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of Chemistry Lactic acid bacteria are a kind of probiotic microorganisms that efficiently convert carbohydrates to lactic
acids, thus playing essential roles in fermentation and food industry. While conventional wisdom often
suggests continuous release of protons from bacteria during acidification, here we developed
a methodology to measure the dynamics of proton release at the single bacteria level, and report on the
discovery of a proton burst phenomenon, i.e., the intermittent efflux of protons, of single Lactobacillus
plantarum bacteria. When placing an individual bacterium in an oil-sealed microwell, efflux and
accumulation of protons consequently reduced the pH in the confined extracellular medium, which was
monitored with fluorescent pH indicators in a high-throughput and real-time manner. In addition to the
slow and continuous proton release behavior (as expected), stochastic and intermittent proton burst
events were surprisingly observed with a typical timescale of several seconds. It was attributed to the
regulatory response of bacteria by activating H*-ATPase to compensate the stochastic and transient
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Introduction

Membrane potential plays essential roles in maintaining and
regulating the physiological functions of cells and
microorganisms.’” While the membrane potential of non-
excitable mammalian cells is relatively stable, recent studies
have shown that the membrane potential of single bacteria
exhibited extraordinary fluctuation behavior.®” It was because
the surface area (~1 pm?), and thus the membrane capacitance
(C), of bacteria were 2-3 orders of magnitude smaller than those
of mammalian cells. A tiny amount of transmembrane ion
transport (AQ) could lead to a relatively large change in the
membrane potential (AU = AQ/C)."* In addition, the number of
specific membrane proteins in an individual bacterium is
sometimes so small that the stochastic gating of a single ion
channel or transporter could lead to fluctuations in the intra-
cellular concentration of ions (charges), causing flashes in the
membrane potential.>™®

Flashing membrane potential of bacteria is not only a feature
of bacterial electrophysiology, but also plays electrical signaling
roles to regulate different physiological functions.>*** For
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example, using a genetically encoded dye, the presence of
a dynamic flashing behavior of the membrane potential in
intact E. coli cells, similar to that of neuronal cells, was reported
for the first time in 2011.° This spontaneous, whole-bacteria
flashing behavior was manifested as a rapid depolarization
and slow recovery of the membrane potential on a timescale of
a few seconds.®” Subsequent studies demonstrated that these
dynamic changes of bacterial membrane potential are mediated
by the random opening or closing of bacterial ion channels in
the temporal dimension.”*'*** The discovery of this phenom-
enon provided unprecedented insights into electrophysiological
mechanisms such as bacterial signal transduction and inter-
bacterial electrical communication.'®" It has been reported to
be involved in regulating bacterial intracellular pH as well as
reactive oxygen levels." Our recent studies on bioluminescent
bacteria, P. phosphoreum, have shown that the fluctuations in
the activity of the Na'/H' antiporter led to an intermittently
pulsed behavior of the membrane potential, as revealed by the
blinking bioluminescence emission of a single bacterium.®
Although current research studies have shed light on the
membrane potential dynamics of bacteria in multiple dimen-
sions, new perspectives are still expected. For example, it
remains unclear whether such fluctuating behavior permeates
the metabolite secretion process of bacteria.

In this work, we developed a method for measuring the
proton release dynamics of single lactic acid bacteria based on
microwell arrays and extracellular pH probes. By encasing
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individual bacteria in a picoliter-sized microwell sealed with
inert oil, protons released from a single bacterium can be
effectively confined in the droplets and accumulated to detect-
able concentrations,'>*” which greatly enhanced the sensitivity
and accuracy of proton detection. We chose Lactobacillus plan-
tarum (L. plantarum) as a model microorganism, which, as
a member of lactic acid bacteria family, efficiently converted
glucose to lactic acid, accompanying a significant decrease in
the extracellular pH, i.e., acidification. The proton release rate
was measured by introducing a pH-sensitive fluorescent dye in
the buffer-free, extracellular medium. It was found that the
fermentation acid production process of a single L. plantarum
coupled two types of proton efflux kinetics: continuous proton
release and intermittent, burst-like proton release with a time-
scale of several seconds. Further investigations have attributed
these two processes to the passive diffusion of electroneutral
lactic acid molecules and active pumping of protons by H'-
ATPase as a regulatory response to the flashing bacterial
membrane potential, respectively.

Results and discussion
Burst-like proton release of single L. plantarum bacterium

L. plantarum is a kind of commonly used lactic acid bacteria in
the fermentation food industry.>*> The molecular mechanism
of lactic acid production by L. plantarum has been extensively
investigated and reported.”?** In an ensemble experiment
involving a flask containing billions of bacteria, the continu-
ously declining extracellular pH (pH,) was always observed and
used to evaluate the performance of bacterial strains. However,
for individual bacteria, it remains largely unexplored whether
the proton release process is continuous or it involves discrete
steps.
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In order to address this question, we developed a single-
bacterium-in-microwell strategy to continuously monitor the
acid production rate of single L. plantarum (Fig. 1a) by using
a microwell array and fluorescence (FL) pH indicators. Details
on the fabrication of the microwell array*® and the subsequent
encapsulation of single bacteria are given in Fig. S1.1 In brief,
a given number of L. plantarum cells were uniformly dispersed
in unbuffered culture medium containing a fluorescent pH
indicator, 8-hydroxypyrene-1,3,6-trisulphonic acid, trisodium
salt (HPTS). The medium was adjusted to an initial pH of 6.5,
under which conditions the bacteria maintained good meta-
bolic activity and HPTS was sensitive to pH drop. The compo-
sition of the culture medium is shown in Table S1.1 This cell
suspension was then loaded into the picolitre wells on the
microarray chip. By sealing with a layer of paraffin oil, indi-
vidual bacteria were randomly and effectively encased within
the microwells. In this process, bacteria encapsulated in
microwells underwent glycolysis, consuming glucose and con-
verting it into acidic metabolites such as lactic acid. The accu-
mulation of released protons in the environment led to a rapid
drop in the pH. of the microwell, as indicated by a decrease in
the FL of HPTS. As a result, the FL intensity of the microwells
containing bacteria (active wells, as indicated by circles in
Fig. 1b) was gradually reduced to nearly zero. In contrast, the FL
intensity of the empty microwells without bacteria (unoccupied
wells) remained almost unchanged except for a slow and slight
decrease due to photobleaching (Fig. 1b).

In a typical experiment, we used an inverted FL microscope
equipped with a 20x air objective to collect the emitted light at
505-555 nm under 488 nm excitation. With such configura-
tions, about six hundred microwells can be investigated
simultaneously in the view-field, allowing for statistical analysis
(Fig. S2t). The occupation ratio of bacteria in microwells
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(a) Schematic diagram of the method used to measure the proton release rate of single L. plantarum. (b) Time-lapsed FL images (left panel)

and the corresponding differential images (right panel) of the microwell array. (c) Representative FL curves (F-t) and (d) the corresponding
differential FL curves (AF—t) of an unoccupied well (gray curve) and three individual active wells (marked in (b)). Four proton burst events are
marked with black circles, corresponding to the proton burst events (moment and location) in the right panel of (b). The images were captured in

a frame rate of 2 frames per second (fps).
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followed the Poisson distribution law, where P(x) is the proba-
bility of finding a given number of bacteria, x, in a microwell. A
is the average number of bacteria per microwell:*

x

P(x) = “e” 1)
and the ratio between single-cell and multi-cell loading was
controlled by adjusting the cell density in the suspension. For
example, when we used A = 0.2 to encapsulate L. plantarum cells
(1.2 x 10® CFU mL™"), it resulted in approximately 82% of
unoccupied wells, 16% of single occupied wells, and 2% of
multiple occupied wells (Fig. S3 and S47).

Representative FL images of a small region of interest at
different moments are shown in the left panel of Fig. 1b. The
circles in the images mark the locations of three active wells
whose FL intensity gradually declined over time, indicating the
metabolic activity of individual L. plantarum. Comprehensive
illustrations on the time-lapsed images are provided in Movie
S1.t The FL intensities of the active wells were plotted against
the recording time to obtain the acid production kinetic curves
of individual bacteria (Fig. 1c). Note that the photobleaching
effect has been removed from the curve by subtracting the
decreasing FL baselines of the surrounding unoccupied wells
(Fig. S51). As shown in Fig. 1c, while it was expected to see
a declining trend of FL intensity (acidification), we surprisingly
observed discrete and sudden FL decrease events (‘drops’). Such
drops were better illustrated by showing the differential of the
FL kinetic curves (Fig. 1d), where the positions circled in black
indicated the four FL drop events at the corresponding loca-
tions and moments marked in the differential FL images
(Imagen+1 — Imagey) shown in the right panel of Fig. 1b. A
detailed video of the proton burst events is provided in Movie
S2.1 These sudden drops were consequences of transient and
intensive proton efflux events from an individual encapsulated
bacterium to the extracellular medium. We refer to this
phenomenon as a burst-like release of protons. In contrast, the
gradually decreasing FL intensity is attributed to the constant
release of protons. While it was well understood that L. plan-
tarum bacteria produced and secreted protons as a result of
metabolism, single bacterium measurements revealed that it
involved two processes with significantly distinct kinetics,
namely, constant proton release and burst-like proton release.

It should be noted that there was efficient supply of oxygen
within the microwell, i.e., aerobic culture, even though the
bacteria were sealed with a thin layer of oil film (~100 um). It is
well known that L. plantarum, as a kind of facultative anaerobic
bacteria, efficiently produces lactic acids under both aerobic
and anaerobic conditions. Standard incubation conditions of L.
plantarum occurred in the presence of dissolved oxygen.”” In
order to further examine the influence of oxygen supply on the
FL kinetics, a strictly anaerobic environment in the microwell
was achieved by sealing with a 2 cm-thick PDMS (instead of oil
film with a typical thickness of 100 microns). Similar constant
and burst-like proton release processes were observed (Fig. S67),
indicating that the observed proton bursts represented inherent
fluctuations of L. plantarum under both aerobic and anaerobic
conditions.
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Features of proton burst events

Fig. 2a shows the differential FL kinetic profiles of 94 active
microwells, which contain 206 proton burst events, correspond-
ing to an average of 2.2 burst events per bacterium per 1000 s
(Fig. 2b). Analysis further revealed an average duration of 3.4 s for
the proton burst events (Fig. 2¢). Data processing was performed
using a home-made MATLAB code based on well-established
methods to quantitatively analyze the burst events (Fig. S7+).5%
Another feature in Fig. 2a is that the proton burst events were
mainly distributed in the initial stage of the recording. It was due
to the S-type dose response of HPTS to pH (Fig. 2d). As the
reaction time progressed and the pH, gradually approached the
acidic range, the HPTS probe became less sensitive to the release
of proton bursts. In addition, the release of lactate also caused an
increase in the buffering capacity of the medium, which further
reduced the sensitivity of the probe. To verify this point, we
increased the concentration of phosphate buffer salt in the
medium from 0 (Fig. 2a) to 2, 5, and 20 mM (Fig. 2e), and found
that both the frequency and depth of burst events were signifi-
cantly reduced as the buffer concentration increased (Fig. 2e).
The results confirmed that the FL drops indeed revealed the pH
drops caused by the proton efflux, which were significantly sup-
pressed in the presence of the buffer solution.

Two proton release processes existed in single L. plantarum

In contrast to measurements from ensemble specimens which
showed a continuous decrease in the pH, the kinetics of
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Fig. 2 (a) Differential FL curves from 94 active microwells containing
206 proton burst events, as indicated by black arrows. Histogram of
the statistical distribution of (b) the frequency and (c) the duration time
of these 206 events. (d) The S-type dependence of HPTS FL with pH
ranging from 3.2 to 8.0. (e) Both the frequency and depth of proton
burst events are significantly suppressed with the increasing buffer
capacity of the medium. Image frame rate, 2 fps.
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(a) Representative FL curve (green) and the corresponding proton burst trajectory (black) of a single L. plantarum. (b) Zooming in on the

burst event marked by the red dashed line in (a). The event consists of a constant proton release (black) and a burst-like proton release (red). (c)
The scatter plot of kpurst and Kconstant Shows a positive correlation with a slope of 2.2. The frequency of burst events is inhibited by (d) DCCD and
(e) oligomycin. (f) Effect of DCCD and oligomycin on the frequency of proton burst events. Error bars represent standard deviations from

triplicate experiments. Image frame rate, 2 fps.

individual bacteria consisted of two distinct proton release
processes. Fig. 3a shows a representative FL curve, accompa-
nied by several different proton burst events (black curve). As
shown in Fig. 3b, zooming into one of these events reveals two
distinct processes, which are a constant proton release with
a smaller slope (kconstant, black curve) and a burst-like proton
release with a larger slope (kpyurst, red curve). Analysis of 200
events yielded a positive correlation between kconstant and Kpurst,
with a mean slope of 2.2 (Fig. 3¢ and S8%). This result indicated
that the burst proton release state had approximately 2 times
more protons compared to the constant proton release state.
Occasionally a ratio as large as 10 was observed, suggesting
intensive proton efflux during burst events (Fig. S9t). The
proton burst events were subsequently attributed to the tran-
sient action of H'-ATPase because of the following reasons.
Firstly, H'-ATPase is a major proton pump in L. plantarum that
extrudes charged H' by hydrolyzing ATP to regulate intracellular
pH homeostasis.*>** Gene sequencing of the as-studied L.
plantarum strain also verified the existence of the H'-ATPase
gene (Table S2t). The role of H'-ATPase in the proton burst
phenomenon was validated by investigating the influence of
N,N'-dicyclohexylcarbodiimide (DCCD), a specific and popular
inhibitor of bacterial H-ATPase.** As shown in Fig. 4d and f,
1 mM DCCD was effective for suppressing 80% of the proton
burst events, which was consistent with literature reports on the
inhibition efficiency of DCCD on H'-ATPase at this concentra-
tion.*> Another inhibitor, oligomycin,* exhibited similar inhi-
bition on the burst events (Fig. 3e and f). It was worth noting
that both inhibitors (DCCD and oligomycin) had a negligible
effect on the constant proton release process (black curve in the
profiles, Fig. 3d, e and S107). These results were consistent with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Dual FL imaging for simultaneous recording of pH. (HPTS)

and membrane potential, ¥, (TMRM). White arrows indicate the
location of 8 bacteria in 6 microwells. Scale bar, 30 um. (b) Correlative
pHe (green) and ¥, (dark red) recordings when labeling the L. plan-
tarum bacteria with TMRM for membrane potential. (c) Correlative pHe
(green) and pH; (red) recordings when labeling the L. plantarum
bacteria with RatioWorks™ PH165 NHS ester for intracellular pH. (d
and e) Effect of three proton carriers, CCCP, nigericin and monensin,
on the frequency of proton burst events. Error bars represent standard
deviations from triplicate experiments. (f) The proton burst behavior
(Path 1) acts as a feedback mechanism in the recovery process after
transient depolarization of the membrane potential. Image frame rate,
0.2 fps (a—c) and 2 fps (d and e).
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the passive proton efflux (diffusion) pathway, in which intra-
cellular protons passed through the membrane in the form of
neutral molecules of lactic acid.**** Secondly, L. plantarum
inherently lacks an integrated respiratory system, which
precludes proton efflux mediated by the electron transport
chain complex.**” Thirdly, some other electrogenic proton
transport proteins, such as Na'/H" antiporters and K'/H" anti-
porters, are responsible for H" uptake and metal cation efflux,
which should cause an increase in medium pH and are there-
fore opposite to the pH drop in the observed phenomenon.?**”

To demonstrate the generality of this proton burst
phenomenon, two other Lactobacillus plantarum strains,
including Lactobacillus plantarum strain ACCC11095 and
Lactobacillus plantarum subsp. plantarum, were further inves-
tigated. Similar proton burst phenomena were also observed in
these two strains (Fig. S117).

The involvement of burst-like proton release in the recovery of
voltage depolarization

We subsequently demonstrate that the transient action of H'-
ATPase is a regulatory response to the stochastic depolarization
of membrane potential (¥ ,). When simultaneously measuring
the pH. dynamics in the microwell and the membrane potential
of the encapsulated bacterium, excellent synchronization was
always observed between the pH, drops (burst events) and the
membrane potential depolarization events. In order to achieve
high-resolution two-channel FL imaging, we fabricated a new
microwell array chip by etching microwells on a 170 um-thick
glass coverslip. The thin coverslip allowed us to use a high
numerical aperture (N.A. = 1.49) 60x oil immersion objective
for single bacterial imaging. We introduced tetramethylrhod-
amine methyl ester (TMRM), a membrane permeable fluores-
cent voltage reporter*® to label the surface-immobilized
bacteria, and recorded the membrane potential dynamics of
individual bacteria in the microwell. The microscope was pro-
grammed to alternatively measure the FL emission from HPTS
(pHe channel, 488 nm excitation) and TMRM (¥, channel,
561 nm excitation). As shown in Fig. 4a, decreasing FL emission
in the pH. channel (green) was recorded in 6 microwells, indi-
cating the effective acidification of the medium caused by the
encapsulated bacteria. The existence of 8 bacteria within these 6
microwells was successfully validated in the red channel, where
a single bacterium is illustrated as red dots because of the
staining of TMRM. These results not only proved that the FL
decrease was indeed due to the effect of the encapsulated single
bacterium, but also demonstrated the technical applicability of
simultaneous two-channel FL imaging. Time-lapsed imaging
allowed for resolving the trajectories of pH, and ¥, in the same
microwell, as shown in Fig. 4b. It was found that the proton
burst events (green curve) were in good pace with the
depolarization-and-recovery events of the bacterial membrane
potential (red curve). More examples are provided in Fig. S127 to
show that these two processes were always synchronized with
each other, suggesting a mechanistic link between the proton
efflux and membrane potential. It was well-documented that
the H'-ATPase mediated proton efflux should make the
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intracellular potential more negative (a polarization
process).*** Therefore, it was believed that the bacterium
underwent stochastic and spontaneous depolarization because
of the stochastic gating of ion channels or secondary ion
transporters.”®* As a regulatory response, H'-ATPase started to
transiently act to pump out protons until the recovery of
membrane potential. It is noteworthy that although TMRM and
HPTS are both small molecules, their response mechanisms
differ significantly. Impermeable HPTS senses the pH change of
extracellular medium within 1 second (Fig. S13t). In contrast,
TMRM molecules react to membrane potential changes by
redistribution across the bacterial membrane according to the
Nernst equation.*” This transmembrane process typically lasts
for dozens of seconds or several minutes.*** Therefore, the
signal of TMRM usually requires more time to reach equilib-
rium after the membrane potential recovery indicated by the
finish of proton bursts.

By using a similar apparatus, we also introduced a ratio-
metric pH-sensitive fluorophore RatioWorks™ PH165 NHS to
investigate the relationship between intracellular pH (pH;) and
bacterial proton burst events.® As shown in Fig. 4c, while the
PpH. trajectory showed frequent and distinct fluctuation char-
acteristics, the simultaneously recorded pH; remained
unchanged. The translocation of a small number of protons
from bacterial cytoplasm to the extracellular medium caused
drastic change in pH, but negligible change in pH; because of
the distinct buffering capacity. While bacterial cytoplasm
exhibited strong buffering capacity due to the presence of the
high content of cytoplasmic proteins, the medium was free of
buffer solution so as to amplify the effect of proton release,
underscoring the strength of pH. recording for studying the
proton transport.

We further examined the effect of three kinds of small
molecules that can regulate the membrane potential and pH
gradient in different ways. Carbonyl cyanide m-chlor-
ophenylhydrazine (CCCP) is a commonly used proton motive
force (PMF) dissipator capable of eliminating both trans-
membrane voltage (¥,,) and proton gradients (ApH).** The
presence of 100 uM CCCP in the medium completely eliminated
the burst proton release event (Fig. 4d and e). Two other proton
carriers, nigericin and monensin, which are antibiotics that
mediate electroneutral H'/K" and H/Na* antiport, can deliver
protons without perturbing the membrane potential.** Fig. 4e
shows that the addition of 10 pM nigericin (blue column) or 20
uM monensin (yellow column) had negligible effects on the
proton burst frequency. These results further confirmed that
the proton burst process was related to the bacterial membrane
potential rather than the intracellular pH;.

According to these results, we propose a hypothesis to
understand the proton release dynamics of single L. plantarum
(Fig. 4f). There are two pathways involved in the proton efflux of
L. plantarum during acid production. The constant proton
release pathway is derived from the continuous and passive
transmembrane diffusion of the metabolite lactate as neutral
molecules (Path I). It does not involve in membrane potential
change and thus contributes to the downward portion of the
baseline in the fluorescence trajectory. For the single bacterium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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encapsulated in the microwell, its membrane potential
undergoes stochastic and transient depolarizations because of
the extremely small surface area and thus insufficient
membrane capacitance to maintain membrane potential
against charge fluctuations. As a regulatory mechanism, the
depolarized membrane potential activates the function of H'-
ATPase to pump out a small number of protons to restore the
membrane potential (Path II). The proton burst events resulted
in the transient pH. drops in the absence of a buffer system in
the extracellular medium. The proton burst event was random
and independent among different individuals; this phenom-
enon was only accessible at the single bacterium level, under-
scoring the value of the present methodology for studying single
bacteria dynamics.*>*

Although the proton bursts and membrane potential
dynamics are phenomenologically and mechanistically corre-
lated with each other, the present pH. recording exhibited
several important strengths for studying membrane potential
dynamics over conventional voltage-sensitive dyes such as
TMRM. First, while conventional organic and genetic staining
required molecular modification to the bacterium and thus
inevitably disturbed its physiological states, the present
approach minimized such disturbance because the pH, indi-
cator dyes were distributed in the extracellular medium. It was
not available for uptake by bacteria due to its high-water solu-
bility. Second, the uptake efficiency of organic dyes and the
expression efficiency of genetic dyes often varied significantly
from individual to individual, making the statistical and
quantitative analysis challenging.®**** The proposed pH.
recording exhibited much better consistency among different
bacteria because the FL signal came from a homogeneous
solution. Third, while the FL probes for membrane potential are
rather limited, there were plenty of pH. indicators available
with excellent features on response time, spectral selection,
photo- and chemical stability. For example, as shown in Fig. 4b,
the width of FL drops in the pH. channel (HPTS) was system-
atically narrower than that in the ¥, channel (TMRM). These
strengths made pH. recording in a microwell a promising
strategy for reporting the membrane potential dynamics, with
implications for bacterial electrophysiology.

Conclusions

In summary, this study presents a new method based on
microwell array technology to detect the proton efflux kinetics
of individual bacteria in a non-invasive, real-time and high
throughput manner. By using L. plantarum as a model strain, it
was found that the proton release from single lactic acid
bacteria was not constant. Instead, stochastic and intermittent
proton burst events were observed with a typical lasting time of
several seconds. The generality of such a phenomenon was
verified with two other kinds of strains. Systematic investiga-
tions demonstrated that the H™-ATPase mediated proton efflux
was responsible for the proton burst event. It acted as a regula-
tory mechanism to restore the membrane potential homeo-
stasis. These findings not only demonstrated the membrane
protein-associated proton burst phenomenon for the first

© 2024 The Author(s). Published by the Royal Society of Chemistry
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time, but also provided a promising tool for studying the
bacterial electrophysiology at the single bacteria level.
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