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* Background and Aims The processes connected with prey capture and the early consumption of prey by car-
nivorous Dionaea muscipula require high amounts of energy. The aim of the present study was to identify pro-
cesses involved in flytrap energy provision and ATP homeostasis under these conditions.

e Methods We determined photosynthetic CO, uptake and chlorophyll fluorescence as well as the dynamics of
ATP contents in the snap traps upon closure with and without prey.

* Key Results The results indicate that upon prey capture, a transient switch from linear to cyclic electron trans-
port mediates a support of ATP homeostasis. Beyond 4 h after prey capture, prey resources contribute to the traps’
ATP pool and, 24 h after prey capture, export of prey-derived resources to other plant organs may become prefer-

ential and causes a decline in ATP contents.

* Conclusions Apparently, the energy demand of the flytrap for prey digestion and nutrient mining builds on both

internal and prey-derived resources.

Key words: ATP homeostasis, chlorophyll a fluorescence, Dionaea muscipula (Venus flytrap), electron transport,

plant carnivory, photosynthesis, respiration.

INTRODUCTION

The Venus flytrap (Dionaea muscipula) grows natively in the
swamp lands of North and South Carolina. This natural habitat
is sunny and moist, but limited in soil-derived nutrients for
plant growth and development (Roberts and Oosting, 1958;
Brewer et al., 2011). However, occasional fires lead to short
periods with increased nitrogen (N) availability (Adamec,
1997; Schulze et al., 2001; Ellison, 2006). In the course of
evolution, these unfavourable conditions for nutrient acqui-
sition by the roots led to the transformation of leaves to ac-
tive capture organs in D. muscipula (Adlassnig et al., 2005).
Thereby leaves adapted functions of the roots (Bemm et al.,
2016; Hedrich and Neher, 2018). Traps were equipped to take
up and store nutrients from captured prey (Kruse ef al., 2017)
and even act as carbon sinks for organic carbon acquired from
the roots (Gao et al., 2015). As a consequence of the leaf taking
over root functions, D. muscipula developed a reduced root
system with 4—-8 unbranched roots (Smith, 1931). Still Dionaea
roots show surprisingly large constituent N uptake capacities,
probably an adaption to irregular nutrient availability in the
soil upon natural fires (Roberts and Oosting, 1958; Gao et al.,

2015). These adaptations helped Dionaea to overcome limita-
tions by the nutrient-poor soil and provided advantages over
non-carnivorous plants (Ellison, 2006; Kruse et al., 2014).
Also in other plant species, leaves took over the functions of
the roots. For example, Bromeliaceae developed leaf trichomes,
which are able to absorb water and nutrients (Benzing, 2000).
Tank-type, epiphytic Bromeliaceae grow in the canopy of tropical
trees under nutrient-poor conditions (Lasso and Ackerman, 2013)
and use detritus, which is falling into their tanks, for mineral nu-
trition. There are also some proto-carnivorous bromeliads which
are able to use spider faeces or insects as an additional N source
(Nishi et al., 2013). Due to only occasional nutrient input, nutri-
ents are taken up quickly, while excess N is stored in the form of
amino acids in the leaves to support future plant growth and de-
velopment (Benzing et al., 1976; Takahashi and Mercier, 2011).
Similarly, Dionaea quickly digests its prey, thereby providing N
for immediate use, and stores excess N for future needs (Kruse et
al.,2017). In addition, during and after prey capture, D. muscipula
reduce carbon autotrophy through photosynthetic CO, fixation
(Pavlovi€ et al., 2010; Kruse et al., 2014) and use prey as an add-
itional energy source through respiratory amino acid degradation
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(Fasbender et al., 2017). The rates of photosynthesis of Dionaea
snap traps are not only low during prey capture and digestion, but
in general are weak compared with non-carnivorous plant species
(Bruzzese et al., 2010; Ellison and Adamec, 2011).

This is also observed for mycoheterotrophs (Graham et
al.,2017) and hemiparasitic mistletoes that gain amino com-
pounds (Escher et al., 2004a) and carbohydrates (Escher et
al., 2004b) from the xylem sap of the host and, consequently,
downregulate photosynthetic CO, fixation of their leaves.
These changes of photosynthetic activity result in degraded
plastomes with decreasing dependence on photosynthesis
(Petersen et al., 2015; Shin and Lee, 2018). Similar patterns
were seen in carnivorous Lentibulariaceae (Wicke et al.,
2014), Droseraceae and D. muscipula (Nevill et al., 2019).
On the other hand, low photosynthetic rates of the traps of
Dionaea constitute a trade-off between general photosyn-
thetic activity required in addition to carbohydrate acqui-
sition from prey and the use of photosynthetic carbon and
energy for nutrient acquisition from prey capture (Ellison
and Adamec, 2011). The functional changes of Dionaea traps
upon prey capture are accompanied by changes in energy
requirements. Touching trigger hairs of the Venus flytrap’s
leaf generates electrical signals (action potentials), which
require energy (Volkov et al., 2008). After an insect elicits
two action potentials within 20 s, the trap closes within a
fraction of a second (Escalante-Pérez ef al., 2014), resulting
in high ATP consumption (Jaffe, 1973) with the H* ATPase
upregulated to repolarize the trap membrane potential after
depolarization following trigger hair mechanical stimulation
(Hedrich and Neher, 2018). Considerable amounts of en-
ergy are subsequently required for expression of hydrolases
(Bemm et al., 2016; Scherzer et al., 2017) and transporters
(Scherzer et al., 2013, 2015; Bohm et al., 2016) as well as
prey digestion plus mineral nutrient and carbohydrate acqui-
sition from prey (Kruse et al., 2014,; 2017; Fasbender et al.,
2017). Finally, energy is required to open the trap and to ob-
tain turgor pressure and hydrodynamic flow for subsequent
trap closure (Volkov et al., 2012).

In the present study, we aimed to elucidate the role of
photosynthesis for energy production upon closure of the
snap traps and the early phase of prey consumption. In order
to show energy production in the immediate response to trap
closure, we simultaneously measured in vivo photosynthetic
electron transport. Photosystem II (PSII) electron transport
was monitored via fast fluorescence rise kinetics of prompt
chlorophyll (Chl) a fluorescence (PF) and that of PSI via
modulated 820 nm reflection (MR). Reflection changes at 820
nm provide information of the redox states of plastocyanin
and P700. In addition, we monitored photosynthetic CO, up-
take and changes in energy/ATP contents in response to trap
closure. We hypothesized that D. muscipula switches from
linear to cyclic electron transport as a strategy of additional
energy production to increase ATP formation and to main-
tain energy homeostasis. The expression and upregulation
of transporters and the transport of prey-derived resources
itself are energy-intensive processes which consume ATP.
Therefore, we hypothesized that ATP contents differ particu-
larly in the midribs of fed and unfed traps. We further hy-
pothesized that transiently prey-derived energy also supports
ATP homeostasis of the traps.
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MATERIALS AND METHODS

Plant material and the feeding experiment

Dionaea muscipula Ellis plants were obtained from a commer-
cial supplier, raised in a glasshouse at 24 + 4 °C and nourished
with a slow-release fertilizer. After 3—4 months, plants were
transferred to 350 cm?® plastic pots containing nutrient-poor
peat substrate. During experiments, Dionaea plants were grown
in controlled-climate chambers with day/night cycles of 16/8
h, at 23/16 °C, 65 % relative humidity and 150 pmol photons
m~ s~!. For feeding, traps were supplied with 10 mg of insect
paste together with 25 pL of glutamine (GlIn) solution (0.04 mg
pL!) as previously reported (Kruse ef al., 2014; Fasbender et
al., 2017). For this purpose, the Gln solution was pipetted onto
a round piece of cellulose filter of 6 mm in diameter (Schleicher
& Schuell GmbH, Dassel, Germany), which was covered with
the insect paste. Trichome hairs in the traps were stimulated
mechanically for 10 s (at least ten touches) either without
feeding or after the cellulose filter with the Gln solution and the
insect paste was placed inside the trap. Similar sized traps with
a length of about 25 mm were used for analysis.

Gas exchange and chlorophyll fluorescence measurements

For simultaneous gas exchange and Chl fluorescence meas-
urements, traps were analysed using a portable gas exchange
measuring system GFS-3000 (Heinz Walz GmbH, Effeltrich,
Germany) equipped with an LED-Array/PAM Fluorometer
3033-FL clamped on the standard measuring head (Heinz Walz
GmbH) with an 8 cm? cuvette window area. Before each meas-
urement, traps were dark adapted for 30 min and dark respir-
ation as well as dark-adapted maximum quantum yield of PSII
(F /F ) were determined. The standard conditions for gas ex-
change measurements in the cuvette were: trap temperature
of 25 °C, saturating irradiance of 1500 pmol photons m= s~!
phosynthetically active radiation (PAR), CO, concentration of
400 pL L' and relative air humidity of 65 %. Traps were kept
for 60 min in the light in the cuvette until CO, and H,O vapour
levels stabilized before traps were mechanically triggered with
a fine wire for closure. Gas exchange measurements (data re-
corded every 2 s) and Chl fluorescence measurements (data re-
corded every 10 s) continued for 20 min. The effective quantum
yield of PSII (®, ) and non-photochemical quenching (NPQ)
were determined. The response time for gas exchange measure-
ments has been adapted to Chl a fluorescence measurements.
For calculation of gas exchange rates, projected trap areas were
determined using graph paper and the Image software ImagelJ
(Schneider et al., 2012).

Simultaneous measurements of the kinetics of prompt Chl a
fluorescence (PF) and modulated 820 nm reflection (MR)

Prompt Chl a fluorescence (PF) measurements were con-
ducted by reflective measurements on the outer surface of
dark-adapted (20 min) traps (n = 8) with am M-PEA2 fluor-
imeter (Hansatech Instruments Ltd, King’s Lynn, UK). A
new battery-powered version of the ‘Multifunctional Plant
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Efficiency Analyser’ (M-PEA2) was used for simultaneous
measurements of PF and modulated 820 nm reflection (MR).
The emitter wavelength of a non-modulated light source is 625
nm for the actinic light LED and 820 nm for the modulated light
LED (light source for the modulated reflection). High-quality
optical band pass filters are used for the detectors (PF 730 +
15 nm, and reflection changes at 820 + 20 nm). Measurements
were performed on circular areas of the traps of 2 mm diam-
eter, using Hansatech leaf clips homogeneously illuminated by
actinic light LEDs set to a saturating light intensity of 3500
pumol photons m~2 s~!. The detection of PF was recorded within
seven different time intervals; every 10 ps for the initial fluor-
escence (0-300 ps), every 100 ps (0.3-3 ms), 1 ms (-30 ms),
10 ms (0.03-0.3 s), 100 ms (0.3-3 s), 1 s (3-30 s) and every
10 s (30-300 s). Raw data were transferred and processed
using M-PEA Plus software (Hansatech Instruments Ltd).
Chl a fluorescence induction curves (PF) were normalized to
F, =50 ps. Reflection values of a pulse-modulated light beam
(modulated 820 nm reflection; MR) recorded simultaneously
with the PF, were normalized to MR at 0.7 ms expressed as
MR/MRO (Strasser et al., 2010; Chen et al., 2016; Oukarroum
et al., 2016) using the open source software ‘Libre Office 6
(The Document Foundation, Berlin, Germany). The data were
plotted graphically by using ‘Prism 8 for Mac OS-X’ software
(GraphPad Software Inc., La Jolla, CA, USA).

ATP measurement

ATP content was analysed in complete traps and in cut-out
midribs of the traps. Dionaea traps were snap-frozen in li-
quid N, before midribs were cut out with a scalpel. Complete
traps and frozen midribs were homogenized into powder with
a mortar and pestle. ATP was extracted as described by Yang
et al. (2002). Briefly, 20 mg of the frozen plant material were
treated with 1 mL of distilled water, which was immediately
heated in a boiling water bath for 10 min (Li et al., 2017). The
boiled lysates were centrifuged at 15 000 g for 5 min at 4 °C and
the supernatants were collected for ATP measurements using

487

an ATP assay kit (Calbiochem® Luciferase Luminescence ATP
Assay Kit 119107-1KIT) following the manufacturer’s protocol
(Luminometer: TriStar? LB 942, Berthold Technologies GmbH
& Co. KG, Bad Wildbad, Germany). Dionaea plants were kept
in circadian rhythm (day/night cycles of 16/8 h) for ATP meas-
urements 24, 48 and 72 h after trap closure.

Statistics

‘Prism 8 for Mac OS-X’ software (GraphPad Software Inc.)
was used to determine significant differences of light intensities
reflected in the near infrared at 820 nm (MR), as a probe for PSI
activities. For this purpose, Brown—Forsythe and Welch one-
way analysis of variance (ANOVA) tests (P = 0.05) were per-
formed. Multi-comparison analyses were performed using the
Dunnett’s T3 test. The same statistical methods were used for
analysing Chl a fluorescence induction curves (PF).

One-way ANOVA (P =0.05, a=0.95, Tukey’s post-hoc test)
was used to determine significant differences of ATP contents at
different time points. Normal distribution of the data was tested
using the Shapiro—Wilk test, and the homogeneity of variances
was tested operating the Levene? test (both P = 0.05). The soft-
ware ORIGIN PRO 2019 (OriginLab Corp., Northampton,
MA, USA) was used for statistical analyses of ATP contents.

RESULTS AND DISCUSSION

Carbon assimilation and non-photochemical quenching

Trap closure upon consecutive mechanical stimulation of
trigger hairs resulted in an immediate and rapid decrease in
carbon assimilation (A) in fed and non-fed traps, with a min-
imum of —1.29 £ 0.71 wmol CO, m™ s™' (Fig. 1). This decrease
was transient and carbon assimilation started to increase again
already 30 s after trap closure. It largely recovered within the
first 20 min after triggering, with carbon assimilation values of
1.50 = 0.40 pmol CO, m™ s™', but still was slightly lower than
the initial carbon assimilation level of 1.75 + 0.45 umol CO,
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FIG. 1. Response of carbon assimilation in Dionaea muscipula after stimulation of trigger hairs (¢ = 0) (trap temperature 25 °C, light intensity 1500 pmol m= s™!

PAR, CO, concentration 400 pL L, relative air humidity 65 %). Measurements were conducted using the portable gas exchange measuring system GFS-3000

equipped with an integrated PAM Fluorometer 3033-FL-Module (Walz). Data shown are mean values based on 12 independent measurements of both fed and
non-fed traps (no significant differences between fed and non-fed traps).
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m~ s~'. Carbon assimilation did not change significantly during
the subsequent 24 h (data not shown).

Similar to the carbon assimilation, the effective quantum
yield of PSII (®,,) showed a rapid, but transient decline upon
closure of fed and non-fed traps. However, recovery was slow
compared with carbon assimilation (Fig. 2). As observed for
carbon assimilation, 20 min after trap closure the effective
quantum yield was largely recovered, but was still slightly
lower than initial pre-triggering values. At the same time,
NPQ increased constantly, with the highest values 200 s after
trap stimulation. Passing a maximum, NPQ decreased slowly,
but was still significantly increased 20 min after trap closure
compared with the pre-stimulation phase. Previous studies
performed with cut Dionaea leaves revealed a similar rapid de-
crease of assimilation, but the recovery started already about 10
s after stimulation of the trigger hairs and trap closure (Pavlovi¢
et al., 2010, 2011). Compared with previous studies, <DPSH de-
creased and recovered in a similar pattern (PavloviC et al.,
2010, 2011). In contrast, values of NPQ increased a lot faster
and showed the highest values already 50 s after stimulation.
Compared with this study, NPQ also decreased a lot quicker
after its peak in previous investigations (Pavlovi€ et al., 2011).
However, as for carbon assimilation, previous studies used cut

leaves for NPQ and @, analyses rather than intact plants.

Modulated reflection

To elucidate whether these changes in photosynthetic carbon
assimilation and electron transport are mediated by a transient
switch from linear to cyclic electron transport, a deeper insight
into the physiological state of the photosynthetic electron trans-
port chain was necessary, since the information provided by
calculating PSII fluorescence parameters solely based on two
different measuring points (basal fluorescence F, and max-

0
imum fluorescence F ) is limited. In cyclic electron transport,
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PSI plays a key role (Yamori ef al., 2016). Changes in the redox
state of the PSI reaction centres (P700) and plastocyanin (PC)
were monitored by measurements of modulated reflection (MR)
at 820 nm, a well-established method to monitor PSI activity
(Schreiber et al., 1988; Klughammer and Schreiber, 1998).
This parameter provides information about electron transport
in the photosynthetic electron transport chain between PSII and
PSI (Schansker et al., 2003; Strasser et al., 2010; Salvatori et
al., 2014; Shen et al., 2016). To test PSI activity and the con-
nectivity of the two photosystems of triggered Dionaea traps,
kinetics of the normalized modulated reflection at 820 nm ex-
pressed by the MR/MR ratio were recorded between 0 and 300
s following trap stimulation (Fig. 3 logarithmic time scale). In
the literature, the P700/PC redox mechanism is described as
follows. After the onset of actinic illumination, MR/MR0 nor-
mally decreases (Salvatori et al., 2014). This corresponds to
an increase in the concentration of oxidized states of PSI reac-
tion centres (P700%) and plastocyanin (PC*), until a transitory
steady state is reached (minimal MR/MR ) where oxidation and
re-reduction rates are equal. This initial (fast) phase (from 0.7
to 20 ms) is followed by a slow phase where the increase of the
MR/MR0 ratio indicates P700* and PC* re-reduction, and the
electron flow from PSII leads to an electron flow through PSI,
when electrons arrive from PSII via intersystem electron car-
riers (Strasser et al., 2010; Oukarroum et al., 2016).

In the present study, modulated reflection was measured on
open traps (Fig. 3, green symbols). Only a moderate decrease
of the MR signal was detected in the first 20 ms after exposure
to strong actinic light, indicating a very low increase of oxi-
dized forms of PSI reaction centres and PC. Obviously, most
of the P700 remained in the reduced state. Traps were mech-
anically triggered to close and MR was measured several times
between 1 min and 24 h after trap closure (non-fed traps; Fig.
3A). Closed non-fed traps showed a slightly higher oxidation
rate (expressed as lower MR/MR values), with no significant
changes within the first 20 min after trap closure compared with
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FIG. 2. Response of non-photochemical quenching (NPQ) and effective quantum yield (P

psp) 1N Dionaea muscipula after stimulation of trigger hairs ( = 0) (trap

temperature 25 °C, light intensity 150 pmol m~s™' PAR, CO, concentration 400 pL L™, relative air humidity 65 %). Measurements were conducted using the PAM
Fluorometer 3033-FL-Module of the gas exchange measuring system GFS-3000 (Walz) concurrently with net assimilation measurements (Fig. 1). Data shown are
mean values based on five independent measurements.
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Fi16. 3. Modulated reflection at 820 nm. Kinetics (induction curves) of modulated 820 nm reflection (MR) induced by a 300 s pulse of strong red actinic light (627
nm peak, 3500 pmol photons m™ s7!) in Dionaea muscipula traps dark-adapted for 20 min, measured with M-PEA2 and plotted on a logarithmic time scale from
0 to 300 s. The modulated reflection signals are expressed by the MR/MR ratio, where MR is the value at the onset of the actinic illumination (taken at 0.7 ms,
the first reliable MR measurement). (A) MR/MR| ratio of traps mechanically triggered to close measured within a time period of 24 h after trap closing. Green
circles: t = 0 open traps before triggering. Filled downwards triangles: dark blue 7 = 1 min, light blue # = 20 min, purple # = 4 h, pink # = 9.5 h, red ¢ = 24 h after
trap closing. (B) MR/MR  ratio of traps fed with insect powder and triggered mechanically to close, measured within a time period of 96 h after trap closing. Filled
green circles: = 0 open traps before triggering. Filled squares: dark blue ¢ = 1 min, light blue # = 20 min, purple =4 h, pink t = 9.5 h, red = 24 h, orange r = 48
h, brown ¢ = 72 h and black 7 = 96 h. Data shown are mean values based on eight individual measurements.

open traps (Fig. 3A; Supplementary Data Fig. Sla). All non-
fed traps of Dionaea re-opened within 24-48 h after closure.
For another group of Dionaea plants, 10 mg of insect paste
together with 25 pL of Gln was supplied as bait in addition
to the mechanical stimulus. In contrast to non-fed traps, the
modulated reflection patterns of fed traps were significantly dif-
ferent from open traps already 1 min after trap closure (Fig. 3B;
Supplementary Data Fig. Sla). Traps remained closed beyond
24 h after mechanical stimulation (Fig. 3B) since they were
able to hermetically seal the capture organ and build a ‘green
stomach’, as described in a previous study (Bohm et al., 2016).

In contrast to the transient initial (fast) phase (from 0.7 to 20
ms), after a transitory steady state was reached at about 20 ms,
the kinetics of the normalized modulated reflection at 820 nm of
non-fed traps showed a different pattern compared with the con-
trol during the slow phase (slow phase starts at # >20 ms) (Fig.
3A, B). Measurements of non-fed traps at 4 h (Fig. 3A, purple
triangles), as well as at 9.5 and 24 h after closure (Fig. 3A, pink
and red triangles, respectively), showed a steep increase of the
modulated reflection signal (# >500 ms) compared with open traps
(green circles), but also with closed traps measured 1 min and
20 min after closure (Fig. 3A). Apparently, the redox state of PC
and P700 was shifted towards reduced states under actinic illu-
mination. In fed traps, these shifts towards reduced states in the
slow phase were observed already 20 min after closure (Fig. 3B,
light blue filled squares), an indication of a different physiological
response of fed traps compared with non-fed closed traps. These
changes in the physiological behaviour within the redox state of

PC and P700 upon stimulation point to a shift in ratios between
linear and cyclic electron transport characterized by an enhanced
cyclic electron transport (Walker et al., 2014). Different physio-
logical responses between fed and non-fed traps could be a result
of nutrient and/or carbohydrate uptake from prey. This view is
supported by measurements of N contents in tissues of Dionaea
traps fed with amino acids that showed much higher N contents
than in non-fed traps (Fasbender et al., 2017).

The shape of modulated reflection curves measured at 820
nm in traps of Dionaea differed from measurements con-
ducted with other species (e.g. Strasser ef al., 2010; Shen et
al., 2016; Zhang et al., 2016), as well as results of our own
measurements performed on different plant species [Ipomoea
batatas (L.) LAM. and Nicotiana tabacum L.] grown under
the same conditions as the Dionaea plants used for the experi-
ments (Supplementary Data Fig. S2). During the fast phase
(t <20 ms), a much more pronounced decrease of the signals
was recorded with these species, indicating higher oxidation
rates towards PC* and P700* compared with traps of Dionaea
(Supplementary Data Fig. S2).

Prompt chlorophyll fluorescence

In parallel to measurements of the modulated reflection,
prompt Chl fluorescence signals (PF) were recorded with
the same instrument as for the modulated reflection (Fig. 4).
Induction curves, normalized to the basal fluorescence F| of the
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dark-adapted sample, of measurements conducted 1 min after
trap closure showed a similar shape for open and non-fed traps
and no significant differences at the J-Step, I-Step and also at
the peak (maximum) fluorescence F, (Fig. 4A; Supplementary
Data S1b—d). Twenty minutes after closure, the induction curves
of non-fed traps were similar to those of open controls. In con-
trast to these findings, measurements performed with fed traps
showed highly significant differences 20 min after closure at
the intermediate step of fluorescence (I) and the peak of fluores-
cence (P), a time range of the PSII fluorescence kinetics, where
plastocyanin and P700 are located, but not at the J-Step (Fig.
4B; Supplementary Data Fig. S1b—d). It is generally accepted
that the first phase of the fluorescence transient (O-J) repre-
sents the photochemical processes within PSII, i.e. the gradual
reduction of QA, the primary electron acceptor in PSII (e.g.
Stirbet and Govindjee, 2012). Chl fluorescence signals (PF)
measured on fed traps closed for 4 h were still significantly
lower from I to P (Fig. 4C; Supplementary Data Fig. S1c—d).
Fluorescence induction curves of fed traps closed for 9.5 h and
longer showed no significant differences compared with open
controls (Fig. 4D-F; Supplementary Data Fig. S1b—d). In con-
trast to traps fed with insect powder, no significant differences
in Chl fluorescence induction curves were detected for non-fed
closed traps compared with open controls (Fig. 4A-E).

Many photosynthetic processes influence the kinetics of the
fast Chl a fluorescence rise from origin O to peak P (Stirbet
et al., 2018). Much information is available about the effect
of different stressors on the fluorescence induction curves in
plants, e.g. high light conditions (Lazér, 2006), high temperat-
ures (T6th et al., 2007; Mathur et al., 2011), low temperatures
(Strauss et al., 2007; Gururani et al., 2015), drought (Goltsev
et al., 2012; Meng et al., 2016), salt (Misra et al., 2001), N de-
ficiency (Cetner et al., 2017; Zhao et al., 2017), ozone (Cascio
et al., 2010) and heavy metals (Xue et al., 2014). Despite the
large number of publications, not much information is avail-
able about the Chl fluorescence induction of carnivorous plants.
In two previous publications, fast fluorescence measurements
were performed on D. muscipula. In contrast to the present
study, measured on traps attached to the plants (Fig. 4), only
small effects on the fast Chl a fluorescence transient were ob-
served for detached traps (Pavlovi€ et al., 2011). A second pub-
lication on attached traps was focused on different excitation
light intensities, and measurements right after trap closure re-
corded only small differences in the I-P phase. Effects in the
time range longer than seconds after trap closure were not
measured (Vredenberg and Pavlovi¢, 2013). According to pub-
lications on non-carnivorous plants, PSI activity is related to
the I-P phase (between 30 ms and 1 s) of the fluorescence kin-
etics, parallels the reduction of PC* and P700* (Schansker et
al., 2005), indicates the rate of reduction of ferredoxin (Cascio
et al., 2010) and is considered to constitute a measure for the
size of PSI electron acceptors (Tsimilli-Michael and Strasser,
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2008; Ziveak et al., 2014). The present results show clear dif-
ferences between 2 ms (J) and 30 ms (I) already 20 min after
trap closure, but only for closed traps fed with insect powder.
Closed traps without insect powder showed no difference from
open traps at all. The J-I phase is related to the plastoquinone
pool redox state (Toéth et al., 2007). Since there are large effects
of trap closure in this phase, in fed traps, this result indicates
cyclic electron transport in which plastoquinone is involved
(Allen, 2004).

ATP content of midribs and traps

Cyclic electron flow around PSI occurs to balance the produc-
tion and consumption of ATP, which is needed in particular to
meet the changing energy demands for assimilating N (Walker
et al. 2014). Cyclic electron transport in photosynthesis is re-
quired when the total demand for ATP exceeds the demand for
ATP in basic CO, fixation reactions. Differences between the
supply of ATP from linear electron transport and an increased
demand could be balanced via cyclic electron flow (Kramer and
Evans, 2011; Walker et al., 2014; Yamori et al., 2016).

Therefore, we analysed the ATP content in whole traps and
in midribs that have an exceptional ATP demand in connection
with trap closure, ‘green stomach’ formation, hydrolase secre-
tion and prey digestion. Immediately after trap closure, ATP
contents of non-fed midribs decreased by 23 % (Fig. 5), which
is similar to the 31 % decline previously observed (Jaffe, 1973).
ATP content transiently further decreased up to 73 % after 24
h compared with open control traps; thereafter, the ATP level
of the midribs increased steadily in the subsequent 48 h. At the
whole-trap level, no significant changes of ATP contents after
trap closure of non-fed traps were observed (Fig. 6). Previously,
a decline of 29 % was observed for ATP contents of whole traps
(Williams and Bennett, 1982). Similar to non-fed traps, ATP
contents of midribs of fed traps decreased in the first 4 h after
trap closure (Fig. 5). In contrast, ATP contents increased sig-
nificantly between 4 and 24 h and decreased slowly afterwards.
No changes of ATP contents of the whole trap were observed in
fed traps after trap closure, similarly to non-fed traps (Fig. 6).

ATP contents were not significantly changed during closure
in fed and non-fed traps in the first 9.5 h, which illustrates that
ATP homeostasis was achieved at the whole-trap level (Fig. 6)
and tissue analysis is required. However, in midribs of both fed
and non-fed traps, ATP contents decreased significantly in the
first 30 s after trap closure and stayed at a low level for the
following 4 h, which indicates that already in the early phase
after triggering and trap closure, large amounts of ATP/energy
are required. The midrib is a vascular-rich site that channels
nutrients out of the trap. Early ATP consumption indicates that
transporters are quickly expressed and upregulated for the fu-
ture export of nutrients. Early expression and upregulation of

F1G. 4. Prompt Chl a fluorescence. Prompt fluorescence transients of Dionaea muscipula traps dark-adapted for 20 min and transients, measured with M-PEA in-

duced by red actinic light of 3500 pmol photons m~ s~ and plotted on a logarithmic time scale from 0 to 300 s normalized at 7 = 50 ps (F,); the steps O (‘origin” at

50 ps), J (at 2 ms) and I (at 30 ms), peak P (between 200 ms and 1 s) and ‘terminal steady state’ T (at about 300 s) are marked. (A—E) Green open circles, open traps

at t = 0; downwards filled triangles, closed traps mechanically triggered to close; filled squares, traps fed with insect powder and mechanically triggered to close;

at different times after trap closure. Time: (A) dark blue symbols, # = 1 min; (B) light blue symbols, # = 20 min; (C) purple symbols, # =4 h; (D) pink symbols, # =

9.5 h; (E) red symbols, ¢ = 24 h. In (F) closed traps fed with insect powder at = 48 h (orange filled squares); ¢ = 72 h (brown filled squares) and 96 h (black filled
squares). Data shown are mean values based on eight individual measurements.
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FiG. 6. ATP values of traps in Dionaea muscipula in unfed open control traps,

unfed mechanically triggered traps and fed mechanically triggered traps. Data

shown are mean values (+ s.d.) based on five independent measurements.
Significant differences were not observed.

transporters in glands were already observed for ammonium
(Scherzer et al., 2013), potassium (Scherzer et al., 2015) and
sodium (Bohm et al., 2016). The upregulation of transporters is
probably also the reason for further ATP consumption in mid-
ribs of non-fed traps 24 h after trap closure. All non-fed traps
started to re-open 24 h after closure. Although additional ATP
is likely to be needed during re-opening of traps, ATP values
of the midribs were rising during the next 48 h, making traps
ready for a new approach to capture prey.

In a previous labelling study, high-resolution isotope ana-
lyses of emitted CO, by isotope ratio infrared spectroscopy
showed the respiratory use of prey-derived carbon approx. 5
h after trap closure (Fasbender et al., 2017). This respiratory
use coincides with the increase in midrib ATP levels beyond 4
h after trap closure, indicating respiratory ATP production from
prey-derived carbon. However, finally ATP production from
prey resources inside the traps may compete with the export of
prey-derived intermediates to other plant organs. This export
will consume energy and may be responsible for the decline of
the ATP level in fed traps 24 h after closure.

Conclusions

The present results indicate that upon prey capture by D.
muscipula snap traps, a switch from linear to cyclic elec-
tron transport mediates partial ATP homeostasis despite high
ATP consumption for processes related to trap closure, ‘green
stomach’ formation, hydrolase secretion and prey digestion.
ATP from prey-derived sources seems to contribute to the ATP
content of the traps beyond 4 h of prey capture. Approximately
24 h after prey capture, export of prey-derived resources to
other plant organs may become preferential and causes a de-
cline in ATP contents. A detailed resolution of continuing
metabolic processes, such as transport of prey metabolites,
their distribution and early degradation inside the traps, re-
quires the development of tissue-specific, isotope ratio mass
spectrometry-coupled gas chromatography—mass spectroscopy
analyses in future studies.
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