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Abstract

Direct and non-destructive measurements of plant-water relations of plants exhibit-

ing the Crassulacean acid metabolism (CAM) photosynthetic pathway are seldom

addressed, with most findings inferred from gas exchange measurements. The main

focus of this paper was to study how the water exchange between the chlorenchyma

and the hydrenchyma depends on and follows the CAM photosynthetic diel pattern

using non-invasive and continuous methods. Gas exchange and leaf patch clamp

pressure probe (LPCP) measurements were performed on Aloe vera (L.) Burm f., a

CAM species, and compared to measurements on banana (Musa acuminata Colla), a

C3 species. The LPCP output pressure, Pp, of Aloe vera plants follows its diel CAM

photosynthetic cycle, reversed to that observed in banana and other C3 species. The

four phases of CAM photosynthesis can also be identified in the diel LPCP output

pressure, Pp, cycle. The Pp values in Aloe vera are determined by the hydrenchyma

turgor pressure, with both parameters being reversely related. A non-invasive and

continuous assessment of the water exchange between the chlorenchyma and the

hydrenchyma in CAM plants, namely, by following the changes in the hydrenchyma

turgor pressure, is presented. However, showing once more how the LPCP output

pressure, Pp, depends on the leaf structure, such an approach can be used to study

plant-water relations in other CAM species with a leaf structure similar to Aloe vera,

with the hydrenchyma composing most of the leaf volume.

1 | INTRODUCTION

The Crassulacean acid metabolism (CAM) photosynthetic pathway has

been observed on succulent plants of semiarid terrestrial and epi-

phytic habitats, subject to limiting water availability (Zotz and

Hietz, 2001), as well as some aquatic plants living under limiting car-

bon dioxide conditions (Herrera, 2009; Lüttge, 2004). So far, they

have been identified in 37 plant families (Winter et al., 2021), but this

is likely to increase as more species between obligate and facultative

CAM modes are found. Some CAM species are of great economic

importance, with the most valuable belonging to the genera Agave,

Aloe, Ananas, Opuntia, and Vanilla (Davis et al., 2019). Common to all

species on which it has been observed, the CAM photosynthetic path-

way is mostly distinguished by the nocturnal fixation of CO2 via cyto-

plasmic phosphoenolpyruvate carboxylase (PEPC) and the subsequent

accumulation of organic acids in the vacuole, mostly malic acid, but

also citric acid in some cases (Lütge, 1988, 2006). The stored organic

acids are diurnally decarboxylated, resulting in the release of CO2 and

its fixation by rubisco in the Calvin cycle, similar to C3 plants, during

the day. The diel cycle of the CAM photosynthetic pathway can be
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divided into four phases (Osmond, 1978). During the night, CAM

plants transpire and take up CO2 fixed via PEPC, in what is called

phase I (the carboxylation phase). In this phase, the water vapour

pressure deficit (VPD) between the plant transpiring surfaces and the

surrounding air reaches its lowest value, thus reducing water loss by

transpiration. The fixed carbon is used to synthesise organic acids in

the cytosol, subsequently stored in the vacuole, leading to the acidifi-

cation of the chlorenchyma. Therefore, as the night advances, the

concentration of stored organic acids increases, reaching its maximum

while the rate of CO2-uptake and carboxylation decreases.

As the photoperiod begins, with the stomata still open and the

organic acids accumulating in the vacuole, CO2-fixation by PEPC is

progressively reduced until it is taken over by the fixation by rubisco.

This change characterizes the transient phase II, during which higher

rates of CO2-uptake can be observed, concomitant with an increase in

total water vapour conductance. However, these sudden changes are

mostly observed following abrupt changes in light under laboratory

conditions (Lambers et al., 2008). Under field conditions, the duration

of phase II can be longer (Ball et al., 1991; Lee et al., 1989). These

transient peaks in CO2-uptake and total water vapour conductance

are brought up by the combination of the increase in temperature and

VPD that happen concomitantly with a sudden increase in light inten-

sity (e.g. by turning on the lights in the greenhouse), leading to a sud-

den increase in rubisco activity and transpiration. During the

photoperiod with stomata closed, triggered by the very high internal

concentration of CO2 resulting from the decarboxylation of the

organic acids accumulated in the vacuole overnight, CAM plants per-

form the Calvin cycle and accumulate carbohydrates in phase III. Dur-

ing this diurnal phase of CAM photosynthesis, as the intercellular CO2

concentration is increased considerably, suppressing photorespiration,

the amount of organic acids stored in the vacuole is reduced progres-

sively until it is eventually completely depleted. This leads to the inter-

cellular CO2 concentration dropping considerably to low levels,

triggering stomata to open and take up CO2 as the end of the photo-

period approaches, in what defines the beginning of phase

IV. Consequently, in this phase, there is a gradual increase in the CO2-

uptake reflecting the concomitant fixation of exogenous CO2 by

rubisco. Afterwards, as the night starts, so does phase I and the fixa-

tion of CO2 by PEPC, which may have started already during late

phase IV, when the rubisco activity decreases with light as the photo-

period ends. Essentially, in the same way as the C4 photosynthetic

pathway, CAM is a strategy that evolved in some species to concen-

trate CO2 around rubisco, thereby increasing their photosynthetic

performance and water-use efficiency under adverse environmental

conditions (Edwards and Ogburn, 2012).

To optimize photosynthesis and live under such unfavourable

ambient conditions, terrestrial CAM plants developed specific mor-

phological and anatomical features, including low surface-area-to-

volume ratio (SA:V); thick cuticle; low density of small stomata; large

vacuoles occupying most of the cell volume; mesophyll cells tightly

packed; and specialized achlorophyllous water-storage parenchyma

(also called hydrenchyma), most noticeable in many succulent plants

(Borland et al., 2018; Nelson et al., 2005; Ogburn and Edwards, 2010).

These features minimise water and CO2 losses during the day, result-

ing in low transpiration rates and total water vapour conductance

(Nelson et al., 2005; Silva et al., 2014). A permanent high plant water

status in terrestrial CAM plants is required for the nocturnal accumu-

lation of organic acids in the chlorenchyma, decreasing the cell

osmotic potential and maintaining high water potential in their tissues

during the photoperiod. This is possible due to their succulence,

i.e., the capacity to store large amounts of withdrawable water in their

bodies. In terrestrial CAM plants, water is stored either in expanded

chlorenchyma cells, with very large vacuoles, in what is called all-cell

succulence (e.g., Kalanchoe), or in the hydrenchyma, known as storage

succulence (e.g., Aloe, Agave, Lithops) (Borland et al., 2018; Ogburn

and Edwards, 2010; Smith and Lüttge, 1985, Steudle et al., 1975).

Like in all plants, water movement and distribution in CAM spe-

cies are driven by water potential differences between different

regions of the plant body. Water moves from the hydrenchyma to the

chlorenchyma driven by the nocturnal decrease in the chlorenchyma

water potential caused by the decrease of its osmotic potential due to

the accumulation of organic acids in the vacuoles in phase

I. Therefore, the chlorenchyma turgor pressure is increased despite

the concomitant decrease in its water potential (Lüttge and

Nobel, 1984; Rygol et al., 1986; Smith et al., 1987). As the organic

acids accumulated in the chlorenchyma are decarboxylated and eventu-

ally depleted during the photoperiod, thereby increasing its water

potential, at some point during phase III, the water potential difference

between the chlorenchyma and the hydrenchyma is reversed, driving

water back to the hydrenchyma, increasing its turgor pressure. There-

fore, coupled with the diel cycle of the CAM photosynthetic pathway,

there is also a diel cycle of water movement and distribution between

the chlorenchyma and the hydrenchyma in succulent CAM plants, buff-

ering the water status of the former. To this refilling of the hydrench-

yma, water coming from the soil is also added (Goldstein et al., 1991;

Schulte and Nobel, 1989; Schulte et al., 1987; Smith et al., 1989; Tissue

et al., 1991). The water exchange between the chlorenchyma and the

hydrenchyma is an entirely passive process with no associated energy

costs. Up to 50% of the nocturnal transpiration in terrestrial CAM plants

can be supplied only by the hydrenchyma water reserves. Under

extreme drought, as observed in deserts, with soil water uptake being

ceased completely, water released from the hydrenchyma can support

the transpiration for many days (Nobel, 1976, 1977).

The physiological mechanism by which succulent plants store

water in specialized cells is determined by the cell hydraulic capaci-

tance, C (m3.Pa�1), that can be defined by the change in cell volume

per unit of change of water potential (Nobel, 1983) or turgor pressure

(Smith et al., 1987). At the whole-plant level, the hydraulic capacitance

determines the buffering of water flow through the plant body by the

water storage tissues (Leverett et al., 2023; Ogburn and Edwards,

2010). The hydraulic capacitance is thus dependent on the elastic

properties of cell walls in accommodating such changes in cell volume

by changing turgor pressure. Ultimately, it is the cell volumetric elastic

modulus ε (Broyer, 1952; Philip, 1958) that determines the cell

hydraulic capacitance, as it characterizes the expandability of a plant

cell, i.e., how easily the plant cell volume changes by the build-up of
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pressure in it. The hydraulic capacitance of succulent plant cells or

tissues, such as the hydrenchyma, tends to be higher than that of

non-succulent tissues, which explains the ability of these plants to

maintain turgor, relative water content, and relatively high values of

water potential during desiccation (Ogburn and Edwards, 2010). The

volume of these cells will vary greatly, depending on the amount of

water taken up or lost for a given change in water potential compared

to cells with smaller hydraulic capacitance. Therefore, hydrenchyma

cells have smaller values of the cell volumetric elastic modulus ε, being

less rigid than their adjacent chlorenchyma cells (Goldstein et al., 1991;

Ogburn and Edwards, 2010). Under extreme drought situations, chlor-

enchyma cells stay hydrated and functional at the expense of hydrench-

yma cells, losing up to 85% of their water content. This is achieved in

part by removing solutes from the hydrenchyma, thus adjusting its

osmotic potential and increasing its water potential relative to the chlor-

enchyma, consequently favouring water movement into it (Barcikowski

and Nobel, 1984; Schmidt and Kaiser, 1987).

The main focus of this paper was to study the influence of the

CAM photosynthesis rhythm of the chlorenchyma on the plant-water

relations of terrestrial CAM plants non-invasively and continuously.

Namely, how the water exchange between the chlorenchyma and the

hydrenchyma depends on and follows the CAM photosynthetic diel

pattern of the former. Considering the presence of a voluminous

hydrenchyma on most terrestrial CAM plant leaves and the principle

behind the leaf patch clamp pressure probe (LPCP) (Cabrita, 2022;

Zimmermann et al., 2008, 2013), it was hypothesized that the changes

in its output pressure, Pp, reflected changes in the hydrenchyma tur-

gor pressure, Pc. Although confirming previous works that showed the

reverse relationship between the two parameters on different plant

species (e.g., Ehrenberger et al., 2012; Martínez-Gimeno et al., 2017;

Riboldi et al., 2016; Rüger et al., 2010a, b; Zimmerman et al., 2010,

2013), the novelty brought by the work here presented was that it

allowed to assess changes in the hydrenchyma turgor pressure specifi-

cally and relate its diel pattern with CAM photosynthesis. Confirming

the findings of Cabrita (2022), this is one more example of how the

interpretation of the LPCP output pressure, Pp, depends on the leaf

structure on which the probes are applied. Gas exchange and LPCP

measurements were done on Aloe vera (L) Burm f. plants, a typical

CAM species, and compared against those made on banana (Musa

acuminata Colla), a C3 plant. Although direct measurements of the tur-

gor pressure on individual hydrenchyma cells have been reported

before (Rygol et al., 1986; Steudle et al., 1975), a non-invasive and

continuous approach to measure and assess changes in the hydrench-

yma turgor pressure as well as identifying and monitoring CAM pho-

tosynthesis through plant-water relations is thus presented.

2 | MATERIALS AND METHODS

2.1 | Plants

Measurements were performed on Aloe vera (L.) Burm f. and banana

(Musa acuminata Colla (AAA group) ‘Dwarf Cavendish’) plants growing

in the greenhouse at IAPN – Institute of Applied Plant Nutrition, in

Göttingen, Germany. Plants were grown in 6 L pots using the soil mix

Fruhstorfer Erde Typ T Struktur 1b (HAWITA GRUPPE GmbH),

designed for ornamental plants, watered, and fertilized regularly with

a N:P:K ratio of 2.5:1:2 (Universal-Flüssigdünger, Schmees GmbH).

Temperature, relative humidity, and air pressure were continuously

recorded (Web-Thermo-Hygrobarograph, Wiesemann & Theis

GmbH), under a 16/8 h light/dark regime supplied by high-pressure

sodium-vapor lamps (Philips MASTER AGRO 400 W). At 1 m above

ground during the light period, the photosynthetic photon flux density

(PPFD) varied between approximately 150 and 1400 μmol m�2 s�1.

Withholding watering was used to impose water deficit, while the

effects of transient changes in the ambient parameters were studied

on plants growing in a 52.8 m3 plant growth chamber (Weiss Technik

UK Ltd.) under 25/18�C temperature and 60/70% relative humidity in

a 16/8 h light/dark regime supplied by LED illumination (Valoya LED

Grow Lights B200 NS1 + FR, Valoya Oy.) providing a photosynthetic

photon flux density (PPFD) of 315 μmol m�2 s�1 at canopy height

approximately.

2.2 | Leaf patch clamp pressure probe
measurements

Plant-water relations were studied by applying leaf patch clamp pres-

sure probes (LPCP) on the leaves. The resulting output pressure, Pp, was

measured using a set of sensors and associated components for telemet-

ric and mobile network-based data transfer to the internet (YARA ZIM

Plant Technology GmbH, Hennigsdorf, Germany). Unless otherwise spec-

ified, the magnetic pad containing the pressure sensor was applied on the

abaxial leaf surface, and data was recorded with a 1-minute sampling

interval. The relaxation time constants of the changes in the output pres-

sure, Pp, values during the transition between the light periods, τon (when

lights were turned on) and τoff (when lights were turned off), were deter-

mined following Cabrita (2022) taking into consideration the first 60 min

after lights were turned on and off, respectively.

2.3 | Gas exchange measurements

The photosynthetic parameters CO2 net assimilation rate (A), total

water vapour conductance (gH2O), leaf-to-air vapour pressure deficit

(VPD), and transpiration (E) were measured with a portable open gas-

exchange fluorescence system GFS-3000-C, equipped with a high-

precision CO2/H2O infrared gas analyser and a Standard Measuring

Head 3010-S (Heinz Walz GmbH). Plant leaves were enclosed in an

8 cm2 leaf chamber (cuvette), in which the environmental parameters

were set to follow the surrounding ambient conditions (temperature,

relative humidity, and light). The flow rate was set to 750 μmol s�1,

and measurements commenced with a 1-minute sampling interval, fol-

lowing stability in the cuvette conditions, which were normally

achieved after 2 to 3 min of enclosing the leaf in the cuvette

approximately.
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2.4 | Statistical Analysis

Statistical analyses were conducted using Microsoft Excel (2019), in

which one-way analysis of variance (ANOVA) and the Duncan test

(p > 0.05) were used to determine the differences between means.

Parameter differences, as suggested by ANOVA results, were thus

appropriately referenced in the text.

3 | RESULTS

3.1 | The diel pattern of the LPCP output pressure
Pp in Aloe vera leaves is opposite to that of banana

As Figure 1 shows, the typical diel changes of the LPCP output pres-

sure, Pp, of Aloe vera leaves (Figure 1A) were opposite to those

observed on banana leaves (Figure 1B), including the plants' responses

to changing the lighting in the greenhouse. That is, the highest values

of the output pressure Pp in Aloe vera leaves were observed during

the dark period and its lowest values around halfway through the light

period, when the temperature was highest, and the relative humidity

was lowest (Figure 1C). In banana, following its photosynthetic diel

cycle, Pp values were highest during the light period, when transpira-

tion was highest due to higher leaf-to-air vapour pressure deficit

(VPD), and decreased afterwards throughout the day, reaching its low-

est when the stomata were mostly closed during the dark period

(Figure 1B) and the relative humidity was highest (Figure 1C). The out-

put pressure Pp in Aloe vera plants decreased after lights in the green-

house were turned on and increased after they were turned off in the

evening (Figure 1A), contrary to that observed on banana leaves

(Figure 1B). Similar results were always observed on all plants of both

species studied and no difference was made between applying the

pad with the sensor chip on the leaf abaxial or the adaxial side (results

not shown). The changes in the output pressure Pp as plants

responded to changes in the greenhouse illumination can be well

described by exponential functions (see Supplemental Material) char-

acterized by corresponding relaxation time constants τon and τoff,

defined as:

τi ¼ 1
Pp

∂Pp
∂t

� �
i

, i¼on,off ð1Þ

Where subscripts on and off refer to the time interval when lights

in the greenhouse were turned on and off, respectively. The abrupt

changes in the greenhouse illumination caused transient changes in

ambient parameters, namely, temperature and relative humidity, to

which plants had to adapt (Figure 1C). Upon turning on and off the

lights, there was an exponential change in the Pp values of both spe-

cies that could be still observed during the immediate 60 min after-

wards (see Supplemental Material). For the 5 days considered in

Figure 1, during which plants were kept under normal water supply,

the relaxation time constants observed on banana were τon = 0.8

± 0.1 � 10�3 min�1 (R2 > 0.94 ± 0.03, n = 15) and τoff = �0.7

± 0.1 � 10�3 min�1 (R2 > 0.98 ± 0.01, n = 15). In Aloe vera one

obtained τon = �1.5 ± 0.1 � 10�3 min�1 (R2 > 0.87 ± 0.04, n = 15)

and τoff = 1.1 ± 0.1 � 10�3 min�1 (R2 > 0.95 ± 0.01, n = 15). While

for each species, the relative changes in the output pressure Pp with

time,Equation (1), during the transition between light periods with its

consequent changing of the surrounding ambient conditions

F IGURE 1 Diel pattern of the leaf patch clamp pressure probe
(LPCP) output pressure, Pp. Measurements were made on (A) three
leaves of a Aloe vera plant, of which the PP values of Leaf 3 are
referenced to right vertical axis, and on (B) three leaves of a banana
plant, with the PP values of Leaf 2 referenced to right vertical axis,
under (C) the corresponding diel changes of temperature (red line) and
relative humidity (blue line). Dark period (8 h) indicated by the grey
shaded areas. For the sake of clarity and better understanding of the
similar patterns of the diel changes in Pp observed, referencing to the
right vertical axis was thus decided.
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(Figure 1C), were similar in magnitude, the relative changes were

higher in Aloe vera than in banana. Such differences in the relaxation

time constants between both species were always observed on all

plants studied under normal irrigation.

However, under drought stress conditions, the responses of both

species to irrigation regarding the changes in the LPCP output pres-

sure Pp with time during the transition between the light and dark

periods, described by relaxation time constants (Equation (1)), were

different (Figures 2, 3). As Figure 2 shows, the relaxation time con-

stants τon and τoff of Aloe vera remained basically stable and did not

seem to change due to irrigation, even after longer periods between

irrigations. That is, the relative change in the output pressure Pp with

time during the transition between the light and the dark periods,

Equation (1), remained basically the same, independently of the bal-

ance that plants had to keep between the availability of water in the

soil and the water demand to sustain physiology and transpiration.

Such pattern was not observed on banana, as Figure 3 clearly illus-

trates. As the soil water availability decreased with time, so did the

magnitude of the relaxation time constants τon and τoff in banana.

That is, the relative changes in output pressure Pp with time,

Equation (1), became smaller with decreasing soil water availability.

Once plants were irrigated, the values of τon and τoff increased in mag-

nitude, reflecting a higher relative change of the output pressure Pp

with time after changes in the greenhouse illumination (Figure 3).

Considering the well-known relationship between the LPCP output

pressure, Pp, and the leaf patch turgor pressure, Pc, that is also

observed on banana, these results suggest that an improvement on

the overall plant water status, resulting from irrigation, induces faster

responses from the plants to the changing ambient conditions when-

ever lights in the greenhouse are turned on and off. That is, from the

relationship between the LPCP output pressure, Pp, and the leaf patch

turgor pressure, Pc, observed in previous works:

F IGURE 2 Relaxation time constants τon and τoff of Aloe vera.
Measurements were done during the first 60 min after turning on and
off the greenhouse lights, as indicated by the respective subscripts.
Irrigations are indicated by arrows. Mean values ± SE
(n = 9, p ≤ 0.05).

F IGURE 3 Relaxation time constants τon and τoff of banana.
Measurements were done as indicated in Figure 2. Arrows indicating
irrigations. Mean values ± SE, for the sake of clarity and graphic
presentation, significant differences between values were omitted
(n = 9, p ≤ 0.05).

CABRITA 5 of 15
Physiologia Plantarum



Pp ¼ K
F Pcð ÞPclamp ð2Þ

where Pclamp, the pressure applied by the two magnets clamped to a

leaf, constant K, and F, as an increasing function of the leaf patch tur-

gor pressure, Pc, are known, Equation (1) can be written as:

τi ¼� 1
F Pcð Þ

∂F
∂Pp

∂Pc
∂t

� �
i

, i¼on,off ð3Þ

The LPCP output pressure, Pp, varies opposite to the leaf patch

turgor pressure, Pc, which, in banana, is lowest under higher VPD

values and highest in the dark period under lowest VPD conditions.

The form and dependence of function F on Pc does not change in irri-

gated plants grown under normal ambient conditions, as shown in

previous works. This suggests that higher values of dPp
dt also reflect big-

ger changes in the leaf turgor pressure, Pc, with time. In other words,

after irrigation and with a replenished water status, higher values of

the relaxation time constants τon and τoff reflect bigger changes in the

leaf turgor pressure, Pc, as plants adapt to changes in transpiration

caused by changes in the ambient parameters during the fast transition

between the light and dark periods in the greenhouse (Equation (3)).

Ultimately, the relaxation constants τon and τoff describe how fast plants

distribute water throughout their tissues in order to respond to changes

in the environment surrounding them (Figure 1C). Such distribution of

water between different plant tissues not only depends on the balance

between water availability in the soil and transpiration but also on the

hydraulic conductance between those different tissues. In the case pre-

sented here, τon and τoff reflect the hydraulic conductance within leaf

tissues. As time passes and the water availability in the soil decreases

between irrigations, the plants' fitness in responding to such diel

changes in ambient parameters decreases as reflected in the decrease

in the magnitudes of τon and τoff (Figure 3), i.e., in the magnitude of dPc
dt

(Equation (3)). Nevertheless, if Equation (2) is also expected to be

observed on Aloe vera in the same way as on banana, the results of

Figure 2 suggest that the distribution of water within Aloe vera leaves

is hardly unaffected by changes in water availability in the soil under

conditions that otherwise greatly affect species like banana. Such dif-

ferences in the water distribution within leaf tissues and, conse-

quently, in their hydraulic conductance between both species, as

suggested by these results, seem highly plausible considering their dif-

ferent leaf structure; particularly the presence of a specialized water

storage parenchyma composing a big fraction of the volume in Aloe

vera leaves.

The effects of the changes in the relaxation time constants τon
and τoff in banana under drought stress (Figure 3) on the values of

LPCP output pressure, Pp, with time are shown in Figure 4. With the

prolonging decrease of the soil water availability, the values of

the output pressure Pp (Figure 4A) as well as the difference between

its diel maximum and the minimum values, ΔPp (Figure 4B), reached

during the light and the dark period respectively, increased with time

between irrigations initially. Considering Equation (2), these results

indicate that under drought stress, there is a decrease in leaf turgor

pressure, Pc, with an increase in the difference between its diel maxi-

mum and minimum values, ΔPc, in banana, as the plant tries to keep

up the balance between decreasing soil water availability, transpira-

tion, and physiological water demand. However, the fact that such an

increasing trend stops at some point during drought stress and ΔPp
starts to decrease with time, albeit differently between leaves

(Figure 4B), suggests that the plant's fitness in keeping such balance

may be approaching its limits. That is, with less water being available

with time, the plant's ability to redistribute it efficiently at the end of

each diel photosynthetic cycle between different tissues is compro-

mised, resulting in approaching levels of turgor pressure between day

and night extremes. That is also suggested by the decreased magni-

tude of the relaxation time constants just before irrigations (Figure 3),

suggesting difficulties in redistributing water efficiently throughout its

leaves and controlling turgor pressure efficiently. Upon irrigation, both

Pp and ΔPp decrease sharply (Figures 4A, B), suggesting a concomitant

increase in leaf turgor pressure, Pc, as one expects after the reestab-

lishment of a normal plant water status. The differences between the

F IGURE 4 Leaf patch clamp pressure probe (LPCP) output
pressure, Pp, in banana under drought stress, (A) diel patterns of three
leaves, with PP values of Leaf 3 referenced to the right vertical axis
and (B) corresponding daily difference between maximum and
minimum Pp values, with the different symbols representing the
different leaves, i.e., circle, square, and triangle as leaves 1, 2, and 3,
respectively. Leaves in (A) are distinguished as in Figure 1. Arrows
indicating irrigations. Dark period, as indicated in Figure 1.
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leaves shown in Figure 4A, B might be related not only to their age

and physiological state but also their position in the plant body while

the plant tries to adapt to decreasing water availability in the soil,

transpiration, and the physiological demand on sustaining growth and

development under such challenging conditions. It suggests that

regarding redistribution of water and maintenance of water status,

some priorities between leaves may be at play, e.g., younger vs older

tissues. All combined, these factors determine the distribution of

water between different regions of the plant body and, in this case, its

leaves. In addition, as Pp and ΔPp increase with time between irriga-

tions (Figures 4A, B), this means that the relative change in Pp values

with time during the transitions between light periods also decreases

in magnitude, i. e., the relaxation time constants, Equation (1). Respec-

tively, the output pressure, Pp, diel patterns shown in Figure 4A sug-

gest a decrease in magnitude of the banana relaxation time constants

τ on and τ off between irrigations. As time passes between irrigation,

the smaller difference between the highest and lowest Pp values at

each diel cycle indicates that the changes in Pp values with time also

become smaller as they occur between increasing values that

approach each other. This means that there is a pronounced decrease

in 1
Pp

dPp
dt , i.e., in the relaxation time constants as results in Figure 3

clearly illustrate. In stark contrast, although there are changes in Pp as

well as ΔPp values between different days, the patterns shown by

banana (Figures 4A, B) were never observed on Aloe vera. In fact, no

clear pattern of changes in Pp and Δ Pp was observed on Aloe vera

plants between irrigations that could be related to changes in the soil

water availability, VPD or temperature (results not shown).

3.2 | The CAM photosynthesis of Aloe vera leaves
determines the changes in the LPCP output
pressure Pp

As it is well-known, Aloe vera is a typical example of a plant show-

ing CAM photosynthesis. Some physiological aspects associated

with the diel changes in the assimilation rate, A, total water vapour

conductance, gH2O (Figure 5A), and transpiration, E (Figure 5C),

typical of the four phases of CAM photosynthesis identified in

Figure 5A, seemed to be reflected in the LPCP output pressure, Pp,

diel pattern of an irrigated Aloe vera plant (Figure 5 B). Most obvi-

ous is the simultaneous nocturnal increase up to their respective

maxima of the output pressure Pp (Figure 5B) together with the

assimilation rate, A, total water vapour conductance, gH2O, and

transpiration, E, (Figures 5A, C). Considering Aloe vera leaf struc-

ture, namely, the presence of a specialized water storage paren-

chyma (called hydrenchyma) occupying the vast majority of the

leaf volume and its role in CAM photosynthesis, it is therefore rea-

sonable to expect that an increase in the C2O-uptake, A,

(Figure 5A) leading to a decrease in the chlorenchyma osmotic

potential in phase I would be reflected in an increase in Pp values

(Figure 5B). As the chlorenchyma osmotic potential decreases due

to the nocturnal accumulation of organic acids, water is drawn

from the hydrenchyma causing its turgor pressure to decrease.

Such a result would be further enhanced by the nocturnal transpi-

ration under lower VPD (Figure 5C), as it is mostly sustained by

the leaf hydrenchyma water reserves. These results are predicted

by Equation (2) considering that the Aloe vera LPCP output pres-

sure, Pp, is essentially determined by the changes in the hydrench-

yma turgor pressure, which comprises most of the leaf volume,

F IGURE 5 Photosynthetic activity and LPCP output pressure, Pp,
diel pattern in Aloe vera: (A) assimilation rate, A, (black line) and total
water vapour conductance, gH2O, (black dotted line); (B) LPCP output
pressure, Pp; (C) transpiration rate, E, (black line) and leaf-to-air
vapour pressure difference, VPD, (black dotted line); all measured
simultaneously. CAM photosynthesis phases are highlighted by their
corresponding Roman numerals, respectively, and the peaks in the
assimilation rate and total water vapour conductance typical of phase
II are indicated by arrows. Dark period, as indicated in Figure 1.
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i.e., the sensed leaf patch. Thus, this interpretation explains the

nocturnal increase of the Aloe vera LPCP output pressure, Pp,

observed experimentally (Figures 1A, 5B).

Such interpretation of the Aloe vera output pressure, Pp, diel pat-

tern also explains the decreasing of the Pp values during the light

period towards its minimum (Figures 5B) when the VPD is highest

(Figure 5C) basically no transpiration is observed (Figures 5A, C). As

explained above, during phase III, while performing the Calvin cycle, the

refilling of the hydrenchyma is sustained by root water uptake as well

as water coming from the chlorenchyma leading to an increase in its

turgor pressure, i.e., a decrease in Pp values (Equation (2), Figures 1A,

5B). The very brief peaks in the photosynthetic parameters (A, E,

gH2O) after lights are turned on are typical of phase II, as highlighted in

Figures 5A and C, and are not reflected in the Aloe vera output pres-

sure, Pp, diel pattern (Figure 5B). As mentioned above, the peaks in

the assimilation rate (Figure 5A) occur due to the overtake of rubisco

activity in taking up CO2 compared to PEPC activity at the beginning

of the light period while stomata are still open. Simultaneous with the

surge in CO2-uptake of phase II (Figure 5A), promoted by a rapid

increase in rubisco activity, there is also a surge in transpiration and

total water vapour conductance (Figures 5A, C) due to the sudden

increase in VPD (Figure 5C) caused by the change in the ambient

parameters after lights are turned on. Nevertheless, such transient

changes in the ambient parameters combined with the concomitant

physiological effects seemed to be insufficient to disturb the water

exchange between the chlorenchyma and the hydrenchyma in Aloe

vera in terms of affecting the turgor pressure of the latter meaning-

fully, as results shown in Figure 5B suggest. By then, the chloren-

chyma approaches its maximum storage capacity of organic acids,

which will be used in the subsequent Calvin cycle that has just been

initiated. Consequently, the water potential difference between the

chlorenchyma and hydrenchyma reduces progressively towards its

minimum, thus, decreasing the water flow from the hydrenchyma.

As the chlorenchyma osmotic potential starts to increase, upon

initiation of phase III, the water uptake from the hydrenchyma

decreases until it is eventually reversed. The hydrenchyma starts its

refill, thus increasing its turgor pressure and, consequently, decreas-

ing the output pressure, Pp, Equation (2). Such result is well illus-

trated by the pronounced decrease in PP values after lights are

turned on (Figure 5B), which happens simultaneously with the tran-

sient phase II that marks the transition from the carboxylation

phase I to the Calvin cycle (phase III) in CAM plants (Figures 5A, C).

However, as explained above, it should be emphasized that this fast

transition (phase II) is a consequence of the special context in which

plants are kept.

Another aspect that favours the interpretation of the Aloe vera

LPCP output pressure, Pp, diel pattern, as following the changes in the

hydrenchyma turgor pressure reversely, is the increase in Pp values

observed after its minimum is reached halfway through the light

period. Once the reserves of organic acids accumulated in the chlor-

enchyma in phase I are depleted, stomata, triggered by the lowest

levels of CO2 in the chlorenchyma, are once again opened to supply

rubisco with CO2 to maintain phase III (Figures 5A, C). During this

second part of the light period and under relatively high VPD

(Figure 5C), the subsequent transpiration is thus maintained by the

hydrenchyma water reserves, which were refilled up to that time.

Hence, under such conditions and after refilling, the hydrenchyma tur-

gor pressure will start to decrease in the afternoon as the light period

progresses, i.e., the output pressure Pp will thus increase simulta-

neously (Equation (2), Figure 5B). Due to the fast transition to the dark

period, as lights are turned off, the rubisco activity stops, as tempera-

ture and VPD decrease (Figure 5C). Simultaneously, all these effects

combined result in a sharp decrease in the assimilation rate, total

water vapor conductance (Figure 5A), and transpiration (Figure 5C).

Accordingly, such effects combined seemed to result in a slight

decrease or stabilization of the LPCP output pressure, Pp, in Aloe vera

(Figure 5B), reflecting the likely adaptation of the hydrenchyma in

supplying transpiration under such conditions in the evening as the

dark period begins. When that happens, PEPC activity resumes in tak-

ing up CO2 (Figure 5A) under lower VPD and temperature, while more

stomata open to supply its activity, thus increasing transpiration

(Figure 5C). The synthesis and accumulation of organic acids in the

chlorenchyma is thus revived, driving again water from the hydrench-

yma. Consequently, there is an increase in the assimilation rate, total

water vapour conductance, and transpiration after lights are turned

off (Figures 5A, C). The hydrenchyma turgor pressure decreases, thus,

increasing the output pressure Pp as shown in Figure 5B and predicted

by Equation (2). As in phase II, the abrupt changes in the physiological

parameters here described at the end of phase IV and beginning of

phase I are again a direct consequence of the specific conditions

under which plants are kept.

The different response of the LPCP output pressure, Pp, in both

species to transient changes in ambient parameters during the light

period (Figures 6, 7) not only derives from their different photosyn-

thetic pathways but also further supports the interpretation that

the diel pattern of Aloe vera output pressure, Pp, reflects the

changes in its hydrenchyma turgor pressure reversely. The response

of the output pressure, Pp, in banana to a transient drop in tempera-

ture and a simultaneous increase in relative humidity (Figure 6C) in

the light period originates from their consequent effects on photo-

synthesis. Decreasing ambient temperature increases ambient rela-

tive humidity, i.e., decreases VPD, thus, consequently reducing

transpiration. Simultaneously, the photosynthetic rate will also be

reduced due to a decrease in rubisco activity as the temperature is

lowered. Therefore, the water demand to keep such decreasing

transpiration and build-up of photosynthates will be less. Addition-

ally, lowering the temperature also reduces the mesophyll osmotic

potential, decreasing its effect on the leaf water potential. All these

effects combined lead to an increase in the mesophyll turgor pres-

sure in banana. Hence, as predicted by Equation (2) and experimen-

tally observed (Figure 6B), the LPCP output pressure Pp in banana

decreases as temperature decreases until a new physiological state

needed to sustain photosynthesis under cooler and more humid

ambient conditions is reached. That can be easily seen by the main-

tenance of a lower output pressure Pp under a lower temperature

compared with the initial conditions before treatment (Figures 6B,
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C). The expected decrease in cell respiration, transpiration, and mag-

nitude of the mesophyll osmotic potential due to a transient

decrease in temperature and consequent increase in the relative

humidity (Figure 6C), thereby decreasing VPD during the dark

period all contribute to a transient decrease in the plant's water

demand, thus increasing leaf turgor pressure. Consequently, the

LPCP output pressure, Pp, of banana under these conditions will

decrease as predicted by Equation (2) and observed experimentally

(Figure 6B). Understandably, increasing the temperature and

decreasing the relative humidity from the normal conditions under

which plants are grown (Figure 7C), both during the dark and the

light periods, all these processes are reversed, as well as the plant's

physiological responses (Figure 7B). Concomitant with an expected

increase in transpiration (Figure 7C), caused by an increase in VPD,

there is an increase in the output pressure, Pp, (Figure 7B), reflecting

the decrease in leaf turgor pressure (Equation (2)) caused by the

increase in water demand to sustain higher transpiration and photosyn-

thetic activity, and decreased osmotic potential in banana during the

light period. Also, higher water demand is expected to keep a higher cell

respiration rate and transpiration, and lower osmotic potential under a

transient higher temperature (Figure 7C) and lower VPD during the

night period, leading to a decrease in the leaf turgor pressure that is

F IGURE 7 Effect of temperature on the LPCP output pressure,
Pp, of (A) Aloe vera and (B) banana, under corresponding transient
increases in (C) temperature (red line) and decreases in relative
humidity (blue line) during the light and dark periods, as highlighted by
the blue shaded areas. The PP values of Leaf 1 are referenced to the
right vertical axis. Dark period, as indicated in Figure 1.F IGURE 6 Effect of temperature on the LPCP output pressure,

Pp, of (A) Aloe vera and (B) banana, under corresponding transient
decreases in (C) temperature (red line) and increases in relative
humidity (blue line) during the light and dark periods, as highlighted by
the blue shaded areas. The PP values of Leaf 1 are referenced to the
right vertical axis. Dark period, as indicated in Figure 1.
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reflected by a concomitant increase in the banana LPCP output pres-

sure, Pp, (Figure 7B).

As shown in Figures 6A and 7A, the response of Aloe vera output

pressure, Pp, to transient changes in the ambient temperature and rel-

ative humidity (Figures 6C, 7C) are opposite to those observed on

banana (Figures 6B, 7B), similarly to that observed on their normal diel

patterns (Figures 1A, B). As noted above, such differences arise from

their different photosynthetic pathways and associated leaf structure.

By decreasing the ambient temperature, there is a simultaneous

decrease in rubisco activity, leading to a transient increase in cytosolic

CO2. Under such changing conditions, the activity of NAD-malic

enzyme, also reduced by the decreasing temperature, is affected,

favouring the build-up of malate in the cytosol to accommodate the

increased CO2 cytosolic levels. This, in turn, affects the exchange of

malate between the cytosol and the vacuole, where it is stored, so

that some may be retaken from the cytosol and stored back into the

vacuole. Hence, the chlorenchyma osmotic potential is transiently

lowered, overcoming the effect of decreasing temperature, and draw-

ing more water from the hydrenchyma. The hydrenchyma turgor pres-

sure decreases, consequently increasing the Aloe vera output pressure

Pp (Figure 6A), contrary to that observed on banana (Figure 6B), as

the temperature decreases (Figure 6C). A higher output pressure Pp is

thus observed in Aloe vera (Figure 6A) once a lower temperature stabi-

lizes compared to the ambient conditions before treatment

(Figure 6C). Such scenario is also predicted by Equation (2), consider-

ing Pc as the hydrenchyma turgor pressure being sensed by the LPCP

probes when applied on Aloe vera leaves. By lowering the temperature

in the dark period (Figure 6C) and simultaneously decreasing VPD, the

Aloe vera LPCP output pressure, Pp, is increased (Figure 6A), opposite

to that observed on banana (Figure 6B). Such response can be seen as

consequent of the decrease in the chlorenchyma osmotic potential

due to an increased PEPC CO2-fixation and subsequent organic acid

accumulation in the chlorenchyma. Such a decrease in the chloren-

chyma osmotic potential draws more water from the hydrenchyma,

leading to a decrease in its turgor pressure, i.e., an increase of LPCP

output pressure, Pp (Equation (2), Figure 6B). Such response will be

then reversed once ambient parameters return to pre-treatment levels

(Figures 6A, C). As similarly observed on banana, once the ambient

temperature is increased (Figure 7C), all these results are reversed, as

shown by the decrease in the Aloe vera output pressure Pp

(Figure 7A), indicating an increase in the hydrenchyma turgor pres-

sure, as predicted by Equation (2). This stems from the decrease in

drawing water from the hydrenchyma as the osmotic potential of the

chlorenchyma increases to supply the increase in both the rubisco and

the NAD-malic enzyme activities expected under higher photosyn-

thetic rates and consequent CO2-demand. By increasing the tempera-

ture during the dark period (Figure 7C), there is a concomitant

decrease in CO2-fixation by PEPC and organic acid accumulation in

the chlorenchyma, increasing its osmotic potential and leading to a

decrease in the water flow from the hydrenchyma, thus prompting to

an increase in its turgor pressure, i. e., decrease in the output pressure,

Pp, (Equation (2), Figure 7A). In both situations, the consequent

changes in the accumulation of organic acids in chlorenchyma

resulting from the changes in PEPC CO2-fixation overcome the oppo-

site effects of changing temperature on the chlorenchyma osmotic

potential.

4 | DISCUSSION

Following the model first presented by Zimmerman et al. (2008)

showing how the LPCP output pressure, Pp, relates to the leaf patch

turgor pressure, Pc, of which banana is a good example (Cabrita, 2022;

Zimmerman et al., 2010), and considering the leaf structure of Aloe

vera plants (Chauser-Volfson and Gutterman, 2001; Silva

et al., 2014) illustrated in Figure 8, the transfer of the pressure

applied by the two magnets clamped to a Aloe vera leaf, Pclamp,

throughout the leaf patch is such the that the measured LPCP out-

put pressure, Pp, is given by:

Pp ¼K1K2K3

VcVhVc
FaPclamp ð4Þ

where: K1, K2, and K3 are constants; Vc and Vh are the leaf patch

chlorenchyma and hydrenchyma volumes; and Fa is the attenuation

factor, which on turgid plant tissues has been observed to be constant

(Ehrenberger et al., 2012; Zimmermann et al. 2008, 2010). As the

pressure applied by the magnets, Pclamp is also constant, Equation (4)

above can be written as:

Pp ¼ K

/2V3
h

Pin ð5Þ

where K = K1K2K3 and the input pressure Pin = FaPclamp are therefore

constants, and.

/¼ Vc

Vh
ð6Þ

is the chlorenchyma to hydrenchyma volume ratio. As well known,

plant cell volume varies with the turgor pressure, Pc, including CAM

plants (Goldstein et al., 1991; Lüttge, 1986; Smith et al., 1987). There-

fore, Equation (5) is a specific form of the more general Equation (2),

considering the relationship between plant cell volume and turgor

pressure, Pc, given by the definition of the volumetric elastic modulus,

ε, (Broyer 1952; Philip 1958):

ε¼V
∂Pc
∂V

� �
T

ð7Þ

Under conditions that are far from inducing plasmolysis, the volu-

metric elastic modulus, ε(Pc) (Equation (7)), can be described by a lin-

ear function (Ehrenberger et al., 2012; Murphy and Ortega, 1995;

Steudle et al., 1977, Zimmermann et al. 2008). In these cases,

Zimmerman et al. (2008) showed that the form of the function F in

Equation (2) is an increasing power function of the leaf patch turgor

10 of 15 CABRITA
Physiologia Plantarum



pressure, Pc, in which its dependence on Pc has been shown to be

similar in many plant species (e. g., Ehrenberger et al., 2012; Martínez-

Gimeno et al., 2017; Riboldi et al., 2016; Rüger et al., 2010a, b;

Zimmerman et al., 2010, 2013). In Aloe vera, α has been observed to

be as low as 0.16 and hardly changing under different soil water avail-

ability (Silva et al., 2014). Therefore, from Equation (5), the LPCP

transfer function Tf (Cabrita, 2022; Westhoff et al., 2009; Zimmerman

et al., 2008) that defines the value of the output pressure, Pp, in Aloe

vera leaves (Figure 8) is given by:

Tf ¼ K

/2V3
h

ð8Þ

and is mostly determined by the leaf patch hydrenchyma volume, Vh

(Figure 8). From Equation (5), one has that the change of the LPCP

output pressure, Pp, with time in Aloe vera leaves is given by:

∂Pp
∂t

¼�Pp
3
Vh

∂Vh

∂t
þ2
α

∂α

∂t

� �
ð9Þ

Using the definition of parameter α, Equation (9) above can be

written as:

∂Pp
∂t

¼�Pp
1
Vh

∂Vh

∂t
þ 2
Vc

∂Vc

∂t

� �
ð10Þ

The hydraulic capacitance of the chlorenchyma, Cc, in species in

which, similarly to Aloe vera, α < 0.3, can be down to 2 orders of mag-

nitude smaller than that of the hydrenchyma, Ch (Schulte et al., 1989;

Smith et al., 1987). Considering the hydraulic capacitance as defined

by Smith et al. (1987) and Equation (7), one can write:

Ci ¼Vi

εi
, i¼ c,h ð11Þ

where subscripts c and h refer to chlorenchyma and hydrenchyma,

respectively. For the diel pattern of water exchange between the

chlorenchyma and the hydrenchyma and their associated volume

changes, Equation (11) implies that the chlorenchyma volumetric

elastic modulus, εc, is bigger than that of the hydrenchyma, εh, as

observed experimentally (Goldstein et al., 1991; Ogburn and

Edwards, 2010). In species like Aloe vera, in which α < 0.3, that dif-

ference can be up to one order of magnitude (Schulte et al., 1989;

Smith et al., 1987). Hence, the smaller rigidity of the hydrenchyma

cell wall, allowing it for greater changes in its volume with

time, will attenuate any simultaneous opposite changes in the

much smaller chlorenchyma volume, i.e., 1
Vh

∂Vh
∂t

�� ��� 1
Vc

∂Vc
∂t

�� ��. This

means that the changes of the LPCP output pressure, Pp, with time,

Equation (10), will follow those of the hydrenchyma essentially, even

if attenuated by the smaller opposite changes in the chlorenchyma

volume. These observations reflect the different roles and nature of

both tissues in terrestrial CAM succulents, namely, the mechanical dif-

ferences in the cell wall that allow the hydrenchyma to greatly change

its volume and function as a tissue specialized in water storage

specifically.

Considering previous results (Silva et al., 2014) and assuming that

under the conditions described here, the chlorenchyma to hydrench-

yma volume ratio, α, will remain basically unchanged, the changes in

the volume of both the chlorenchyma and hydrenchyma during the

diel CAM cycle in Aloe vera, although opposite, are smooth enough

not to change α with time significantly. That is, one can assume the

changes in parameter α with time negligible, i. e., ∂α
∂t ≈0. Thus, in this

scenario, Equation (9) can be written as:

∂Pp
∂t

≈ �3Pp
Vh

∂Vh

∂t
ð12Þ

The changes in the values of the output pressure, Pp, in Aloe vera

leaves are essentially dictated by changes in the hydrenchyma vol-

ume, Vh; i.e., changes in its turgor pressure, Pc, ultimately. Thus,

combining Equations (5), (7), and (8) and following the rationale to

determine the dependence of the transfer function, Tf,

Equation (8), on the hydrenchyma turgor pressure, Pc,

(Cabrita, 2022; Westhoff et al., 2009; Zimmerman et al., 2008),

one obtains that the LPCP output pressure, Pp, in Aloe vera leaves

(Equation (5)) can be written as:

F IGURE 8 Leaf patch of Aloe vera: Pclamp

– pressure applied by magnets; Pc – turgor
pressure; Pp – leaf patch clamp probe (LPCP)
output pressure; Tf – leaf patch transfer
function.
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Pp ¼ b
aPcþb

� �3
a

Pin ð13Þ

where a and b are constants depending on the viscoelastic properties

of the cell wall and the value and duration of the applied input pres-

sure, Pin, (Westhoff et al., 2009; Zimmerman et al., 2008). From

Equation (13), one has that the change in the LPCP output pressure,

Pp, with time in Aloe vera leaves is given by:

∂Pp
∂t

¼� 3Pp
aPcþb

∂Pc
∂t

ð14Þ

Equation (13) and the consequent change of Pp with time

(Equation (14)) are not that different from that first obtained by

Zimmermann et al. (2008) and observed on many plant species,

including banana (Cabrita, 2022; Zimmermann et al., 2010). The differ-

ence is that, in Equations (13) and (14), Pc is the hydrenchyma turgor

pressure whereas, in species like banana, it is the overall mesophyll

leaf patch turgor pressure that determines the LCPC output

pressure, Pp, (Westhoff et al., 2009; Zimmerman et al., 2008). Using

Equations (1) and (14), one obtains that the relaxation time constant

in Aloe vera leaves Equation (1) can be written as:

σi ¼� 3
aPcþb

∂Pc
∂t

� �
i

, i¼on,off ð15Þ

which is slightly different from that obtained using the results of

Zimmerman et al. (2008) that describe the LPCP output pressure, Pp,

in several plant species, including banana:

σi ¼� 1
aPcþb

∂Pc
∂t

� �
i

, i¼on,off ð16Þ

Apart from the different origin of the turgor pressure being

sensed by the leaf patch clamp pressure probes (LPCP), due to differ-

ences in the leaf structure of Aloe vera and banana and their associ-

ated values of parameters a and b, the different slopes of

Equations (15) and (16), when considering 1
aPcþb

∂Pc
∂t

� �
i as variables may

also contribute to the differences observed in the magnitudes of the

relaxation time constants in both species. That is more evident in

the hypothetical scenario in which under the same input pressure, Pin,

similar turgor pressure values are observed for similar values of

parameters a and b. Considering the smaller value of the hydrenchyma

volumetric elastic modulus, εh, higher values of the relaxation time

constants would be then expected in Aloe vera leaves, reflecting its

bigger changes in volume and turgor pressure when compared to

those in banana. Such scenario is not totally implausible, considering

the specialization of hydrenchyma as a water storage tissue with

tightly packed cells (Chauser-Volfson and Gutterman, 2001; Nelson

et al., 2005; Silva et al., 2014), which can change their volume greater

and more rapidly than the banana mesophyll, composed of different

cell types interspaced with humid air-filled intercellular spaces and no

water storage specialization. A faster and more uniform distribution of

water would then be expected in the former rather than in the latter

as a response to transient changes in VPD in the surrounding environ-

ment. The different magnitudes of the relaxation time constants of

both species, although in the same order obtained from the results

illustrated in Figure 1 as described above, do seem to agree with such

hypothesis. However, the advantages of having a specialized tissue

like the hydrenchyma seem most relevant under prolonged drought

stress conditions as the internal distribution of water within Aloe vera

leaves is seemingly unaffected by changes in the soil water availability

and VPD, as suggested by the stability of the relaxation time con-

stants (Figure 2). Oppositely, such internal processes in banana are

highly affected by the amount of water available to plant roots

(Figure 3). As time passes between irrigations, the balance between

soil water availability, transpiration, and maintaining the plant's physi-

ological and growth demands will be harder to keep as the internal

water status is reduced. Under such conditions, at the end of each

day that passes, the difference between the minimum and maximum

leaf turgor pressure will increase, as reflected in the increasing values

of ΔPp (Figure 4B). Only the presence of a specialized water storage

tissue composed of tightly packed cells could accommodate and

buffer the effects of transient changes in the surrounding environ-

ment, even under adverse conditions. By occupying such a big frac-

tion of the mesophyll volume, like in Aloe vera, it is therefore not

surprising that changes in its volume, ultimately, turgor pressure, are

that determining its diel Pp pattern (Figure 5B), following CAM photo-

synthesis (Figure 5A), unlike that observed on banana, a C3 plant

(Figures 1B, 4A).

Equation (13) explains the diel pattern of the LPCP output pres-

sure, Pp, observed on Aloe vera leaves (Figures 1, 5), considering the

well-known changes of the hydrenchyma volume with time during

the diel photosynthetic cycle (Figure 5) observed on terrestrial CAM

succulents (Eller and Ruess, 1986; Goldstein et al., 1991; Herrera

et al., 2000; Howard and Nobel, 1986; Lüttge and Nobel, 1984; Ruess

and Eller, 1985; Rygol et al., 1987; Schulte and Nobel, 1989; Schulte

et al., 1989; Smith and Lüttge, 1985; Smith and Nobel, 1986; Smith

et al., 1987; Steudle et al., 1975; Tissue et al., 1991). Specifically, the

results here presented for Aloe vera (Figures 1, 5), as well as those pre-

dicted by Equation (13), strongly agree with the interaction between

malate exchange in chlorenchyma cells and the changes in turgor

pressure observed in the photosynthetic tissues of CAM plants

(Lüttge et al., 1977; Smith et al., 1984). Namely, how the chloren-

chyma water potential, highly affected by the use and exchange of

malate between vacuoles and the cytosol during the CAM cycle,

determines the changes in the hydrenchyma turgor pressure. Similarly,

Equation (13) also explains the changes in Pp values observed on Aloe

vera plants (Figures 6A, 7A) under transient changes in temperature,

considering the changes in the hydrenchyma volume caused by the

effects of temperature (Figures 6C, 7C) on CAM photosynthesis.

The results presented by (Figures 6A, 7A) agree with the known

effects of temperature on the chloroplast electron transport rate

(Yamori et al., 2014) and rubisco activity (Crafts-Brandner and

Salvucci, 2000) during CAM phase III. Such changes in the photosyn-

thetic rate of CAM phase III, consequently affecting the chlorenchyma
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water potential, are ultimately reflected in changes in the hydrench-

yma volume, which are then sensed by LPCP probes (Figures 6A, 7A)

and predicted by Equation (13). The results here described for banana

(Figures 6B, 7B) have also been observed and explained by Cabrita

(2022). Despite the effects of temperature on the photosynthetic rate

of banana, i.e., rubisco activity, being similar to that of Aloe vera, as

both species at the time of treatments perform the Calvin cycle, leaf

turgor pressure is also affected by transpiration in banana while in

Aloe vera there is practically no mass exchange with the surrounding

environment, as most, if not all, stomata are kept shut at that time.

The changes in Aloe vera Pp values to temperature changes during the

dark period agree with the known effects of lower temperatures

favouring nocturnal PEPC CO2-fixation in CAM plants (Buchanan-

Bollig and Kluge, 1981; Carter et al., 1995; Lütge, 2006;

Neales, 1973). The increase in nocturnal carboxylation in Aloe vera

under lower temperatures, leading to a decrease in the chlorenchyma

osmotic potential, increases the water flow from the hydrenchyma

lowering its turgor pressure. Accordingly, that should thus increase

the LPCP output pressure, Pp, in Aloe vera leaves as predicted by

Equation (2) and observed experimentally (Figure 6B). Increasing the

temperature during the dark period should cause the reverse response

(Figure 7B) due to a decrease in the nocturnal carboxylation (PEPC)

(Buchanan-Bollig and Kluge, 1981; Carter et al., 1995; Lütge, 2006;

Neales, 1973).

Higher LPCP output pressure, Pp, values during the night period,

in a similar pattern to that reported here for Aloe vera, were first

reported on Hippeastrum plants (Cabrita, 2022). However, as Cabrita

(2022) showed, the origin of the higher nocturnal Pp values in Hip-

peastrum plants is that by applying the LPCP probes on its leaves, one

measures changes in the leaf aerenchyma air pressure and not leaf

turgor pressure as in banana. Contrary to Aloe vera but similarly to

banana, Hippeastrum are C3 plants but with a different leaf structure

that totally affects the transfer of pressure applied by the two mag-

nets and the consequent measurement and interpretation of the out-

put pressure Pp. Such differences can also be seen by comparing the

relaxation time constants, which in Hippeastrum are about one order

of magnitude lower than those observed on Aloe vera and banana.

Such results highlight the importance of knowing in advance the leaf

structure and physiology of the species on which one applies LPCP

probes. The presence of differently specialized tissues, as well as the

photosynthetic pathway, greatly affect the transfer of pressure

through the leaf patch and consequently the diel output pressure, Pp,

pattern. All species from the genus Aloe as well as those presenting a

much higher proportion of hydrenchyma in their photosynthetic

organs, e.g., those belonging to the genera Agave, Sansevieria, Gasteria,

all very well-known examples of CAM plants, should present similar

LPCP diel patterns to those observed on Aloe vera.
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