrast to the roots of Pinguicula (P. gigantea: Fig. 5e, f), none of the examined Utricu-
laria species showed unicellular hairs on stolons or other submerged/subterranean organs.
However, button-like trichomes were abundant on all submerged/subterranean organs,
and often more frequent on the upper side of main stolons towards the tip. The examined
feathery, photosynthetic root of Trapa natans (Fig. 6) did not exhibit root hairs either. Trans-
verse sections through the submerged shoot (Fig. 6b) and the laterally arising roots (Fig. 6d)
showed that that the “leaf-like” roots and their branches were borne endogenously.

The plot of the PCA (Fig. 7) illustrates a morphospace of selected organs of Polypom-
pholyx, Genlisea, Pinguicula and several other angiosperms defined by a combination
(profile) of values of developmental processes. Organs with a similar profile are, there-
fore, located close to each other. Confidence ellipses (CI=95%), circumscribing the “typi-
cal” organ classes roots, shoots and leaves, overlap between roots and shoots and between
shoots and roots. Overlaps were smaller when unit variance scaling was applied in the pre-
processing of the PCA (not shown here), but variances (principal components) as well as
predictabilities, and therefore the interpretability, decreased. Organs appearing in the inter-
section of two ellipses generally combine developmental processes for both organ classes,
whereas a sample has more in common with a specific organ class, the closer it is to the
barycentre of the corresponding ellipse. Consequently, the feathery root of Trapa natans
and the root of Taeniophyllum biocellatum J.J.Sm. had the closest affinity to a “typical”
root, whilst the inflorescence of Trapa natans had the greatest correspondence with a “typi-
cal” shoot, and the leaf of Castanea sativa Mill. with a “typical” leaf.

The distribution of organs in the plot was mainly influenced by ‘growth period’ and
the non-correlated ‘positioning’. Correlations of developmental processes were calculated
by linear regression of pairs. The results are presented in Table 6, which demonstrates
that significant correlations (p<0.05) between developmental processes were e.g.: ‘posi-
tioning’, ‘vascular tissue distribution’ (direct); ‘branching origin’, ‘orientation’, ‘organo-
taxis’ (direct); ‘growth period’, ‘branching origin’ (indirect); ‘final symmetry’, ‘expan-
sion’ (direct), ‘branching origin’ (indirect); ‘geotropism’, ‘vascular tissue distribution’
(indirect). Overall, the influence of ‘growth distribution’ and ‘branching complexity’ was
relatively weak. ‘Developmental symmetry’ had almost no impact, as it had a very small
variability (only Sedum dasyphyllum L. had an organ with changing symmetry).
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Fig.2 Morphology of runner stolons (R) in Utricularia section Lasiocaules. a Bladders growing monos-
tichously along a stolon (type’uniflora’) of U. uniflora. Juvenile bladders (b) are found towards the first
stolon rosette (r). Primordial bladders (bp) are present proximal to the stolon tip, where they are initially
formed (arrowhead). b Runner stolon of U. uniflora showing a rosette and a mature bladder (bi) on an
internode. The rosette shows a subtending leaf (L1) in inverse axillant position, a bladder (br), and three
indeterminate organs in the leaf axil. ¢ Later developmental stage of a U. uniflora stolon node with four
bladders and another runner stolon. The latter displays a mature bladder and insertions of apparently
detached bladders (bx). One organ (x, probably the subtending leaf) got detached during preparation.
d Early developmental stages of a U. magna runner stolon (type’magna’), exhibiting a rosette with an
inverse axillant subtending leaf (L1), a detached organ (2), and two primordia (3, 4) at the base of the
leaf, an internode with one solitary bladder, and a primordium (asterisk) at the stolon tip (presumably
initiating a stolon node). e Runner stolon of U. magna showing the succession of two rosettes displaying
a subtending leaf, a rhizoid (a2), a second leaf (L3), and primordia (asterisk) in the axil of L1. A single
insertion (most likely a detached bladder, bx) is seen on the internode. f Advanced stolon rosette of U.
magna with numerous leaves, rhizoids (a), and 1-2 juvenile inflorescences and 1-2 bladders in the centre
(asterisk) of the rosette. Arrows point in the direction of the tip of the main stolon. Primordia and organs
are numbered according to the order of development in rosettes. Scale bars=1 mm in a-c, e, f; 0.2 mm
ind
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Fig.3 Auto-clustering based PCA biplot of biometric traits and their correlations across 56 samples
(species of Utricularia subgenus Polypompholyx) without scaling. Clust=cluster. Clust 0: U. alberti-
ana (ALBE), U. antennifera (ANT), U. arnhemica (ARN), U. bidentata (BID), U. capillifiora (CAP),
U. cheiranthos (CHE), U. dunlopii (DUNL), U. dunstaniae (DUNS), U. gaagudju (GAA), U. georgei
(GEO), U. kamienskii (KAM), U. kenneallyi (KEN), U. kimberleyensis (KIM), U. lasiocaulis (LAS), U.
leptorhyncha (LEP), U. magna (MAG), U. papilliscapa (PAP), U. quinquedentata (QUI), U. rhododac-
tylos (RHO), U. tridactyla (TRID), U. uniflora (UNI), U. wannanii (WAN). Clust 1: U. albiflora (ALBI),
U. baliboongarnang (BAL), U. byrneana (BYR), U. fistulosa (FIS), U. hamata (HAMA), U. hamiltonii
(HAMI), U. holtzei (HOL), U. limmenensis (LIM), U. linearis (LIN), U. lowriei (LOW), U. singeriana
(SIN), U. terrae-reginae (TER), U. triflora (TRIF), U. tubulata (TUB). Clust 2: U. benthamii (BEN), U.
helix (HEL), U. inaequalis (INA), U. menziesii (MEN), U. multifida (MUL), U. petertaylorii (PET), U.
tenella (TEN), U. violacea (V10), U. volubilis (VOL), U. westonii (WES). Clust 3: U. ameliae (AME),
U. barkeri (BAR), U. blackmanii (BLA), U. beaugleholei (BEA), U. dichotoma (DIC), U. fenshamii
(FEN), U. grampiana (GRA), U. oppositiflora (OPP), U. paulineae (PAU), U. speciosa (SPE). Shapes
of sample points represent species belonging to the same section/clade (cf. Jobson et al., 2017, 2018a;
Jobson & Baleeiro, 2020; Jobson & Cherry, 2020; Baleeiro & Jobson, 2022): sect. Polypompholyx (P),
sect. Tridentaria (T), sect. Pleiochasia (clades A-C), sect. Lasiocaules (clades D-F). Traits (see Table 2
for further information): clade/phylogeny (1), region/distribution (2), life form/habit (3), life cycle (4),
plant size (5), leaf form (6), leaf apex (7), trap type (8), stolon length (9), stolon type (10). PC1=54.7%,
PC2=16.4%,PC1-3=79.3%

Discussion
Variety of Stolons

The morphological investigation on various stolons occurring in subgenus Poly-
pompholyx revealed several branching patterns, which helped to interpret the sto-
lon organization from more general notes on plant organs provided in the literature
(mainly from taxonomic descriptions) across all currently known species of the
subgenus. Since species descriptions may have been occasionally relied on sparse
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material available, it cannot be excluded that more stolon types exist. However, for
this first comprehensive study on stolon types, the information was sufficient to be
included in the PCA. Moreover, we rebut Taylor’s (1989) assumption that bladders
randomly occur on internodes of stolons within section Pleiochasia (now Pleiocha-
sia and Lasiocaules), since the PCA showed a significant taxonomic relevance of
taxa with and taxa without bladders on internodes.

Stolon types ‘volubilis’, ‘tubulata’, and ‘magna’ were solely found in the respec-
tive species. The ‘volubilis’ type stolon was described by Taylor (1989) and Lloyd
(1942) as a special rhizoid (anchor stolon). We prefer Merl’s (1915) interpretation
of this type being a runner stolon, since the tufts of bladders along the shoot arise
on more or less compressed side stems, which can be regarded as secondary shoots.
Merl (1915) noticed the presence of runner stolons in U. volubilis with leaves,
rhizoids and secondary stolons in addition to bladders arising from short stems. We
found this type very occasionally in our material. It was not mentioned by Lloyd
(1942) and Taylor (1989).

The ‘correlation group climate’ implies that the stolon type is very strongly related to
the taxonomy and to the distribution in regions with similar climate seasonality. Stolon
types apparently diverged during evolution of sections and clades in the subgenus, as
results of dispersal or vicariance (great climate changes in humidity and temperature)
events in Australia in the Miocene and Pliocene (cf. Jobson et al., 2017, 2018b). For
instance, rosulate species without horizontal stolons (sections Polypompholyx and Tri-
dentaria, and clade A of Pleiochasia) are confined to the temperate Southwest of Aus-
tralia, with only U. fenella R. Br. and U. violacea R. Br. reaching the Southeast and Tas-
mania. Stolon type ‘dichotoma’ is widespread in Australia in both monsoonal tropics and
temperate regions, but type ‘uniflora’ is abundant in monsoonal tropics of the Northern
Territory and the Kimberley region, except for U. uniflora, which has a wide distribution
in temperate zones of the Northeast and Southeast of Australia.

In the PCA, the variable ‘stolon type’ is a dominating factor in the distribution of
samples (species) in the plot and on the circumscription of three out of four clusters
(Fig. 3). Since the traits ‘stolon type’ and ‘clade’ are very strongly correlated, stolon
types have a great taxonomic value. It would, therefore, be helpful to include more
detailed information on stolons and branching patterns in future species descrip-
tions. The ‘correlation group phylogeny’ not only contains the traits ‘clade’ and ‘sto-
lon type’ but also ‘leaf form’ and ‘leaf apex’, which shows that the latter two traits
are as well taxonomically relevant.

Habit and reproduction

The PCA and linear regressions reveal a ‘correlation group habit’ with the trap mor-
phology being amongst the strongest contributors of clustering in the PCA of subge-
nus Polypompholyx, and with significant correlations between the traits ‘habit’, ‘leaf
form’, ‘leaf apex’, and ‘trap type’. Thus, together with their taxonomic relevance,
forms of leaves and leaf apices are strongly correlated to the habit and in turn to
the habitat and water levels. This corroborates the findings of Reut et al. (2021),
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Fig.4 Succession of primary leaf, primary rhizoid, primary bladder, and further organs on seedlings
of U. westonii. a Early seedling stage, showing a primary leaf (L1) and a primary rhizoid (a2) with a
primordium (3) at its base. b A slightly later stage of seedling growth with a primordium (4) between
primary leaf and primordium 3. ¢ Further developed seedling with primordia (asterisk) arising between
primary bladder, primary leaf and second leaf (L4). d Close-up of ¢, showing the primordia (arrowheads)
at the base of the primary bladder. Primordia and organs are numbered according to the order of develop-
ment. Scale bars=0.5 mmina; 0.3 mminb; Il mminc; 0.2 mmind

which concluded that in the Lentibulariaceae, narrower leaves are more abundant in
submerged to free-floating taxa than in amphibious taxa. Additionally, the current
study showed that taxa with traps having filiform dorsal and lateral appendages, and
reduced or absent wings, tend to be adapted to submergence or a life in the water
column, while traps with ciliate lateral appendages and ciliate wings are often found
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Fig.5 Developmental patterns on the seedling (a-c) and rhizome (d) of G. pygmaea, and root morphol-
ogy of P. gigantea (e, f). a Seedling of G. pygmaea with primary leat (L1), primary trap (T1), second
leaf (T3), and second trap (T4). b Detailed view on the seedling with the “scale” (sc), the second trap
growing at the base of the second leaf, and a primordium (5) developing at the base of the second trap.
¢ A seedling showing the seemingly suppressed growth of organ 3 and the development of an organ
(4) from the base of organ 3. A primordium (5) arises from organ 4. d Vegetative point of the rhizome
tip, showing an irregular spiral but almost spiro-decussate organotaxis of the primordia 1-8. e Middle
zone of the P. gigantea root with unicellular root hairs and papillae towards the root tip. f Glabrous api-
cal zone of the root. Primordia and organs are numbered according to the order of development. Scale
bars=0.5mmina, f; 0.1 mminb, ¢; 0.2 mm ind; 0.3 mm in e

in amphibious species. This observation confirms results of an earlier phylogenetic
study by Reut & Jobson (2010) on 27 species of subgenus Polypomphyolyx.
Furthermore, our analyses demonstrate that the habit of plants within the subge-
nus corresponds to the traits ‘life cycle’, ‘stolon length’, and “plant size’ in the ‘cor-
relation group reproduction’. Emergent to submerged or free-floating species tend to
be taller stoloniferous perennials with longer stolons. These correlations fit into the
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Fig.6 Trapa natans. a Part of a submerged shoot with seemingly leaf-like (chlorophyllous) roots. @b
indicates the transverse plane through the shoot main axis as shown in b. b Cross section of the shoot
displaying the central cylinder (cc) and a root branching endogenously (arrowhead). ¢ Scanning electron
microscopic image of a feathery (“pinnatisect”) root. @d represents the transverse plane through the root
as shown in d. d Cross section of a root main axis displaying a tetrarch stele and an endodermis with
Casparian strips. Arrowheads point to zones where lateral roots were formed. b, d Autofluorescence of
transverse sections under UV light. Scale bars=1 cm in a; 0.5 mm in b; 1l mm in ¢; 0.1 mm in d

perception that most hydrophytes are perennial with an effective vegetative repro-
duction (cf. Les & Philbrick, 1993).

The linear regression of ‘life cycle’ and ‘region’ showed a weak correla-
tion between the two traits. About 47% of perennials occur in temperate regions,
whilst only 24% of plants from monsoonal regions with long dry periods are peren-
nial. These results are partly in line with Jobson et al. (2017), who demonstrated
a significant correlation between climate seasonality and life cycle in subgenus
Polypompholyx.
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Fig.7 PCA scatter plot of selected “typical” and “atypical” organs with confidence ellipses circum-
scribing “typical” roots, shoots, or leaves. The distribution of organs is based upon the correlations of
12 developmental processes as defined in Table 4. No scaling was applied to the PCA. Organs: leaf of
Bauhinia purpurea (Bl), leaf of Castanea sativa (CSl), stolon of Centella asiatica (CAs), leaf of Cheli-
donium majus (CMI), shoot-like leaf of Chisocheton tenuis (CT1), trap of Genlisea repens (Gt), inflores-
cence of Lysimachia vulgaris (Ls), root of Nasturtium officinale (NOr), inflorescence of Nymphaea alba
(Ns), leaf of Nymphaea alba (N1), root of Pinguicula gigantea (Pr), stolon of Ranunculus repens (Rs),
leaf of Ranunculus repens (Rl), root of Ranunculus repens (Rr), leaf of Sedum dasyphyllum (S1), root
of Taeniophyllum biocellatum (TBr), inflorescence of Trapa natans (Ts), leaf-like root of Trapa natans
(Tlr), leaf of Utricularia dichotoma (UD]), ‘simple stolon’ of U. dichotoma (UDc), runner stolon of U.
dichotoma (UDs), leaf of U. multifida (UML), trap of U. multifida (UML), rhizoid of U. multifida (UMa),
stolon of U. uniflora (UUs). PC1=138.4%, PC2=20.7%, PC1-3=73.5%

Seedling development

Fleischmann (2012) described two patterns of seedling germination in Genlisea. In
one type, no cotyledons are seen on the seedling, and the first primary organs are
a leaf and a rhizophyll (trap), the latter with root hairs towards its base. According
to Fleischmann (2012), the second seedling type (members of Genlisea sect. Gen-
lisea) expresses two structures that develop into cotyledons. The author refers to
similarities of this type of Genlisea germination with the “complex seedling type”
of Utricularia species (cf. Lloyd, 1942). However, Lloyd (1942) preferred to use
the term “cotyledonoids”, emphasizing that the primary organs are not true coty-
ledons. Moreover, Kondo et al. (1978) were not in favour of Lloyd’s term “coty-
ledonoids” since the nature of the first two primary organs would not correspond
to cotyledons at all. This view is in line with Kamienski (1877) who noticed that
cotyledons remain reduced in the embryo of U. vulgaris L. Moreover, genes typi-
cally expressed in embryos and cotyledons were putatively missing in U. gibba L.
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(Ibarra-Laclette et al., 2013). In this context, it is worth mentioning that some Pin-
guicula species are anisocotyledonous (i.e. having only one cotyledon), whereas the
primary root is reduced (Haccius & Hartl-Baude, 1956). In P. vulgaris L., it seems
that after the development of the only cotyledon, the subsequent organs are a foliage
leaf and a shoot-borne root (Fig. 10 II in Haccius & Hartl-Baude, 1956). Consider-
ing the above mentioned, it can be at least questioned that the two primary organs
of seedlings studied on G. pygmaea and U. westonii are cotyledons. However, it may
be that the small structure (“scale”) in the seedling of G. pygmaea, which stopped
its growth after slightly penetrating the seed testa, could be a reduced cotyledon (or
a reduced leaf). This would need to be verified by histochemical investigations and
transmission electron microscopy of the embryo. More seedling studies are required
to clarify the nature of cotyledons/primary organs (cf. Miranda et al., 2021).

Our results show that the development of a primary leaf and a primary rhizoid
(anchor stolon), and the succession and positions of further organs of the U. westo-
nii seedling, are the same pattern as described by Lang (1901) in U. multifida R.Br.
and by Lloyd (1937, 1942) in U. tenella, which is in support of the close relation-
ship of sections Tridentaria and Polypompholyx. As demonstrated by Lloyd (1937,
1942), U. dichotoma subsp. monanthos R.W.Jobson seedlings also develop a pri-
mary leaf and a primary stolon (a downward growing anchor stolon) followed by a
first bladder. The observed germination pattern refers to the “simple seedling type”,
which is present in terrestrial Utricularia species including sect. Polypompholyx
and U. dichotoma subsp. monanthos (Lloyd 1942). In contrast to U. multifida, U.
tenella (cf. Lang, 1901; Lloyd, 1937) and U. westonii, which produce a leaf as forth
organ, U. dichotoma subsp. monanthos developed a runner stolon in the material
studied by Lloyd (1937).

In summary, the first three organs developing on the seedling of P. vulgaris (after
growth of the cotyledon, cf. Haccius & Hartl-Baude, 1956), Genlisea and Utricularia
subg. Polypompholyx seem to be a primary foliage leaf, and a first root (P. vulgaris),
rhizophyll/trap (Genlisea) or rhizoid/stolon (Polypompholyx), followed by either a
leaf or (in Polypompholyx) a trap. By looking at the sequence and position of these
organs on the seedling, it could be hypothesized that the first root of Pinguicula, the
primary trap of Genlisea, and the primary (anchor) stolon of Polypompholyx are
homologous organs. Furthermore, even though the morphologies of (mature) organs
look different, they share the functions of anchoring the plant and taking up nutrients
from the substrate. These functions may mirror common developmental processes.
Indeed, the results of the PCA indicate that, although rhizoids and traps have more
in common with shoots and leaves, they still contain developmental processes for
roots. Recent genome studies demonstrated that, although many genes underlying
root structuring were found to be putatively missing in the genomes of the “rootless”
U. gibba and U. vulgaris (Ibarra-Laclette et al. 2013; Renner et al., 2018), some root-
related genes remained (Barta et al., 2015) and may be expressed in e.g. the nutrient
uptake by trichomes of bladders (Carretero-Paulet et al., 2015a) or other vegetative
organs. Moreover, according to the PCA, the P. gigantea root shares processes with
shoots (see also Reut & Ptachno, 2020). The reduction of certain anatomical struc-
tures and the transfer of carnivory from aerial leaves of Pinguicula to subterranean/
submerged traps of Genlisea and Utricularia were probably driven by adaptations
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to wet and submerged habitats and may have led to evolutionary shifts from root-
shoot mosaics to root-shoot-leaf mosaics and shoot-leaf mosaics (cf. Reut & Ptachno,
2020; Reut et al., 2021). While the aerial leaves in the Lentibulariaceae have a pla-
nar form, the ascidiate traps of Genlisea and Utricularia seem to develop by simple
extension and repression of gene expression patterns in the leaf primordium (cf. Lee
et al., 2019; Whitewoods et al., 2020; Agrawal et al., 2022).

Process morphology

Already Gliick (1906) revealed that the immense plasticity of Utricularia teaches
us to give up the classical terms of leaf, shoot and root, which in the end seem to
be related to functional and physiological aspects rather than being purely morpho-
logically determined. Goebel (1905) stated: “All attempts that have been made to
give a simple definition of ‘caulome’ and of ‘phyllome’ have failed, and this is not
surprising seeing that none of the characters upon which they have been based are
constant in all of the different cycles of affinity. Plants, it must be remembered, are
living things, and the formation of their organs cannot be circumscribed by defini-
tions. What we can say, and what indeed is alone of interest, is this the modifications
which the formation of the organs undergo in any one group can only be determined
by comparing all their characters”.

In a recent article, Baum (2019) has outlined how plant parts can be grasped by
structures, functions, or processes, depending on the scientific context. In the case of
the Pinguicula-[Utricularia-Genlisea)] ancestor, the root represents a part-as-struc-
ture (cf. Baum, 2019), which was abandoned due to the partial loss of genetic fac-
tors underlying the development of certain root structures in Utricularia (cf. Ibarra-
Laclette et al., 2013; Barta et al., 2015; Carretero-Paulet et al., 2015a, b; Renner
et al., 2018). A part-as-function has the potential to mutate and change its appear-
ance by genetically adapting a new trait (Baum, 2019). In some Polypompholyx taxa,
variations in leaf shape, the polymorphism of traps, or the growth of simple stolons
from rhizoids may be examples of parts-of-functions, although this would need to
be substantiated by further studies between populations and species. Both parts-as-
structures and parts-as-functions depend on the basic genetic information, but they
do not cover parts or phytomers with their phenotypic differences in an individuum
(Baum, 2019). These “variations of the same theme” may be developmental pro-
grams governed by gene regulatory networks and influenced by external factors, as
explicated by Baum (2019) in the parts-as-processes approach. Interchangeable and
homologous organ types on shoots of stolon nodes on the same plant of U. dicho-
toma sensu lato represent ‘parts-as-processes’ (cf. Reut & Ptachno, 2020).

The latest process morphological work on Utricularia with the support of PCA was
focussing on the morphological dynamics of populations and vegetative organs of U.
dichotoma sensu lato (Reut & Ptachno, 2020). Although the current study has a com-
parable methodological approach, it has a broader scope with the addition of organs
from other species of subgenus Polypompholyx and several “typical” roots of living
plants. The inclusion of more roots was helpful for the creation of a confidence ellipse
of this organ class in the PCA plot, as this was missing in Reut & Ptachno (2020).
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Moreover, the present study has the advantage of being closer to the natural situa-
tion, since “theoretical” shoots and leaves (cf. Reut & Ptachno, 2020) were replaced by
existing shoots and leaves. The general distribution of organs of the Lentibulariaceae
and “typical” organs in the morphospace (i.e. the PCA illustration), however, resem-
bles the distribution in the morphospace shown in Reut & Ptachno (2020).

Results of the PCA demonstrate that organs reflect mosaics or transitions of devel-
opmental processes of root, shoot and leaves, but in each organ the categories with
their typical processes are differently weighted. Apart from the “unusual” vegetative
organs of Utricularia, we looked at two other “atypical” organs: the compound leaf
of Chisocheton tenuis P.F.Stevens with epiphyllous shoots arising along its rachis,
and the feathery, chlorophyllous roots of Trapa natans. The position of the C. ten-
uis leaf in the morphospace suggests that the organ represents a leaf-shoot mosaic
(see also Fisher & Rutishauser, 1990) with some more typical shoot characters. There
were controversial interpretations of the greenish submerged roots of 7. natans in
past studies (e.g. Nedukha & Kordyum, 2016; Seago et al., 2016). Our anatomical
observation reveal that the organ and its branches develop endogenously from the
mother structure, which is typical for roots. The location of the T. natans root close
to the barycentre of “typical” roots also indicates that most developmental processes
are root related. The presence of chloroplasts in submerged shoots or roots (e.g. in
Podostemaceae) is not unusual (cf. Reut et al., 2021) and does not qualify alone for a
leaf categorization. Green aerial roots are characteristic for orchids; hence we treated
the root of Taeniophyllum biocellatum as “typical” root. This was also reflected by its
position in the plot of the PCA, near the barycentre of “typical” roots.

Leaves of U. dichotoma and U. multifida combine many developmental pro-
cesses of a leaf, although the leaf of U. dichotoma is “more typical” as it is closer
to the barycentre of the corresponding ellipse. The two leaves, however, only differ
in the axis related position (axillant on the stolon in U. dichotoma, non-axillant/-
axillary on a short stem in U. multifida). The distribution of the subterranean organs
of Genlisea and Utricularia in the morphospace seems to be along a transect (or
morphocline) from the traps of G. repens and U. multifida, and the rhizoid of U.
multifida (shoot-leaves mosaics) to the ‘simple stolon’ of U. dichotoma (root-shoot-
leaf mosaic), and to the runner stolons of U. dichotoma and U. uniflora, which show
similar and strong affinities to both roots and shoots. The root of P. gigantea (root-
shoot mosaic) is near the transect, which points to similar developmental profiles
of subterranean organs within this group of Lentibulariaceae species. Organs with
mixed identities originated from transfers of genetic programs (functions) from a
donor structure to a recipient structure (Baum and Donoghue, 2002). Due to the
ongoing exchange of genetic information between organisms over time, but also due
to epigenetic dynamics, definitions of organs are generally fuzzy as processes are in
constant change (cf. Baum, 2019).

With regards to the stolon types in subgenus Polpompholyx, said transect reflects
a morphocline of increasing complexity, i.e. from an unbranched rhizoid to a ‘sim-
ple stolon’ bearing single bladders to a branched runner stolon. However, there is
no evidence that these forms followed transitionary steps in the evolution, since the
non-stoloniferous growth form with rhizods in subgenus Polypompholyx is either
ancestral or a retrogression from stolonifery (cf. Jobson et al., 2018b). The presence
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of rhizoids is a plesiomorphic trait in subgenus Polypompholyx, at least on the base
of the inflorescence/stem, as it exists in all species except for U. tubulata. Moreover,
if the ancestor of subgenus Polypompholyx was stoloniferous, it cannot be conclu-
sively stated whether it had rhizoids on stolon nodes (as prevalent in sect. Pleiocha-
sia) or not (as prevalent in sect. Lasiocaules). It seems likely that the developmental
processes leading to single bladders along a stem are the same in ‘simple stolons’
and e.g. runner stolons of type ‘uniflora’, but it cannot be circumstantiated which
stolon type evolved first.

Conclusion

We found nine stolon types in the 56 currently known species of subgenus Poly-
pompholyx. Predominant types are runner stolons of type ‘dichotoma’ (with
rhizoids on stolon nodes; the prevalent type in sect. Pleiochasia, mainly occur-
ring in the Northeast and/or the Southeast of Australia) and runner stolons of type
‘uniflora’ (without rhizoids on stolon nodes, but with bladders on internodes;
the prevalent type in sect. Lasiocaules, mainly distributed in the Northern Terri-
tory and/or the Northwest of Australia). According to the PCA performed, stolon
types strongly correlate to taxonomic groups and to the regional distribution in
relation to climate seasonality. A correspondence of stolon types to life forms,
e.g. due to adaptations to periodic or permanent submergence, cannot be demon-
strated by our results. It seems that stolon types diversified along with speciation
events in Australia, which were partly triggered by drastic climate changes.

In principle, the patterns and organ successions in the seedling development
seem to be very similar in Genlisea and Utricularia subg. Polypompholyx. The
first organ is always a foliar leaf. The second organ is a trap (Genlisea) or a
rhizoid (anchor stolon) (subg. Polypompholyx) followed by a leaf (Genlisea) or
a trap (subg. Polypompholyx), and a leaf (Genlisea, and Utricularia sect. Poly-
pompholyx and Tridentaria) or a runner stolon (U. dichotoma susp. monanthos of
sect. Pleiochasia). The development of leaves, traps, rhizoids, and stolons in the
same positions on the seedling of different taxonomic entities indicate that these
organs are homologous. Furthermore, from the perspective of process morphol-
ogy, their formation involves different combinations of developmental processes
for roots, shoots and/or leaves, as statistically demonstrated by PCA. However,
within subgenus Polypompholyx, traps and rhizoids seem to be root-shoot-leaf
mosaics on one side of a morphocline and with branched runner stolons with a
strong root and shoot affinity on the other side. ‘Simple stolons’ bearing single
bladders are an intermediate form on this transect. Since the examined subterra-
nean organs of the Lentibulariaceae are in proximal distance in the morphospace,
their developmental profiles are not much different. It can be assumed that the
trap of the Genlisea-Utricularia ancestor combined developmental processes of a
reduced “‘shoot-like” Pinguicula root with developmental processes of a (maybe
modified, ascidiate) Pinguicula leaf (including structures for carnivory).

Partly in accordance with earlier studies, the PCA of several biometric traits
across species of subgenus Polypompholyx show that emergent to free-floating
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species (adapted to submergence) significantly correlate to the perennial life
cycle, taller plants, longer stolons, narrower leaves with acute apex, and traps
with filiform dorsal and lateral appendages, and reduced or absent wings.

Supplementary Information The online version contains supplementary material available at
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