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Abstract
Premise: Among the sophisticated trap types in carnivorous plants, the underground eel
traps of corkskrew plants (Genlisea spp., Lentibulariaceae) are probably the least under-
stood in terms of their functional principle. Here, we provide a detailed analysis of
structural and hydraulic features of G. hispidula traps, contributing to the ongoing debate
on whether these traps can actively generate water streams to promote prey capture.
Methods: Anatomical and hydraulic traits of detached traps, including inner trap
diameters, chamber line element, hair length, glandular pattern, and hydraulic con-
ductivity, were investigated quantitatively using light and electron microscopy, x‐ray
microtomography, and hydraulic measurements.
Results: Hydraulic resistivity in the neck of the trap, from the trap mouth toward
the vesicle (digestive chamber) was 10 times lower than in the opposite direction. The
comparison of measured and theoretical flow rates suggests that the retrorse hairs inside
trap necks also provide considerable resistance against movement of matter toward the
vesicle. Hairs showed a gradient in length along the neck, with the shortest hairs near
the vesicle. Co‐occurrence of quadrifid and bifid glands was limited to a small part of the
neck, with quadrifids near the vesicle and bifids toward the trap mouth.
Conclusions: The combination of structural gradients with hydraulic anisotropy
suggests the trap is a highly fine‐tuned system based on likely trade‐offs between
efficient prey movement in the trap interior toward the vesicle, prey retention, and
spatial digestion capacities and is not counter to the generation of water streams.
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The carnivorous syndrome of plants involves attracting,
catching, retaining, and digesting prey, then absorbing prey‐
derived nutrients (Juniper et al., 1989; Ellison and
Adamec, 2018). There is convincing evidence that carnivory
is an adaptation to nutrient‐poor soils (Givnish
et al., 1984, 2018; Givnish, 1989; Juniper et al., 1989; Ellison
and Gotelli, 2002) and that it has evolved at least 10 times
independently within angiosperms (Fleischmann
et al., 2018). The carnivorous syndrome in angiosperms has

been realized in five functional trap types (adhesive traps,
eel traps, pitcher traps, snap traps, and suction traps), most
of which seem to have evolved from adhesive traps
(Fleischmann et al., 2018). Interestingly, three of these five
types evolved within the Lentibulariaceae (Fleischmann
et al., 2018), which include the genera Pinguicula (butter-
worts; motile and nonmotile adhesive traps), Genlisea
(corkscrew plants; eel traps), and Utricularia (bladderworts;
motile suction traps).
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Compared to the mechanisms of other carnivorous
genera, the eel‐trapping mechanism of Genlisea is far
from being fully understood. Basic questions include the
processes related to the attraction and initial capture of
prey, and whether the traps are motile or nonmotile
(Lloyd, 1942; Juniper et al., 1989; Adamec, 2003; Płachno
et al., 2005; Meyers‐Rice, 1994; Studnička, 1996;
Fleischmann, 2012, 2018; Bauer et al., 2021). Genlisea
captures small soil organisms, including protozoa and
metazoa, as prey (Darwin, 1875; Barthlott et al., 1998;
Fleischmann, 2012). These traps represent strongly
modified leaves (so‐called rhizophylls) that functionally
act as roots, that are absent in this genus, and additionally
act as carnivorous traps.

As described in detail by Lloyd (1942), the rhizophyll trap
(Figure 1) consists of two helically twisted trap arms with
various slit‐like openings (Figure 1A, E; Appendices S1, S2), a
Y‐shaped connection of the two joining arms (the trap mouth;
Figure 1A, D; Appendix S3), a tubular neck region (Figure 1A,
C; Appendix S3), and a digestion chamber (the so‐called ve-
sicle; Figure 1A, B; Appendix S4). The neck can be further
subdivided into a short uppermost part (proximal neck) and a
longer distal part (distal neck) (Warming, 1874; Darwin, 1875;
Lloyd, 1942; Reut, 1993; Fleischmann, 2012). The trap open-
ings are separated by so‐called prop cells and are bordered on
the sides by an outer and inner lip (Lloyd, 1942). Inside the
side arms and the neck, there are rows of aligned hairs, which
all point in the direction of the digestive chamber (Figure 1C,
D). These retrorse hairs consist of a basal cell, one or two
middle cells, and a terminal cell (Lloyd, 1942; Reut, 1993;
Fleischmann, 2012). While the internal structure in the neck is
axially symmetric, the walls of the chambers in the trap arms
are asymmetrically arranged, due to multiple trap entrances
and windings (Lloyd, 1942; Appendix S3).

Three types of glands can be identified within the trap
(Płachno et al., 2005; Appendix S5). Modified quadrifid glands
with eight terminal cells are located within the vesicle, and
occasionally within the adjacent chambers (Płachno
et al., 2005; Appendix S5A). Quadrifid glands possess four
terminal cells and occur in abundance within the vesicle and
the proximal neck (Darwin, 1875; Lloyd, 1942; Płachno
et al., 2005; Appendix S5B, left). Bifid glands possess two
terminal cells and are located in the distal neck
(Warming, 1874; Heslop‐Harrison, 1975; Fromm‐Trinta, 1981;
Płachno et al., 2005; Reut, 1993; Appendix S5B, right). Another
gland type with a single terminal cell (the so‐called unicellular
glands) can be seen exclusively on the outer trap epidermis
(Appendix S5C). Apart from previously reported enzymatic
activity of the quadrifid glands involved in prey digestion
(Płachno et al., 2005, 2007), mucus secretion from bifid glands
has been observed, which may function as lubricant for prey
movement toward the vesicle (Reut, 1993; Fromm‐
Trinta, 1981; Studnička, 1996). The function of the unicellular
glands is not fully understood and the exact distribution of the
gland types within the trap has not been quantitatively de-
scribed (Fleischmann, 2012). It has been suggested that the
distal trap part (including arms and distal neck) primarily

serves the purpose of prey attraction, capture, and retention,
whereas the proximal trap part (including digestion chamber
and proximal neck part) is mainly involved in prey digestion
based on the presence of quadrifid glands (Darwin, 1875;
Lloyd, 1942; Juniper et al., 1989; Studnička, 2003; Płachno
et al., 2008; Fleischmann, 2012).

Most studies assume that Genlisea catches its prey
without movement (Darwin, 1875; Juniper et al., 1989;
Barthlott et al., 1998; Adamec, 2003). Since an organism that
enters the trap is retained by the rows of retrorse hairs that
hinder backward movement (i.e., out of the trap), the prey is
forced to move unidirectionally toward the digestive
chamber of the trap. Hence, the trap is described to work in
a similar way as an eel trap due to anisotropic mechanical
retention properties of the retrorse hairs.

However, the occasional occurrence of self‐immobile
particles in the traps, such as soil particles, detritus, and
non‐ciliate algae (Juniper et al., 1989; Meyers‐Rice, 1994;
Studnička, 1996, 2003; Fleischmann, 2012) prompted spec-
ulations that another mechanism in addition to the ratchet‐like
hair system may also be at play in the traps. Observations by
Fleischmann (2012) highlighted suction swirls around the trap
entrances along the arms. Consequently, a suction mechanism
was hypothesized to be involved in the trapping process of
Genlisea. Hydraulic uptake could be evoked by a metabolic
energy‐requiring and osmotically driven water flow out of the
trap (i.e., by physiological pumping) similar to the mechanism
in the sister genus Utricularia (Lloyd, 1942; Sydenham and
Findlay, 1973; Poppinga et al., 2018). An Utricularia‐like
pumping mechanism would be in line with the calculations of
Meyers‐Rice (1994), based on simple estimations, that a
Genlisea trap may theoretically be capable of generating a
water flow that would be strong enough to hinder nutrient
molecules to diffuse down the trap system and could help to
transport particles and prey into the vesicle. However, an
empirical study by Adamec (2003) indicated that no such
water flows existed, although these experiments were per-
formed on detached traps but not intact plants.

The aim of this study was to investigate the functional
morphology of Genlisea traps quantitatively based on mi-
cromorphological observations and hydraulic conductivity
measurements. Given the various open questions regarding
the trapping mechanism of Genlisea, this study aimed to
investigate the functional morphology of the rhizophyll
traps, with special attention to the spatial distribution of
hairs and glands and possible gradients in their quantitative
morphology. Anatomical observations were combined with
hydraulic measurements of the neck area.

MATERIALS AND METHODS

Plant material

We studied the African species Genlisea hispidula Stapf
(from Genlisea subgenus Genlisea section Africanae), which
is characterized by relatively large and uniform traps
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F IGURE 1 The subterranean rhizophyll trap of Genlisea hispidula. (A: stereomicrograph; B–E: scanning electron micrographs). (A) Habit: A stalk leads
to the trap consisting of a Y‐shaped “fork” of two helically twisted trap arms with spirally arranged entrance slits, a long neck, and the vesicle (“stomach”),
where digestion of prey takes place. (B–E) Inner morphological details of a longitudinal trap section in radial plane. (B) Vesicle or digestive chamber with
digestive glands. (C) Neck with rows of retrorse hairs. Subdivision in a proximal (uppermost) part and a distal part based on the occurrence of different
gland types and hair length. (D) Fork at the trap mouth. (E) Detail of an entrance (arrow) within one of the two spiraly wound side arms
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(Fleischmann, 2012). Plants were purchased from a com-
mercial supplier (Gartenbau Thomas Carow, Nüdlingen,
Germany) and cultivated in the Botanic Gardens of the
Universities of Freiburg and Ulm according to the following
conditions: 18°C temperature, 50–70% relative humidity,
and photoperiodicity 12:12 h (light: darkness). The plants
were kept in pots with nutrient‐poor peat–sand substrate,
continuously immersed in rainwater.

Qualitative functional, morphological, and
anatomical observations

General procedures for sample preparation

Plants were carefully unpotted and immersed in deminer-
alized water. The remaining soil was carefully rinsed off the
rhizophylls using demineralized water, and plants were kept
submerged in water to prevent air entering the traps. In-
dividual rhizophylls were detached from the plant with
microscissors.

Stereomicroscopy analyses

Radial and transverse sections of the rhizophyll segments—
vesicle, neck, trap mouth, and side arms—were cut by hand
with razor blades. A soft silicone underlay was used to keep the
samples attached to the ground during cutting. By keeping the
samples submerged in water during all preparation steps, de-
hydration artefacts were avoided. We used a stereomicroscope
(SZX7, Olympus, Tokyo, Japan) in combination with a USB
3.0 camera (PL‐D685CU, PixeLINK, Ottawa, ON, Canada)
and the software µScope (version 20.1, PixeLINK) for imaging.
Some samples were stained with toluidine blue (0.05% aqu-
eous solution, Chroma, Stuttgart, Germany), either for 30 s or
10min, to improve the contrast of translucent trap structures
and to test for permeable epidermal surfaces (Tanaka
et al., 2004). The stained samples were washed twice in de-
mineralized water and 2‐propanol (70%) for 30 s.

Light microscopy analyses

A light microscope was used to acquire images of hand
sections (microscope: Olympus BX61; camera: Olympus
DP71; program: CellˆP, version 2.6; Olympus, Tokyo, Ja-
pan) and cuts of Technovit‐embedded segments (micro-
scope: Zeiss AXIO Zoom V16, Zeiss, Jena, Germany;
camera: Axiocam MRc, Zeiss, Goettingen, Germany; pro-
gram AxioVision, version 4.9.1.0.; Zeiss, Jena, Germany).
For Technovit embedding, the segments were fixed for at
least 24 h in formaldehyde–alcohol–acetic acid (FAA; 90:5:5
70% v/v ethanol, glacial acetic acid, 37% v/v formaldehyde),
then dehydrated with a 2‐propanol series (Appendix S6).
Then, we followed the standard infiltration and embedment
protocol using Technovit 7100 Basic solution, Hardener I,

Hardener II, Technovit 3040, and Technovit Universal Li-
quid (Heraeus Kulzer, Wehrheim, Germany). Samples were
thin‐sectioned (10–20 µm) with a custom‐made rotating
microtome and dried on a hot plate at 60°C. Sections were
stained with toluidine blue.

Scanning electron microscopy

Samples were treated in an ultrasonic bath for 5min to clean
the inner structures from organic debris. Samples were dehy-
drated in a methanol series (70%, 90%, 100%; 24‐h intervals)
and then critical‐point‐dried with acetone (BAL‐TEC CPD
030, Leica, Wetzlar, Germany). Dried samples were then gold‐
coated (approx. 15 nm, Sputter Coater 108 auto/SE, Cres-
sington, Watford, UK) and analyzed with a Leica Leo 435 VP
(Leica, Wiesbaden, Germany) and a PhenomXL SEM
(Phenom‐World B.V., Eindhoven, Netherlands).

Microcasting technique

Imprints of rhizophylls, which corresponded to the internal
lumen of the traps and thus to the water‐filled volume in-
side the traps, were produced using the microcasting tech-
nique of André (2005) with critical‐point dried rhizophylls
as the template. The polymerized silicone attached to the
outside of the rhizophylls was manually removed, while the
actual rhizophyll tissues were digested by immersion in
sulfuric acid. Due to gentle preparation of the original
structures by the critical‐point drying and microcasting
technique, the meso‐ and microstructuring of the cast were
similar in dimension to the original structure (André, 2005).

Quantitative morphology, anatomy, and
hydraulic properties of the neck

The following inner trap structures of the neck to the trap
mouth were analyzed as a function of the distance from the
vesicle (see schematic drawing in Figure 2): inner diameter of
the chambers and the constrictions (dchamber, dconstriction),
chamber line element (CLE), hair length (L), and the distribu-
tional pattern of the internal gland types. Additionally, the hy-
draulic conductivity over the total neck length was determined.

Inner neck diameters (dconstriction and dchamber)

Microtomography images of a silicone replicate were taken
with a Bruker Skyscan 1272 µCT system (Bruker Skyscan,
Antwerp, Belgium). Therefore, the sample was positioned
vertically and rotated around its vertical axis (scan duration:
24.5 min, spatial resolution 10.8 µm). From the digital data
of a surface scan, a virtual model was reconstructed with the
program NRecon V 1.6.10.1 (Bruker microCT, Kontich,
Belgium). The diameters dconstriction and dchamber (Figure 2)
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were measured for each periodic unit N (with the lowest N
at the vesicle) using the software CT‐Analyser, V 1.1.3
(Bruker SkyScan, Antwerp). Based on the data of dconstriction
and dchamber, the trap diameter increase Γdiameter was cal-
culated for constrictions and chambers:

d
d

Γ = N

N
diameter,constriction

,constriction

,constriction

max

min
(1)

d
d

Γ = ,N

N
diameter,chamber

,chamber

,chamber

max

min
(2)

where Nmax and Nmin are, respectively, the last and the
first chamber of the neck. It was not possible to measure
these trap variables based on microCT scans of fresh
plant material due to the poor contrast between the trap
tissue and lumen. We therefore measured changes in trap
diameter based on a microCT reconstruction of the sili-
cone casts.

Chamber line element (CLE)

The chamber line element (CLE) represented the length of
the chamber edge as observed in necks cut longitudinally in
radial plane (Figure 2, orange). In addition to the diameter,
this variable was used to estimate the chamber size.

To measure CLE, SEM pictures of ultrasonically cleaned,
longitudinally cut necks (n= 3) were evaluated with ImageJ V
1.50e (National Institutes of Health, Baltimore, MD, USA). For
each chamber, all four edges where measured and plotted as
mean value with standard deviation against the chamber
number. For a few chambers (n= 13, of 90 total), less than four
values could be obtained due to sample deformation.

Retrorse hair length (L) and hair‐length gradient
in the neck

The length L of a retrorse hair was defined here as the sum of
the lengths of its middle cells and terminal cell. Actually, the
basal cell also belongs to the retrorse hair, but only the middle
and terminal cells protrude into the lumen and were relevant
for the hydraulic properties investigated later. For curved hairs,
we followed the curvature during length measurements, not
the projection in the plane. The distance Δx between two rows
of hairs was defined as the distance from the first middle cells
of the first row to the middle cells of the neighboring row.

To check for a possible correlation between hair length and
its position X in the neck (relative distance from the vesicle, as
shown in Figures 1 and 2), the hairs in the neck of five traps
(from one individual plant) were evaluated based on SEM
images. For evaluation, 10 randomly chosen hairs of the trap
center of each row of hair N and neck were measured with
ImageJ. Based on the data obtained, we calculated the medians,
minima, maxima, and interquartile areas from all rows.

To evaluate the position of the row of hairs in the ve-
sicle, the distance ΔxN

x x xΔ = −N N N−1 (3)

between all hair rows was measured and summed to
obtain XN.

∑X x= ΔN
N

i
N

=1
+1 (4)

All calculations were performed with the program Li-
breOfficeCalc V 5.3.1.2 (The Document Foundation, Berlin,
Germany).

F IGURE 2 Schematic drawing of morphological and anatomical features in a radial section of the trap system in Genlisea hispidula (vesicle and neck),
highlighting the variables measured: position X along the neck (representing the distance from the vesicle on the left), length L (white double arrow) of the
retrorse hairs (black) minus the length of the basal cell, chamber line element CLE (orange), maximum inner trap diameter (dchamber), constriction diameter
(dconstriction), gland types within the neck (quadrifids = green, defining the shorter proximal neck; bifids = blue, defining the longer distal neck). For
completeness, some 8‐celled quadrifids (=yellow) are shown in the vesicle
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For all traps, the median hair length per row Lmedian,N

was plotted against the row number N and against the re-
lative distance XN from the vesicle. A linear regression was
performed for each trap separately and for the pooled data
set. The factor of increase in hair length ΓHair length within a
trap neck was determined as the quotient from the medians
of the highest and lowest row numbers:

N
N

Γ =Hair length
max,median

min,median
(5)

Finally, the hair length gradient G was calculated.

G
L L

x
=

−
N

max,median min,median
(6)

The data collected were evaluated for each trap with the
program IBM SPSS Statistics V 21.0 (IBM, Armonk, NY,
USA). Normal distribution of hair length L was tested using
a Shapiro‐Wilk test. The correlation between the hair length
L and the relative distance X from the vesicle was then
determined with Spearman's test for non‐normally dis-
tributed data. The statistical evaluation was repeated for the
pooled data set including values of all traps.

Gland pattern along the neck

The gland distribution pattern along the neck was evaluated
based on SEM images, including three traps (one each from
three individuals). For each chamber in the neck (the lowest
chamber number being 2 for the chamber following the
vesicle, see Figure 2), we counted all glands and the number
of each gland type (quadrifids, modified quadrifids, and
bifids). Total values and percentage values were plotted
against the chamber number within the neck.

Hydraulic conductivity (KS) of neck segments

Hydraulic conductivity KS (g·s−1 · cm−1 · MPa−1) has its
origin in anatomical studies of wood and is defined as the
mass m of a fluid which, per unit time t, covers the distance
l in a tube with a cross‐sectional area A, driven by the
pressure difference pΔ :

K m
t

l
p A

= ∙
Δ ∙

.S (7)

We calculated hydraulic conductivity using variables
measured or calculated for individual rhizophylls
(Equation 7, Appendix S7). The gravimetric approach of
Sperry et al. (1988) was used in a slightly modified form
(Appendix S8) to measure the flow rate F.

F m
t

= (8)

The necks were inserted into a pipette tip, irreversibly fixed with
Loctite 408 and Loctite 713 (glue and accelerator, Henkel,
Düsseldorf, Germany) and sealed with parafilm. The tubing
system was filled with (non‐degassed) demineralized water and
clamped in a stand. The system consisted of a water reservoir at
an elevated position, a tube with a three‐way stopcock, and the
vertically oriented sample connected to it (Appendix S8A). The
sample (Appendix S8B) was positioned above a collecting
beaker, which sat on a precision balance. The sample touched
the glass wall during the measurement process so that the water
continuously drained from the wall. The air of the container
was saturated with water vapor and sealed so that no water
evaporated after passing through the sample. By placing the
reservoir above the sample, a water column of height
h= 28.5 cm was generated, resulting in a pressure difference
Δp= 2.8 kPa between its highest and lowest points, calculated as

p ρghΔ = , (9)

where the density of demineralized water ρ = 0.998g cmwater
−1

at T = 20° and the gravitational constant g = 9.804 s/m2

After the three‐way stopcock was opened, water was
forced through the sample, and the outflow was collected in
the beaker, while its mass was continuously monitored by
the balance. The gravitational pressure was kept constant by
manual refilling of the reservoir. The mass data were au-
tomatically saved every 10 s in an Excel macro and con-
verted to flow rate values. We recorded only the last 3 to
10 min to avoid flow obstruction by particles during the first
minutes. Within this time slot, we only used “stable”
hydraulic measurements, where stable means a coefficient
of variance <0.05 for four consecutive values.

The length Lneck of the neck segments was measured
from stereomicrographs (Zeiss AXIO Zoom V16). The
radius r of the same samples was measured from cross
sections of the neck at the minimum radius rconstriction
(Zeiss AXIO Zoom V16), after flow rates were measured.
Values of rconstriction did not vary greatly with its position
in the neck, as shown in the experiment to measure the
inner neck diameters, so we made several cross sections
per sample, and the one with the smallest inner diameter
was used for rmin to calculate the cross‐sectional area
A πr= 2. To calculate the pressure difference pΔ according
to Equation 9, the height of the water column h above the
sample was measured with a ruler.

KS of the neck was determined in both directions, with
forward flow from the trap mouth to the vesicle (+,
n = 7rhizophyll ), and reverse flow in the opposite direction
( n−, = 5rhizophyll ). As the glue fixation was permanent, dif-
ferent samples were used to measure flow in opposite
directions.

Additionally, the theoretical flow rate Ftheor. and the theo-
retical hydraulic conductivity KS,theor.

(+) were calculated based on
the experimentally measured variables for forward flow
( p rΔ ,average min,average, and Lneck,average) according to the

Hagen–Poiseuille equation.
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V
π p r

ηL
˙ =

Δ

8
in m saverage min,average

4

neck,average

3 −1 (10)

⋅F Vρ= ˙ 10  in mg stheor.
6 −1

(11)

⋅

⋅ ⋅
⋅K

F L
p π r

=
Δ

10 in mg·s ·

cm ·MPa ,

s,theor.
(+) theor. neck,average

average min,average
2

8 −1

−1 −1

(12)

where pΔ = 2.79 ± 0.02kPa,average r = 2.11 ± 25 μmmin,average,

and L = 1.3 ± 0.3 cmneck,average as the middle values with
standard deviation, η is the dynamic viscosity of the water
(0.952 mPa·s at T = 20°C).

Data were statistically analyzed with the program Sig-
maPlot 13.0 (Systat Software, San Jose, CA, USA). The KS‐
values for each flow direction were tested for normal dis-
tribution using the Shapiro–Wilk test. The homogeneity of
the variance was checked using the Brown–Forsythe test. A
t‐test was conducted for independent samples to assess the
significance of the differences between the forward and re-
verse flow direction.

RESULTS

Qualitative functional, morphological, and
anatomical observations

Trap content

Most vesicles of the cultivated plants contained organic
matter of different origin, i.e., detritus and prey. Organic
material, comprising prey remains, was found also in the
proximal part of the neck and typically agglomerated be-
hind the retrorse hairs. Living prey could often be observed
inside the vesicle and the proximal neck, occasionally
moving also in the opposite direction of the retrorse hair
orientation (Appendix S9).

Furthermore, self‐immobile particles were frequently
encountered inside the entire trap lumen, mostly soil par-
ticles, but a few traps also had single pollen grains with
typical Lentibulariaceae pollen morphology (possibly Gen-
lisea pollen, cf. Fromm‐Trinta, 1981; Fleischmann, 2012;
Appendix S10).

Inner neck morphology and histology

The internal structure is relevant for understanding hy-
drodynamic processes inside the rhizophylls. The micro-
casting method captured the 3D structure of the trap lumen
as a negative cast without hairs (Figure 3).

The silicone replicas showed slight deviations from the
original structure because the hairs were pressed against
the inner epidermis during silicone impregnation. Thus, the

silicone models looked like trap interiors without protrud-
ing hairs (Figure 3A). Nevertheless, two observations must
be emphasized regarding the shape of the inner neck. First,
the shape of the neck template showed a ratchet‐like
structure with spatially repeating elements, characterized by
the trap chambers and constrictions (Figure 3A, B). Second,
a slight structural gradient along the whole length of the
neck was visible regarding hair length, chamber length, and
gland pattern. These gradients were investigated quantita-
tively below.

Retrorse hairs of the distal neck were pustulate. Staining
with toluidine blue indicated a locally thickened cell wall
(Appendix S11).

The intact inner and outer epidermis were not stained with
toluidine blue (Appendix S3A), while the dye stained glands
and the inner tissue that was cut open (Appendix S3A, B, D–F),
which was also observed by Płachno et al. (2005).

Quantitative morphology, anatomy and
hydraulic properties of the neck

Inner neck diameters (dconstriction and dchamber)

While dchamber increased along the neck from the vesicle
toward the Y‐fork of the trap mouth (increase factor
Γ = 1.4diameter,chamber ), dconstriction increased only marginally
(Γ = 1.1diameter,constriction ) (Figure 4; Appendix S12). The fairly
constant values of dconstriction within the neck facilitated the
determination of our hydraulic conductivity measurements
because rmin of the neck segment studied could be obtained
based on several positions.

Chamber line element (CLE)

In all three cases, the chamber line element CLE (Figure 2)
increased along the neck with increasing chamber number
N (Figure 5), meaning that the inner chamber surface area
becomes larger farther from the vesicle, i.e., toward the trap
mouth (see also Lloyd, 1942). For neck 3, the CLE clearly
decreased after reaching a maximum.

Retrorse hair length (L) and hair length gradient
in the neck

All traps showed a distinct and positive gradient in hair
length; the length of the retrorse hairs increased toward the
trap mouth. This correlation was visualized by plotting
LN ,median against the chamber number (Appendix S13) and
the real, relative distance X from the vesicle (Figure 6).

The hair lengths Li=1−10 for each chamber N (Nmax = 39)
and trap (ntrap = 5), and the pooled hair lengths Li = 150 per
row were not always normally distributed. Therefore,
Spearman's correlation analysis for non‐normally dis-
tributed data was used.
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F IGURE 3 Negative silicone cast of a Genlisea hispidula rhizophyll (vesicle and neck; A, B: stereomicrographs; C: scanning electron micrograph. (A)
The cast reveals that the trap water body terminates with the vesicle and that the trap interior of the neck looks ratchet‐like, consisting of periodically
repeating elements (chambers) separated by constrictions. A slight morphological gradient with regard to the chamber size along the neck is visible. (B, C)
The neck region in detail, with quadrifid glands, hairs, and constrictions of the cast corresponding to the basal cells of the trap hairs

STRUCTURAL–FUNCTIONAL GRADIENTS IN GENLISEA TRAPS | 2363



The hair length medians (LN median, ) of the individual
chambers N correlated significantly and positively with the
relative distances (from the vesicle) in the neck for all traps and
for the pooled data at the level of 0.01 (Spearman's correlation
coefficient ρ: trap 1 = 0.814, trap 2 = 0.770, trap 3 = 0.760, trap
4 = 0.773, trap 5 = 0.728, pooled data = 0.787; P = 0.01). Spear-
man's ρ= 1 corresponds to a correlation of 100%. The hair
length median LN ,median of a standardized G. hispidula trap
was thus 78.7% defined by its position. Lmedian increased by
a factor of Γ= 3.7 ± 1.1 with L = 92 ± 11μmmin,median
(median ± SE; range: 76.6–120.4 µm) and L =max,median
329 ± 19μm (median ± SE; range: 322.5–402.9 µm).

Gland pattern along the neck

While the spherical glands (Appendix S5C) on the outer
trap surface were homogeneously distributed (Appendix
S1, S3), the gland types within the neck showed an in-
homogeneous pattern. For all three traps investigated,
glands with four terminal cells (i.e., quadrifids, Appendix
S5B, left) were found sparsely distributed in the first third of
the neck (Figure 1A) and abundantly in the vesicle
(Figure 1B, Appendix S4), where they mainly accumulated
near the two vascular bundles. Singular glands with eight
terminal cells occurred in the vesicle together with the
quadrifid glands. One singular gland with eight terminal
cells was observed in the first neck chamber of trap 1. In the
last two thirds of the neck only bifid glands (Figure 1C,
Appendix S5B, right) were observed.

Also, in a short chamber series (n = 4–8) of all traps,
quadrifid and bifid gland types occurred together. This
transition pattern becomes strikingly visible in Figure 7,
where the gland number is plotted against the chamber
number N, with 100% being the total gland number of each
chamber. Moreover, detailed information incorporating
total numbers of the glands (as counted) can be seen in
Appendix S14. Besides the opposite gradients of bifids and
quadrifids, the total number of glands hardly changed.

Linking this finding to the result of chamber diameter
and CLE, which were both positively correlated with the
distance to the vesicle, suggested that gland density was
decreasing along the neck.

Hydraulic conductivity (KS) of neck segments

The average flow rate of neck segments for the direction
from the trap mouth towards the vesicle was

F = 25.3 ± 0.7 mg saverage
(+) −1

and for the opposite direction was

F IGURE 4 Plot of the chamber diameters at the widest and narrowest region (dchamber and dconstriction) against chamber numberN for a trap of Genlisea hispidula

FIGURE 5 Chamber line element CLE in the neck of three traps of
Genlisea hispidula. In all cases, CLE tended to increase with distance from
the vesicle, but for trap 3, CLE clearly decreased after reaching a maximum.
At least for trap 1 and trap 2, Nmax values are in a similar range, despite
different neck lengths. Consequently, with neck 2 being shorter than neck
1, the slope of CLE is steeper in neck 2 than 1. For values marked with a
blue star, only a reduced sample size was available due to sample
deformation
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F = 2.5 ± 0.1mg/s .average
(−) −1

These flow rates corresponded to the average hydraulic
conductivity (KS) for forward flow

K = 8100 ± 2600g · s · cm · MPaS
(+) −1 −1 −1

and backwards flow

K g= 800 ± 400 · s · cm · MPa .S
(−) −1 −1 −1

The results were shown in Figure 8, which clearly illu-
strated that water could be transported much more effi-
ciently from the trap mouth toward the vesicle (“natural
prey direction”), and the hydraulic resistance for reversed
flow against the orientation of the hairs was significantly
higher.

A t‐test for independent samples was carried out with the
values of hydraulic conductivity for forward and backward flow.
The statistical analysis showed a significant difference
(P= 0.000116) between the values for forward flow (n = 7;
MV = 8100g · s · cm · MPa−1 −1 −1; SD = 2600g · s · cm ·−1 −1

MPa−1) and reversed flow (n = 5; MV = 800g·s ·cm ·MPa−1 −1 −1;
SD = 400g·s ·cm ·MPa−1 −1 −1); in the t‐test for mean equality,
t= 6.097; df = 10; P < 0.001; Brown–Forsythe: P= 0.081. The
results highlighted that the internal trap structure had a strong
impact on the flow properties, providing much less hydraulic

resistance in the natural prey intake direction than in the op-
posite direction.

The theoretical hydraulic conductivity in the direction
of the hair orientation KS,theor.

(+) was roughly estimated from
Equation 10–12 and the experimentally obtained mean
rmin = 211 ± 23 µm.

K g= 58,000 · s ·cm ·MPaS,theor.
(+) −1 −1 −1

This value represented an increase of a factor about 7.1
compared to Faverage

(+) and corresponded to the theoretical

flow rate F = 180 mg stheoretical
(+) −1.

DISCUSSION

An eel‐trap structure with several structural
gradients

Eel‐trap‐like structures evolved convergently in the plant
kingdom several times: the leaves of the carnivorous parrot
pitcher plant (Sarracenia psittacina) (Lloyd, 1942;
Cheek, 1988) and the inflorescences of certain kettle trap
flowers like Aristolochia, Arum, and Ceropegia (Knoll, 1926;
Oelschlägel et al., 2009) present structurally analogous

F IGURE 6 Plot of the hair length median Lmedian (µm) within the neck of Genlisea hispidula against the relative distance X (µm) from the vesicle. Linear
regressions: trap 1, f(x) = 0.0211x + 90, R2 = 0.928; trap 2, f(x) = 0.0138x + 112, R2 = 0.902; trap 3, f(x) = 0.015x + 128, R2 = 0.865; trap 4, f(x) = 0.020x + 106,
R2 = 0.738; trap 5, f(x) = 0.0175x + 128, R2 = 0.806. Pooled data: f(x) = 0.0160x + 118, R2 = 0.824. SEM images above the plot illustrate the hair length gradient.
Scale bars = 300 µm
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organs that retain trapped animals either for digestion or for
pollination. In Genlisea, however, the traps studied here
grow underground and display a more sophisticated seg-
mentation, bearing chambers within the neck as spatially
repetitive elements (Figure 3) and gradients of hair length
(Figure 6), inner surface area (Figure 5), gland types
(Figure 7), and gland density.

The pathway for self‐mobile prey inside the Genlisea
trap is unidirectional from the trap mouth toward the ve-
sicle (digestive chamber), with the primary function of the
retrorse hairs to prevent backward movement of prey
(Darwin, 1875; Lloyd, 1942; Juniper et al., 1989; Reut, 1993;
Fleischmann, 2012). Our measurements of hydraulic con-
ductivity (KS) in neck segments show that the mechanical
resistance also applies to a rheological level, so significantly
less force is needed to drive the same volume flow from the
trap mouth toward the vesicle than in the opposite direction
(Figure 8). Most likely, the difference in flow resistance is

mainly caused by the retrorse hairs. However, the mea-
surement conditions were artificial in two ways: on the one
hand, an open system was used, and on the other hand, an
external drive for the water flow was used, neither of which
has an analogy in the natural system. Hence, the absolute
values measured should be interpreted carefully. Never-
theless, the setting allows us to conclude that a direction‐
related difference in flow resistance would also exist in the
case of a hypothetical flow under natural conditions.

Since flow experiments are often associated or even
misinterpreted as capillary rise, we point out that capillary
effects generally only occur at gas–liquid–solid interfaces,
which do not occur in the natural trap system, because most
Genlisea species grow in waterlogged soil. Hence, capillary
rise would not be involved in the trapping mechanism due
to basic physical reasons. In addition, the system walls must
be hydrophilic for a capillary rise. Since the inner surface of
the necks is homologous to the leaf epidermis and did not

F IGURE 7 Gland distribution within three necks of Genlisea hispidula. One hundred percent equals the sum over all glands per chamber,
independently of the gland type. The 100% was calculated for each chamber and does not mean that each chamber has the same absolute number of glands.
Both gland types occurred together only across a narrow range of chambers
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stain with toluidine, the surface is likely a hydrophobic
cuticle. So, the capillary action would not be supported even
in the case of an existing interface.

Retrorse hair gradient

According to previous reports, there are slight differences in
shape and length between retrorse hairs of the proximal
neck, distal neck, and lateral arms between different species
and even within a species (Fromm‐Trinta, 1981; Reut, 1993;
Fleischmann, 2012). Our results show that the hair length L
is significantly correlated with the position of the respective
hair inside the neck (confirming prior qualitative observa-
tions, e.g., Lloyd, 1942; Reut, 1993). In Genlisea hispidula,
the hairs of the proximal neck part near the vesicle are
shorter than those from the distal neck at the trap mouth
entrance, increasing by a factor of 3.7 ± 1.1 on average. Our
quantitative results agree with qualitative observations of
existing literature (Lloyd, 1942; Fromm‐Trinta, 1981;
Reut, 1993), but we can only speculate about the primary
function of this gradient. However, it is obvious that espe-
cially in the vicinity of the trap opening, an investment in

long hairs could be beneficial to prevent the escape of prey
that has only just been caught. Retrorse hairs of the distal
neck were pustulate, confirming the observations for
G. hispidula from Reut (1993) and Fleischmann (2012).
Staining with toluidine blue indicated a locally thickened
cell wall (Appendix S11). A function is still unknown, but
we speculate that the symmetrically arranged structures
provide lateral stabilization of long hairs, by which the
movement of both hairs and prey could be restricted. The
mechanical retention force against escaping prey decreases
with decreasing length (Lloyd, 1942; Reut, 1993). Based on
our observations of decapitated traps, large prey found in
the proximal neck of detached rhizophylls can indeed also
move in the opposite direction toward the trap mouth
(Appendix S9). However, physiological processes of de-
capitated traps may have changed after cutting these from a
plant.

The theoretical flow rate Ftheor. equals the upper limit of
the flow rate that can be achieved in tubes of the same
radius as the neck. Comparisons between Ftheor. = 180 mg/s
and the average measured flow rate (F(+) = 25.3 ± 0.7 mg/s)
shows that the flow rate of the samples is seven times lower,
suggesting that the inner trap geometry and potentially,
chemistry also adversely affect matter moving along the trap
hairs. These results indicate that the retrorse hairs and other
characteristics of the inner trap lumen have an influence on
bulk transport from the trap mouth towards the vesicle.

The ends of longer hairs in the distal neck were found to
protrude into the trap interior. This protrusion is notably
prominent in South American species of Genlisea section
Genlisea (Fromm‐Trinta, 1981; Fleischmann, 2012). An
analogous “protrusion” of structures into flow channels has
been described in water‐conducting vessels of angiosperms
(Christman and Sperry, 2010). Species with scalariform
perforation plates (i.e., plates with slit‐like openings be-
tween two vessel elements) appear to provide twice as much
hydraulic resistance as species with simple perforation
plates, which have single, oval to circular openings. It is
assumed that the evolutionary transition from scalariform
to simple perforation plates was selected by lowering the
hydraulic resistance (Christman and Sperry, 2010). Simi-
larly, the reduced retrorse hair length near the vesicle could
be interpreted as a reduction in hydraulic resistance in di-
rection toward the digestive chamber. Possibly, the hair
length gradient represents a trade‐off between retention
function and reduction in hydraulic resistance.

To test the predicted influence of varying hair lengths,
further research based on flow simulations and experi-
mental work with an upscaled three‐dimensional model
would be useful.

The effectivity of the eel‐trap function depends not only
on the hair length, but also on the size and mobility of the
prey. As already discussed, large prey can move against the
retrorse hairs. The motion caused by larger prey has also
been hypothesized to induce the movement of otherwise
immobile objects inside the Genlisea trap (Studnička, 1996;
Adamec, 2003).

F IGURE 8 Hydraulic conductivity (KS) of demineralized water in
neck sections of Genlisea hispidula, determined by a modified Sperry
method at driving pressure difference Δp = 2.8 kPa. In the direction from
the trap mouth toward the vesicle (indicated by “+”, light gray boxplot;
n = 7) KS is approximately 10 times larger than in the opposite direction
(indicated by “−”, dark‐gray boxplot; n = 5). The result is highly significant
(P < 0.001)
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Prey with dimensions much lower than the inner dia-
meter of the trap (such as nematodes) are most likely also
less affected than middle‐sized prey by the eel‐trap function
(A. Fleischmann, personal observation).

Herringer et al. (2017) described the structure of a hy-
drodynamic drift ratchet, which greatly resembles the highly
repetitive inner structure of the neck, as observed in our
silicone casts, which favors rectilinear “drift” of particles
with diffusivity and interaction with the wall as a result of
oscillating flow. Whether or not the trap morphology has
evolved toward a similar function could also be a subject for
future studies on simulations with 3D trap models.

Gland pattern and digestive activity

In the neck, a gradual decrease of quadrifid gland numbers
was demonstrated quantitatively, as mentioned by Adamec
(2003), Studnička (2003), and Fleischmann (2012). These
cells are digestive glands that constantly secrete hydrolytic
digestive enzymes and absorb nutrients from digested prey
(Płachno et al., 2005). Fleischmann (2012) suggested that
the accumulation of this gland type in the vesicle results in a
beneficially high concentration of digestive enzymes.
Quadrifid glands and animal remnants were also found in
the first third of the neck, indicating an extension of the
“functional” digestive chamber.

With increasing distance from the vesicle, the quadrifid
glands are gradually replaced by bifid glands. Their function
is not yet known, but there are speculations that the glands
may be related to controlled water flow, similar to the bifids
in Utricularia (Lloyd, 1942; Studnička, 2003). Again, further
experiments are needed to test this hypothesis.

The total number of glands per chamber does not
change remarkably over the entire neck, but the internal
trap surface area tended to increase toward the trap mouth
(see also Lloyd, 1942), so it can be assumed that the density
of glands decreases from the vesicle to the entrance.

Strongly associated with the digestive activity of the
quadrifid glands is the presence of osmotically active sub-
stances. Considering that digestive enzymes would be con-
tinuously released in the upper trap part (Płachno
et al., 2007), and that these would be osmotically active, it
seems possible that an osmotic gradient does exist, at least
in traps with filled vesicles. Further experiments on osmotic
effects should be done, especially since Studnička (2003) was
able to show in his experiments on detached Genlisea rhi-
zophylls that dye did not diffuse freely and that dye directly
injected into the vesicle did not run out of it (Adamec, 2003;
Studnička, 2003).

Our findings do not allow conclusions whether or not the
trap mechanism involves a water flow as a driving force for
particle movement. Earlier analyses of the putative water flow
inside Genlisea traps were performed on traps detached from
living plants, which could have caused physiological artifacts
or malfunctioning (Studnička, 2003; Fleischmann, 2012).
Therefore, adequate in‐vivo experiments with intact plants

under optimal conditions would be indispensable to under-
stand the potential mechanisms of water uptake by the traps.

CONCLUSIONS

In conclusion, our data revealed that (1) traps of Genlisea
hispidula possess a hydrodynamic anisotropy so that less
driving force is needed to cause a liquid to move into the
direction of the digestive tract and that (2) two clear,
structural gradients are found within the neck region (a
gradient in hair length and in gland distribution). We
suggest that this pattern is a trade‐off between prevention of
prey escape and efficient digestion. It is unknown if the eel
traps of Genlisea are able to generate actively a water flow or
not. The data presented here provide a structural basis for
further studies on the trap mechanism.
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online version of the article at the publisher’s website.

Appendix S1. Scanning electron micrographs of trap arms
of Genlisea hispidula rhizophylls.

Appendix S2. Micrographs of trap arms of Genlisea hispi-
dula rhizophylls (toluidine blue stained, Technovit em-
bedded, 10 μm thick sections, light micrographs).

Appendix S3. Micrographs of trap mouth and neck of
Genlisea hispidula rhizophylls.

Appendix S4. Micrographs of vesicle of a Genlisea hispi-
dula trap.

Appendix S5. Scanning electron micrographs of gland types
from traps of Genlisea hispidula.

Appendix S6. Dehydration series with 2‐propanol for
Technovit embedding.

Appendix S7. Variables measured or calculated to de-
termine the hydraulic conductivity of neck segments of
Genlisea hispidula.

Appendix S8. Experimental setup for hydraulic con-
ductivity calculation in Genlisea hispidula rhizophylls,
slightly modified from that of Sperry et. al. (1988).

Appendix S9. Time‐lapse image recording of moving prey
in detached traps of Genlisea hispidula.

Appendix S10. Scanning electron micrographs of pollen
grains inside Genlisea hispidula traps.

Appendix S11. Micrographs of pustulated retrorse hairs
inside Genlisea hispidula necks, near the trap mouth.

Appendix 12. Increasing factor Γ of the minimum and
maximum trap inner diameters (dconstriction and dchamber)
within the neck of Genlisea hispidula.

Appendix 13. Plot of median hair length Lmedian with cor-
responding minima, maxima, and interquartile ranges
against the increasing chamber number N for neck seg-
ments of Genlisea hispidula.

Appendix 14. Gland distribution pattern within necks of
Genlisea hispidula in absolute values.
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