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1. Introduction

In plants, net CO. assimilation (Anet) is the result of 3 metabolic processes:
the rate of carboxylation (V¢), the rate of photorespiration (V,) and the rate
of respiration (Ra).

Apet =V — 05V, =Ry
(1)

here, the factor 0.5 implies that two event of oxygenation catalyzed by
Rubisco are required to release of 1 molecule of CO; and formation of 2-
Phosphoglycolic acid (C2), following the final equilibrium:

2 (2-Phosphoglycolic acid) + NADH, + ATP + O, = PGA + CO»

V, and V; can be related to the CO, compensation point in the absence
of mitochondrial respiration (T) that corresponds to the CO, concentration
at which the rate of CO, uptake equals the rate of CO; release from
Rubisco oxygenation activity:

V, 2T*
V. C
(2

where C denotes the COz concentration at the site of carboxylation (Bush,
2018).

According to the model of Farghuar et al. (1980), 3 different bottlenecks
can limit the carboxylation rate: the rate of Ribulose 1,5- bisphosphate
(RuBP) consumption by Rubisco (W¢), the rate of production of NADPH
(W;) and the rate of production of ATP (W;). The first limitation occurs
under saturated RuBP availability while W; and W; limit the RuBP
regeneration of the Calvin Benson Cycle (CBC). Anet reflects the
carboxylation rate allowed by the main biochemical limitation, combining
equations (1 and 2) as

*

_ T
Aper = min{W,W;W,} (1 —?) — Ry
(3

W, depends on kinetic properties of Rubisco and CO; and O
concentration at carboxylation site. W; depends on the quantum light
absorption and intrinsic properties of photosynthetic apparatus involved
in electron transport chain and W, depends on the rate of triose phosphate
utilization renewing inorganic phosphate availability for ATP synthesis
(Diaz-Espejo et al., 2012; Foyer and Spencer, 1986; Rebeille et al., 1983).



1.1.  Limitation of carboxylation rate related to soil water availability and
atmospheric evaporative demand

CO; and H,O exchanges between plant and atmosphere are strictly
correlated. CO; at carboxylation site, in the presence of carboxylation
activity, goes towards depletion and it is replenished by atmospheric CO-.
Atmosphere, at the same time, causes strong evaporative demand that
plants have to cope to maintain cellular turgor and allow cellular distension
during growth. Plants H20 and CO2 combined relation with atmosphere
not allows a hermetic isolation strategy, but it imposes a 2-directional
continuum. Due to the different concentration scale of CO. and H2O in
atmosphere, for each molecule of CO- that diffuse into the leaf hundreds
molecule of H20 are lost by the plant and they need to be replenished by
soil water withdrawal (Keller, 2020). Plants adopt complex mechanisms
of regulation to make up for this extremely unbalance exchange
maintaining an optimum between i) benefits due to elevated CO.
availability for photosynthesis ii) availability of soil water in relation to the
rate of water loss for evapotranspiration iii) metabolic costs of building and
maintaining a conductive system that allows the replenishment of water
loss (Deans et al., 2020).

The site of gas exchange between plant and atmosphere, in higher plants,
is the stoma. Stomatal aperture is coordinated in response to a multitude
of stimuli including light, CO_ concentration in sub-stomatal chamber (C)),
temperature, vapor pressure deficit, hormonal and metabolic signals.
Under water stress condition stomatal aperture limits H>O diffusion to the
atmosphere, as a consequence stomatal CO, conductance (gsc)
decreases and CO; becomes limiting for photosynthesis.

Photosynthesis limitation in response to water stress is one of the most
studied phenomena of plant ecophysiology. In the last years, it has been
placed particular attention whether the plant stomatal and photosynthetic
responses to water stress are triggered and calibrated to substantial water
limitations on evapotranspiration rate or are the result of complex signals
that arise from utilization disequilibrium of photosynthetic products
(Hagedorn et al., 2016).

1.2.  Electron transport rate limitation related to intensity and quality of
light

The driving force of photosynthesis is the light. The amount of energy
carried by the light and the efficiency which plant absorbs and converts it
in biochemical energy depends on both quantity and quality. Photon is the
“vehicle” of light energy transport, its energy packet is inversely
proportional to photon wavelength following the relation:



hc
Ephot = 7

4)

Where Epnot is the photon energy, h is the Plank’s constant, ¢ is the light
velocity and A the wavelengths of the photon. Not all the light that impacts
on plant photosynthetic organs is absorbed or used in photosynthetic
processes; short and energetic wavelengths as the UV rays are stress
factor that plants have to cope with auxiliary photoprotective pigments.
The wavelength interval between 400 and 700 nm, but also up to 750 nm
as recently claimed (Zhen and Bugbee, 2020), is called photosynthetic
active radiation (PAR). Most of the PAR is absorbed by photosynthetic
pigments, chlorophylls and carotenoids, and is directed to the
photosynthetic process. Leaf PAR absorption is not homogenous, red and
blue components are highly absorbed while green component is the least
absorbed. Consequently, the quality of light exposition for plant under
natural environment strongly depends on surrounding vegetation cover.
Plants under direct solar light have access to the full energy of PAR
spectrum and just a lower amount, characterized by elevated green/blue
and far red/red energy ratio, is transmitted to the lower vegetation layers.
The photosynthetic apparatus adaptation is oriented to provide sufficient
(or less limiting) reduction power for plant requests during the whole light
period. Under natural environment, plant light availability fluctuates and is
common that light absorption exceeds the maximum energy supported by
electron transport chain or the reduction power produced by the electron
transport exceed CBC requests (Farquhar et al., 1980; Vialet-Chabrand
et al.,, 2017). In these conditions energy imbalance is potentially
dangerous bringing to photoinhibition. Plants, to prevent photoinhibition,
have evolved a photosynthetic mechanism called non-photochemical
quenching (NPQ) that dissipate excess light into heat.

Due to metabolic cost (as for the water transport), plants do not maximize
their capacity of reduction power production from the incident light. The
acclimation occurs as the result of a balance between the cost of
increasing photosynthetic capacity, which can be underutilized (Oguchi et
al., 2008; Terashima et al., 2006) and the risk of photooxidative damage
if the mechanisms to dissipate excess energy received by the plant are
not sufficient (Li et al., 2009). In this perspective, the light absorption
properties of the photosynthetic apparatus tend to be optimized for
intermediate light levels and not to the minimum or maximum levels of the
light regime (Chabot et al., 1979; Watling et al., 1997).

1.3. Limitation concerning plant triose phosphate utilization capacity
The third form of biochemical limitation of photosynthesis depends to the

limitation of triose phosphate utilization. The final products of CBC are all
phosphorylated, that is why CBC uses ATP. ATP synthesis requires



inorganic phosphate but chloroplast phosphate concentration is almost
stable in all environmental conditions including phosphate nutritional
stress (Diaz- Espejo et al., 2012; Foyer and Spencer, 1986; Rebeille et
al., 1983). The utilization of final product of CBC, followed by inorganic
phosphate release, prevent chloroplast inorganic phosphate depletion
and ATP synthesis inhibition. Starch synthesis uses 30-60 % of CBC
products, 25-50 % are used in the sucrose synthesis, 7-12.5 % in the
synthesis of amino acids, in particular glycine and serine (synthetized
from photorespiration products and not from photosynthesis) and the
remained part, at really low percentage, are linked to other form of
metabolism (McClain and Sharkey, 2019).

The photochemical efficiency and the CBC enzymes are strongly
regulated by inorganic phosphate availability, in case of limited condition
the electron transport rate and Rubisco activity are immediately down
regulated to prevent energetic imbalance and photoinhibition. Risk of
limitation of triose phosphate utilization is predominant under high light
and high CO; concentration, low temperature (caused by high sensitivity
to temperature of enzyme involved in photosynthetic product utilization)
or to a dramatic reduction of sink activity of photosynthetic products (Yang
et al.,, 2016). Different experiments can be explained by sink activity
limitation, for example defruited plants shown a significant down
regulation of photosynthesis (King et al., 1967), artificial increase of sugar
concentration into the leaf reduces sucrose synthesis, limits the triose
phosphate utilization capacity and inhibits photosynthesis (Paul and
Foyer, 2001). Starch builds up under artificial highly favorable
photosynthetic condition causes a decline in photosynthetic rate
(Ramonell et al., 2001). It must be said that plants show a high capacity
to adapt triose phosphate utilization to the photosynthetic rate that they
assume to experience. This acclimation capacity is so pronounced that
recently is questioned the existence of triose phosphate limitation in
natural ecosystems (Rogers et al., 2021).

Water stress is a cause of metabolic disequilibrium in photosynthesis
products utilization that could bring a inhibitory signal on photosynthetic
rate. This signal should not be the direct imbalance between production
and utilization of triose phosphate in the chloroplast, but hormonal signals
coming from sink organs (Lovisolo et al., 2010) and primary metabolism
that target mesophyll and stomatal cells (Gago et al., 2016) reducing
electron transport rate (Kiirats et al., 2009; Sharkey, 1988), the activation
state of Rubisco and consequently carboxylation (Cen and Sage, 2005;
Sharkey et al., 1986; Socias etal., 1993; Viil et al., 2004) allowing stomatal
closure.

1.4.  The gas exchange analysis

Heteroatomic molecules of gas as CO, and H>O have a specific spectrum
of absorption in the infrared; this peculiarity is not present in diatomic



molecule as N2 and O». This behavior has meant that the easiest way to
measure CO; concentration in air is through analysis of the CO; infrared
specific component extinction in an optical pathway through air. The
instrument that made this kind of analysis is the infrared gas analyzer
(IRGA), an instrument that is composed of 4 main elements: a broad band
infrared source, a gas cell, an optical filter and a detector. The infrared
light beam emitted by the infrared source crosses the gas cell that shows
a precise optical pathway; the optical filter pass only the CO, absorbed
infrared component and the detector detects the residual infrared light
intensity. Fixing the optical path length, CO2 concentration is inversely
proportional to the infrared intensity hitting the detector. The H.O
absorption spectrum partially overlaps the CO- one and atmospheric H,O
concentration is far above the atmospheric CO,. For these reasons,
measurement of CO. is coupled with water vapor concentration
measurement that allows calculating an adjustment factor. Water vapor
concentration measurement can be conducted with a specific IRGA or
other instrumental methodology.

IRGAs are widely used in plant physiology and represent the easiest to
use and the most diffuse system for photosynthesis measurements.
Photosynthesis measurements should be made with close, semi-close or
open systems. No net air-flow is present in the first two; air after IRGA
measurement is recycled in the hermetic cuvette containing the leaf or the
target plant organ and, in case of positive Anet, CO2 concentration
inevitably decreases until CO, compensation point, unless reintegration
through CO; source (as the semi-clos system). The open system provides
a net air-flow; new air is continuously introduced into the chamber while
that contaminated by plant exchanges is expelled. Commercial solutions
for leaf gas exchange analysis adopt open systems and always consist of
at least 4 elements: a flow generator, a flow meter, a transparent chamber
and an IRGA. These instruments blow a known volume of air inside the
cuvette and perform twice CO. and H>O measurements; the first time on
the air entering the chamber, the second time on the air outing the
chamber (depending on the instrument specifics these measurements
could be conducted simultaneously, if there are 2 measurement cells for
CO; and 2 measurement cells for H.O, or consequentially). These
collected data are sufficient to calculate through von Caemmerer and
Farquhar’ equation (1981) Anet and water loss through transpiration (E).

Ue (Wo - We)

(1 - Wo)
(5)

E =

Aper = ue(c, —c.) —E ¢,
(6)



Where ues, We and c. are respectively molar air flow, water vapor
concentration and CO; entering the chamber and w, and c, respectively
the water vapor concentration and CO, outing the chamber. E¢; is an
adjustment factor considered for ¢, dilution with water vapor released by
E.

From E measurement it is possible to derive other important parameter
as stomatal conductance (gs), that define the facilites which HO
penetrate out to the leaf surface through stoma and diffuse to the
atmosphere. gs is proportional to gsc following the relation

_ 9
9sc = 156
(7)

Being the stoma a resistance to CO; diffusion inside the leaf, C; is different
by CO2 concentration (C,) and could be calculate according to Fick’s law:

A
Ci _ Ca _ Anet

(8

As gas exchange measurements can be made on photosynthetic organs,
the same measurements can be made on not-photosynthetic organs or
under environmental condition (e.g. in the dark or under stress condition)
where carboxylation is not predominant in the net exchange of CO-
between plant and atmosphere and CO: release through Rqg (in not
photosynthetic organs) and Rq and V, (in photosynthetic organs)
overcome V. resulting in negative values of Anet calculated from the gas
exchange analysis data (equation 1, 6).

As just mentioned, Anet changes in space and time, in commercial gas
exchange systems, which mostly compartmentalize small portions of leaf
and soil. During the years, custom-made gas exchange systems have
been developed. These systems are orientated to measure a balance of
net CO; flow on whole plant scale coupled to automatic and continuous
monitoring. The obtained information is essential to deepen the complex
responses and timing of acclimation of plants to the environmental
stresses and to couple photosynthetic with respiratory metabolisms
(Drake et al., 2019; Hagedorn et al., 2016).
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2. Objectives

| focused my PhD thesis on the aspects limiting plant carbonic
assimilation, above detailed, adopting different experimental setups and
investigating different ecophysiological aspects. In all experiments, | set
up gas exchange systems for whole plant and/or organ (shoot, root)
measurements, with the goal to perform a C balance integrating CO-
fluxes entering and exiting the targets (organs or whole-plants).

One of the objectives of my doctoral work was to identify solutions to the
engineering difficulties encountered in the construction of gas exchange
chambers on a whole plant. To do this, we have designed and built two
prototypes of different sizes with the aim of highlighting the different
instrumental solutions necessary to monitor the gas exchange of small
plants grown in a controlled environment and large plants grown in an
environment mimicking the natural one. One of the salient features of the
work was to separate the shoot and root compartments to perform
simultaneous measurements of canopy photosynthesis and root
respiration. Particular attention was paid to implementing the ease of use
of the equipment, making assembly faster and speeding up data
acquisition.

This work led to the drafting of a methodological article reported here
below (3.1) and accepted by Plant Science (Elsevier),
https://doi.org/10.1016/j.plantsci.2022.111505, titled: ‘Technical
advances for measurement of gas exchange at the whole plant level:
design solutions and prototype tests to carry out shoot and rootzone
analyses in plants of different sizes’. Some engineering challenges that
| solved are the result of the collaboration with Prof. Davide Ricauda’s
group, a mechatronics expert of DISAFA.

In a second paper here reported, titled ‘Effects of light quality on
photosynthesis and growth of Lactuca sativa L.’ (3.2), submitted to
Plant Growth Rgulation (Springer), limitations to the quality of light in
lettuce (1.2) have been addressed.

The goal of the work was to understand whether the spectrum of LED light
to which lettuce plants are subjected can have an effect on growth,
acclimation of the photosynthetic apparatus and respiration. To do this,
we exposed lettuce plants to 3 different light spectrum regimes (Red-Blue
light, Red-Green-Blue light and Full Spectrum light) and conducted gas
exchange analyzes on shoot and root to run a carbon balance. In parallel,
we conducted fluorescence and molecular analyzes to identify differences
in the composition of the photosystems.

Part of this work was conducted at the University of Verona, by working
in the group of Prof. Matteo Ballottari, a group that | already frequented
during a post-laurea period before to take the PhD course. | also
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collaborated with the company of Turin Prisma s.r.l. at the realization of
LED lamps with specific spectra, essential for the research goals on light
limitation of assimilation.

In the third paper, ‘Photosynthetic recovery in drought-rehydrated
grapevines is associated with high demand from the sinks,
maximizing the fruit-oriented performance’ (3.3), accepted for
publication by The Plant Journal (Wiley),
https://doi.org/10.1111/tpj. 16000, | reported the results of my research
focused to stomatal (1.1) and metabolic (1.3) limitations introduced by the
analysis of the model of Farghuar et al. 1980 under water stress and water
stress release.

The goal of this work was to understand how carbon limitation induced by
water stress can trigger a competition of the products of photosynthesis
between fruit and root, and how this resolves following the rehydration of
plants. The strategy we used was to continuously carry out a balance of
C between photosynthesis and respiration of the plant during the period
of stress and recovery from stress and to quantify the allocation of C to
the different sinks through a pulse labeling experiment with marked C.

In this work, which benefited a funding from the CRT bank foundation
(Carbostress project), | designed and realized a chamber for CO2 labelling
experiments in collaboration with the company of Turin Intek s.r.l. In this
chamber, thank to the collaboration with prof. Daniel Said Pullicino (a soil
chemist of DISAFA), | set up a system for CO- feeding and labeling for a
pulse-chase experiment on grapevine. The functional question was the
plant response at rehydration after a period of water stress. We pointed
to understand the fruit sink importance of crop plants compared to the root
sink activity role.

The bio-molecular aspects have been conducted in collaboration with Dr.
Giorgio Gambino and Irene Perrone and their collaborators of IPSP, CNR,
Torino and CREA, Conegliano.

In this experiment helped me several thesis students belonging to
bachelor and master courses given by Prof. Claudio Lovisolo, that |
coordinated in the acquisition of the research outputs.

In the second year of experiments (season 2020) the opportunity to
frequent the laboratories of DISAFA at Grugliasco campus was
interrupted by COVID-19 restriction. During this season | set up my
systems for gas exchange measurement at whole plant scale on tobacco
plants (results not presented in this PhD thesis; Figure 1) and | conducted
preliminary experiments on lettuce to optimize the selection of spectra to
test for lettuce growth and photosynthetic responses (Figure 2).
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Figure 1. Gas exchange measurements of tobacco plant during
COVID-19 lockdown (Aprli 2020).

14



e :.0""‘03 ""WW/

Figure 2. Preliminary experiment on lettuce plants for spectrum
selection.
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3. Results

3.1.  accepted by Plant Science (Elsevier) following request of revisions
https://doi.org/10.1016/j.plantsci.2022.111505

Technical advances for measurement of gas exchange at the whole
plant level: design solutions and prototype tests to carry out shoot
and rootzone analyses in plants of different sizes.

Davide L. Patono'!, Leandro Eloi Alcatrao', Emilio Dicembrini, Giorgio
Ivaldi', Davide Ricauda Aimonino', Claudio Lovisolo"?"

'Dept. Agricultural, Forest and Food Sciences, University of Turin,
Grugliasco, ltaly

?|nstitute for Sustainable Plant Protection, National Research Council,
Turin, ltaly

"Corresponding author

Abstract

To measure gas exchange at the whole plant (WP) level, design solutions
were provided and prototypes of gas-exchange systems (GESs) were
tested to carry out root and shoot analyses in plants of different sizes. A
WP-GES for small herbaceous plants was tested on the ability to
maximize the net assimilation rate of CO; in lettuce plants grown either
under blue-red light or upon full spectrum artificial light. A WP-GES for
large woody plants was tested during an experiment describing the
drought stress inhibition of grapevine transpiration and photosynthesis.
Technical advances pointed to optimize: i) the choice of cuvette material
and its technical configuration to allow hermetic isolation of the interface
shoot-root, to avoid contamination between the two compartments, and to
allow climate control of both shoot and root cuvettes, ii) accurate
measurements of the mass air-flow entering both cuvettes, and iii) an
adequate homogenization of the cuvette air volume for stable and
accurate detection of CO2 and H>O concentration in cuvettes before and
after CO2 and H2O contamination of the air volumes exerted by plant
organs.

Keywords

Gas exchange; transpiration; photosynthesis, respiration.
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Introduction

Gas exchange measurement is a powerful tool in plant biology with a wide
range of applications. One of the strengths of this methodology is the
versatility of operating on different scales, from the small portion of plants
(e.g. leaf, petiole, stem, root portion) to the ecosystem scale (Cernusak,
2020). Although some of the pioneering studies aimed at realizing a gas
exchange system (GES) for whole plant (WP) measurements (Heinicke
and Childers, 1937), the development of compact and easy-to-use
commercial solutions on single leaf or portions of soil have made the latter
predominant approach.

The prediction of plant dry matter production and yield requires a carbon
(C) balance of the WP (integral for a chosen period of net shoot
photosynthesis — root and soil respiration) (Matthews al., 2017), and the
up-scaling of organ information to the WP is hampered by
inhomogeneous distribution of gas exchange rates between the various
organs (van lersel and Bugbee, 2000; Leonardos and Grodzinski, 2011;
Ryan and Asao, 2019). Rootzone respiration in soil, for example,
responds to a temperature and humidity gradient in the soil, to the
structure of the soil, to the presence of nutrients and organic matter, or to
the greater or lesser diffusion of roots in the soil (Stoyan et al., 2000;
Epron et al., 2004). As below - the above ground measurements are also
influenced by the surrounding environment: the microclimate present
around the leaves due to the structure of the canopy and the age of the
leaves are just some important examples of the complexity of the factors
that shape the photosynthetic performance of leaves and consequently
the photosynthesis of the canopy. Furthermore, the respiratory
contribution of organs such as the trunk or fruit is often not considered
(Roux et al., 2001).

Modeling the C balance in WP starting from measurements on organ
portions has some important disadvantages, including the need for
multiple measurements to obtain representative values of spatial
differences and greater mathematical complexity to cope with a large
number of control hypotheses. The models are often incomplete with a
high level of uncertainty and a direct measurement of the WP gas
exchange is required for their validation (Tarara et al., 2011).

The ever-present scientific need to collect precise information on a plant
scale has led over the years to the realization of numerous WP-GESs
(e.g. Kolling et al., 2015 for herbaceous species; Poni et al., 2014 for
perennial plants), each with customized solutions based on experimental
needs. However, only a few WP-GESs had the goal of simultaneous
measurement of shoot-atmosphere and soil-atmosphere exchanges
(Walsh and Layzell, 1986; Harris and Paul, 1991; Cen et al., 2001; Klaring
et al., 2014; Drake et al., 2019; Birami et al., 2020; Klaring and Kdrner,
2020; Osuebi-lyke et al., 2022).
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The main challenges to address for designing a WP-GES with separate
compartments between shoot and the total soil volume hosting the
rootzone could be summarized in: i) choice of cuvette material and its
technical configuration to allow hermetic isolation of the interface shoot-
rootzone, to avoid CO, and H>O contamination between the two
compartments, and to allow climate control of both shoot and rootzone
cuvettes, ii) make accurate measurements of the mass air-flow entering
both cuvettes, iii) allow for an adequate homogenization of the cuvette air
volume for stable and accurate detection of CO, and H2O concentration
in cuvettes before and after contamination of the air volumes exerted by
plant organs.

The aim of this technical article was to show how to solve the
aforementioned challenges for using WP-GESs on different sized plants.
We designed two different prototypes of WP-GES with separate
compartments for shoot and rootzone for the measurement of either small
herbaceous plants under in-lab actively controlled climatic conditions or
woody plants growing in climatic conditions resuming environmental ones.
We built and tested the two prototypes by addressing two biological
phenomena. A WP-GES for small herbaceous plants (s-GES) was tested
on the ability to maximize the net assimilation rate of CO, under blue-red
light (Li et al., 2020) compared to a control full spectrum light in lettuce;
preliminary measurements here described as tests pointed to understand
if there is an adaptation of the photosynthetic apparatus to the spectrum
of light, and especially to green an far-red light components, whose
consequences have an impact on stomatal function and plant biomass
accumulation (Kim et al., 2004; Son & Oh, 2015; Pennisi et al., 2019; Yan
et al., 2019; Pennisi et al., 2020; Legendre & van lersel, 2021). A WP-
GES for large woody plants (b-GES) was tested during an experiment
describing the water stress inhibition of grapevine photosynthesis, to
compare our prototype with others described WP-GESs (Miller et al.,
1996; Long et al., 1996; Poni et al., 1997; Moutinho-Pereira et al., 2010;
Tarara et al., 2011).
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Materials and methods
s-GES cuvette materials and design

The s-GES shoot cuvette was made in polycarbonate, adopting a cubic
shape 90x90x90 mm. The shoot cuvette was connected to the rootzone
cuvette by an aluminum junction ring. The rootzone cuvette consisted of
a polycarbonate cylinder (80 mm diameter x 130 mm height) glued to the
junction ring and an expanded polyvinyl chloride (PVC) basement. Shoot-
root interface consisted in a polycarbonate disk with a central hole for
plant shoot growth. A 12DC brushless fan was installed in both cuvettes
to homogenize the air. Air-flow was supplied by a brushless diaphragm
pump equipped with an analogue (0-5 V) speed control system (3KD
Series-BLDC Motor, Boxer GmpH, Germany). The air-flow was monitored
with two hot wire mass air-flow meters with air-flow range 0-10 | min™
(Top-Trak 822, Sierra Instruments, USA). Flow was partially diverted in a
silica gel column for dehumidification and to a 200 W Peltier cell for
temperature control. An InfraRed Gas Analyzer - IRGA (Li-850 with
internal air sample pump, Licor, USA) - was connected through a 4-way
valve to root and shoot outlet and air reference, the air pathway sampled
was manually selected. A t-type thermocouple was installed inside the
cuvette for temperature measurement. A 120 Watt white LED or red-blue
LED light lamp (Prisma, ltaly) was positioned over the s-GES.

In details, the s-GES cuvette consisted of four elements: 1) polycarbonate
shoot cuvette (Figure 1A), 2) polycarbonate rootzone cuvette (Figure 1B),
3) aluminum junction ring (Figure 1C) and 4) disk interface (Figure 1D).
The polycarbonate shoot cuvette was made with a cubic shape made of
6 rigid panels 90x90x3 mm glued with neutral transparent silicone. On the
lower face of the cube, a hole D85 mm was drilled and a 30 mm high slice
polycarbonate pipe OD90x2 mm was glued to the hole perimeter. Two
holes for installation of 2 bulkhead pneumatic push-in fittings were made
on 2 specular side faces (Figure 1E). A 40x40x10 mm 12V DC brushless
fan (Figure 1F) was glued on an internal side face for cuvette air
homogenization a thermocouple was clamped in front of the fan, electrical
wires pass the face in a through hole that was subsequently sealed with
neutral silicone. The connection between shoot and rootzone cuvettes
was assembled by the use of a custom aluminum junction ring made with
CNC. This aluminum ring has two O-ring seats, one to hermetic adhesion
with shoot compartment polycarbonate cylinder slice (nitrile rubber O-ring
ID79x3.5 mm; Figure 1G), one for the hermetic adhesion to the root-shoot
interface (nitrile rubber O-ring ID75x2.5 mm; Figure 1H). Aluminum
junction ring has two radial through holes, one for electrical wires passage
and the other for pneumatic push-in fitting assembling (rootzone cuvette
air outlet).

The s-GES rootzone cuvette consisted of a slice of polycarbonate pipe
D80X2mm 130 mm high glued with polyurethane sealant to the aluminum
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junction ring at the top and an expanded PVC basement at the bottom. A
U shape hole in the PVC basement (Figure 1J) created the inlet air path
and a 12V DC fan (Figure 1K) was glued in its proximity inside the
rootzone cuvette. Plants needed to be grown in cylindrical plastic pots
(Figure 1L) of maximum OD50 mm and 100 mm high; plastic pots that we
used were pipe slices closed at the bottom with 0.5 mm mesh plastic net.
Shoot-root interface consisted of a D85x3 mm light gray polycarbonate
disk with a central hole D3 mm (Figure 1D). The polycarbonate disk was
fit to the plant after emergence of cotyledons. During growth, the stem
autonomously plugged the central disk hole. At time of measurements
plastic pots were inserted inside the rootzone cuvette and interface disk
was screwed to the top surface of the aluminum junction ring.

b-GES cuvette materials and design

The b-GES shoot cuvette consisted in an inflated polyethylene balloon,
while the rootzone cuvette was a custom “18-gallon’ metal drum whose
cover was used as a shoot-root interface. The air flow was supplied by a
custom made 350W three-phase centrifugal fan dimensioned to allow at
50 Hz an air flow of 360 m® h™! with pressure drop of 270 Pa (PBN, Italy);
the fan speed was regulated by an inverter (VFDOO7EL23A, Delta,
Taiwan). The flow was measured with a hot wire anemometer (AVUL-
3DA1, Dwyer, USA) installed in the PVC pipeline. A T-type thermocouple
was installed at the outlet of the balloon. A PAR sensor (SQ-515-SS,
Apogee Instrument, USA) was installed outside the balloon under the
same balloon polyethylene cover. A 220V AC brushless diaphragm pump
(D7 series, Charles Austin, UK) with maximum air-flow 26 | min"' was
connected to the rootzone cuvette. The b-GES balloon was installed in a
multi-chamber module that controls a series of 4 balloons; tests here
conducted and the technical solution reported were focused on the one-
balloon outputs and not on the automation of the multi-chamber system.

In details, the b-GES shoot compartment was designed as a balloon
cuvette sustained directly by the air-flow through without a frame. We
used a transparent polyethylene (PE) film (Long Life, Eiffel, Italy) that is
developed for table grape growth. PE transparency was tested by
comparing irradiance measurements performed with a spectroradiometer
(MS-720, EKO instruments, Netherlands) inside the balloon with
measurements carried out outside (Figure 2A). The relative transmittance
(ratio between the two measurements) is close to the unity for
wavelengths greater than 450 nm; below (in the blue and in the UV region)
the transparency gradually decays up to a 15% relative transmittance at
350 nm (Figure 2B). It is a low thermality material stabilized for sulfur
treatments with a lifespan of 2-3 years under full sunlight. Balloon film was
thermo-sealed with a clamp heat sealer (Superpoly 630 SP, Ferplast,
Italy). The geometry of the balloon was a prism with hexagonal base
(maximum width 1.5 m, 1.2 m high) that is close above and below with
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hexagonal pyramid prism (0.4 m high) per a total volume about 2.1 m3
(Figure 3A). Along the entire balloon length a pressure polyethylene zip
(Minisac S.n.c; Italy; Figure 3B) was thermo-sealed to allow fast opening
and closing for sampling or plant substitution. When the balloon was well
inflated the shape was pretty close to a sphere (Figure 3C). The efflux
from the balloon was a PVC pipe curve OD63 mm (Figure 3D) cover with
a closed cell foam adhesive tape at one extremity. An aperture at the top
of the cuvette pyramid was sealed around the foam with a metal clamp.
The PVC curve was also the seat of a thermocouple and a
polytetrafluoroethylene (PTFE) probe (Figure 3E) connected to the IRGA
for outlet air analysis. The inlet of the balloon was a PVC T OD100 mm
(Figure 3F) clamped in the same way at the lower pyramid base.

The b-GES rootzone cuvette was realized starting from a metal drum
ID450 mm and 450 mm high (about 70 | capacity) with 3 %2” holes with
screw cap closure (Figure 3G) at the bottom to allow water drainage, if
needed. The interface between shoot and rootzone cuvette was the
original cap of the tank with for 2” holes with screw cap closure (Figure
3H) to allow plant watering and soil sampling. A D100 mm hole was
applied to the middle of the tank to allow the insertion of one PVC T
junction that was sealed with polyurethane sealant. Before bud break PVC
T was inserted inside the plant trunk and the space between trunk and
PVC was foam filled (Figure 3F) to allow hermetic separation between
shoot-rootzone compartments. Plants could be grown directly inside the
rootzone cuvette or in a smaller pot and inserted in the tank at time of
measurements. Theoretically the same b-GES could measure more
plants during the season with the limitation that each plant should be
inserted in a PVC T inside the tank cap at the beginning of the vegetative
season. Shoot and rootzone air homogenization was obtained installing
two 12V DC brushless fans 120x120x20 mm (Figure 3l).

Mass flow control and measurements - s-GES

Driving force of the air-flow in the s-GES was guaranteed by a 24V DC
brushless diaphragm pump (Figure 4A) with 0-5 V signal for speed control
(3KD Series-BLDC Motor, Boxer GmpH, Germany) regulated by a
potentiometer (Figure 4B). The pneumatic pathway started with a 1000 |
tank (Figure 4C) connected to the suction side of the pump to reduce
fluctuation in atmosphere H,O and CO;. concentration. The tank was
internally ventilated with a 120X120X40 mm 12V DC fan to prevent air
pockets; to permit air renewal, a 4-meter high probe allowing air intake
was connected to the cap of the tank (Figure 4D). The first element
installed downstream the pump was a needle valve partially closed
(Figure 4E) that dampened air pulsation due to pump operation. AY fitting
diverted part of the flow to a silica gel column (Figure 4F); air partition
directed to the silica gel was regulated by a manual flow regulator (Figure
4G). After air dehumidification a cooling module was introduced. The
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cooling module consists of a 200W Peltier cell glued from one side to a
ventilated heatsink and to the other to an aluminum plate coil for heat
exchange with air (Figure 4H). The Peltier operating power has been
controlled manually with power supply current input. Another Y fitting split
flow in two lines for rootzone and shoot cuvette and one flow regulator
installed to the rootzone line control flow partitioning (Figure 4l). Prior to
getting into the cuvettes air-flow was measured by two hot wire mass air-
flow meters with free flow range 0-10 | min"' (Top-Trakd 822, Sierra
Instruments, USA; Figure 4J). At pump full speed total flow (sum of the
flow directed to the two cuvettes) was about 10 | min™'. A T junction was
installed immediately after the temperature module (Figure 4K) and one
air probe connected to the IRGA allowed air sampling for reference gas
analysis. The cuvette outlet consisted of push-in T-fittings (Figure 4L ), one
side of the T was connected to the air probe for sample gas analysis and
other allowed air efflux. A 4-way manual valve selected the probe for the
IRGA (Figure 4M).

Mass flow control and measurements - b-GES

In the b-GES the air-flow through the balloon was generated by a custom
three-phase 350W centrifugal blower (PBN, Italy; Figure 5A) controlled
with an inverter (Figure 5B) to regulate the frequency of the electrical
engine and consequently the air-flow. The blower was dimensioned to the
balloon multi-chamber module that presents a pipeline pressure drop of
270 Pa at a maximum flow of 360 m3 h™' (90 m®*h' to each balloon;
calculated according to pressure loss tables). Pipeline consisted of a 4
meter vertical pipe OD125 mm (Figure 5C) connected from one side to
the suction port of the blower and to the other side to a 180° PVC curve
to prevent water suction during rainfall. The blower air delivery port was
connected to a branched pipeline with three T-pieces (Figure 5D) that
allowed splitting the main flow in 4 lines. Each line, prior to the junction of
the balloon PVC T surrounding the trunk, presented a diameter reduction
from OD125 mm to OD63 mm (Figure 5E) where a hot wire anemometer
was installed (Figure 5F) in a linear section of one meter. The reduction
in the pipeline section was intended to increase air velocity (at same air-
flow) to decrease anemometer error. The connection between pipeline
and balloon was realized with 1 meter long PVC-copper flexible suction
hose for air (Figure 5G). Pressure drop due to PVC curve restriction at
balloon outlet (Figure 5H) was sufficient to maintain the balloon fully
inflated in the range 20-90 m® h™" of air.

Rootzone cuvette air-flow was generated by a diaphragm pump (Figure
51) that pushes air into the cuvette through a PTFE pipeline ID4 mm- OD6
mm (inlet flow). On the PTFE pipeline, prior to being connected to the tank
cap, a hot-wire flow meter was installed (Figure 5J). All the connections
with the PTFE pipeline were realized with pneumatic push in fittings
(Figure 3J). Considering pipeline pressure drop, the rootzone cuvette flow
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was 16.0 0 0.1 | min™. Cuvette efflux consisted of one 2" holes on the
tank cap that was left open (Figure 3H). An air probe was connected to
another push in fitting threaded to the tank cap allowing air sampling for
IRGA analysis of the cuvette outlet. A manual 4-way valve (Figure 5K)
opened the probe path selected for the IRGA (Figure 5L).

Tests of gas exchange measurements - Plant processing before, during,
and after measurements in the s-GES

For the s-GES test, seeds of Lactuca sativa cv. Rebelina (Gautier,
Eyragues, France) were sown in seedling trays filled with peat and left for
2 weeks to germinate in a plant incubator (temperature 23°C, RH 60%,
white LED light of 215 pmol m? s, and photoperiod of 16:8 h of day :
night) (Figure 6A). With the aid of a spectroradiometer (MS-720, EKO
instruments, Netherlands), light intensity was maintained at 215 pmol m?
s' PPFD over the plant canopy throughout the experiment, following set
up of Pennisi et al. (2019, 2020).

Seedlings were transplanted inside 0.4 | OD50 mm plastic pots filled with
sand and transferred in groups of 10 potted plants on two different shelves
in a growth chamber (Figure 6B).

Plants were irrigated twice a week with full strength Hoagland solution
during three weeks of growth to study putative adaptations of lettuce
photosynthetic apparatus to the spectrum of light and their consequences
on indoor plant biomass accumulation (Figure 6C). We exposed plants to
two different LED lighting conditions: a LED array showing narrow bands
in RB and RGB regions was compared with a full spectrum (FS) LED that
has a continuous emission in all the PAR regions, as it is in the sunlight.
Both white and red-blue lights were set in order to have the same total
PAR intensity of 215 pmol m2s™.

Gas exchange in shoot and rootzone was measured under 215 pmol m?
s of red-blue or white light. Steady state measurements of whole canopy
assimilation (A), transpiration (E) and rootzone respiration (R) were
performed in the s-GES, and the same measurement was conducted with
a portable IRGA (GFS-3000, Walz, Germany) on single leaves (SL). No
WALZ light source was used. SL measurements were performed under
LED illumination used for lighting the s-GES. SL and WP net CO;
assimilation (A), transpiration (E), and rootzone respiration (R) were
calculated following von Caemmerer and Farquhar’s equations (von
Caemmerer & Farquhar, 1981) (Figure 6D).

As soon as the measurement was completed, the rosette was removed
and the leaf area (LA) was quantified by scanning the leaves. The root
was separated from the soil with a sieve and rinsed with water to remove
the sand that remained stuck, after which it was dried and weighed. The
rootzone respiration was scaled to the dry weight of the root (Figure 6E).
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Tests of gas exchange measurements - Plant processing before, during,
and after measurements in the b-GES

For the b-GES test, plants of Vitis vinifera cv Barbera grafted onto Vitis
riparia x Vitis berlandieri 420A rootstocks were grown for 3 years in 70 L
pot. In February, vines were winter-pruned and taken out from their
growing pots, soil was removed and 12 plants with similar root volume
were selected (Figure 7A).

Selected grapevines were transplanted in February in custom metal
drums with 60 | of 3:2 v/v sand-peat mixture and 9 g of grapevine granular
fertilizer (12+12+17+2 MgO + 20 SO3) (Figure 7B) growing till July upon
full irrigation. At the beginning of July, plant canopies were green-pruned
to a similar leaf area (LA) (= 0,5 m?) (Figure 7C).

On a sunny day of July, their canopies have been closed in balloons and
two irrigation treatments were compared in order to have control plants
(permanently well irrigated, WW) and water stress plant (WS).
Measurements were performed after reaching stable H.O and CO, values
at the outlet of both balloon and rootzone cuvettes. Canopy A, E and
rootzone R were measured on all 12 plants and, at the end of the
measurement, single leaf measurements with portable IRGA have been
assessed on 3 full expanded leaves per each plant randomly chosen on
the canopy. Whole-canopy A, E and rootzone R were calculated following
von Caemmerer and Farquhar’s equations (von Caemmerer & Farquhar,
1981). Plant gas exchange measurements were performed in a period of
high pressure and consequent highly-evapotranspirative atmosphere
(Figure 7D).

During the experiment the relative soil humidity (RSH) in WS pots ranged
between 30 and 40% and the pre-dawn leaf water potential (Wpp) was
checked (Rodriguez-Dominguez et al., 2022) every two days to maintain
the designed stress level by replenishing water losses accordingly. In WS
plants Wepp was held around -0.18 + 0.04 MPa, while the well-watered
(WW) condition corresponded to RSH>80% and Wpp of -0.05 £ 0.01 MPa.
Grapevine leaf area (LA) has been calculated in vivo by linear relationship
between leaf square maximum width (diameter) and single-leaf area
(Vitali et al., 2013).
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Results
Preliminary test of devices

First of all, two tests of the hermetic seal were carried out on the s-GES.
The first consisted to close inlet and outlet of s-GES cuvettes with a
pneumatic plug and to submerge the system in a water tank 1 meter depth
(negative pressure of 100 mbar): no water infiltration has been observed.
In the second test, the s-GES was connected to the diaphragm pump and
a leak detector spray was used to check any leaks, to increase cuvettes
positive pressure during test at the outlet of the cuvettes a needle valve
partially close was inserted. No leak has been observed.

The greenhouse effect of the shoot cuvette was tested inside the lettuce
growth chamber at 23°C under LED light illumination intensity of 215
PPFD. The air supplied to the cuvette was directly taken from the chamber
and shoot air-flow was set to 1.5 | min™' (minimal shoot operational flow).
Cuvette temperature after stabilization was +6°C.

Peltier cell worked efficiently at low delta temperature, the s-GES during
gas exchange measurement needed continuous ambient air renewal. If
the ambient air temperature was similar to the set cuvette temperature
(for example during our spring tests) the Peltier cell properly controlled
the cuvette temperature but, as the case of summer tests, the difference
in temperature was too high and Peltier cell did not compensate
sufficiently. We needed to introduce another aluminum plate coil (Figure
40) that was positioned against the inox wall of the growth chamber
(Figure 4P) to reduce temperature difference between external air and
cuvette temperature prior to Peltier cell temperature control. This
precaution allowed temperature control in the range of 23 0 1.5°C, being
the external temperature about 35°C.

To precisely measure gas exchange a fine measurement of air molar flow,
COz and H20 concentration is essential. We tested the following sources
of error: i) oscillation in the molar flow measurements due to diaphragm
pump pulsation; ii) oscillation in reference air and sample air H,O and CO-
concentration due to atmospheric air CO2 and H,O fluctuations and
presence of air pockets in the shoot and rootzone cuvettes; iii) CO, and
H>O contamination between shoot cand rootzone cuvettes. We used one
lettuce plant growth under full spectrum white light to define the shoot and
rootzone cuvette air-flow to impose during lettuce measurements.
Considering that IRGA has <1 ppm of measurement noise, we chose to
impose a flow rate that defines a delta CO; between reference and sample
in the range of 10-30 ppm for shoot and >5 ppm for root. The first test
suggested an air-flow in the shoot cuvette of 5.0 | min~' and the minimal
air-flow of 1.5 I min™' in the rootzone cuvette, it was not possible to further
reduce the flow in rootzone cuvette because IRGA pump was set to 0.75
I min"" and we were willing to exclude external air contamination at the site
of the air probe sampling.
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Reducing pump speed to target air-flow increased flow oscillation > 0.3 |
min”', doubling the accuracy of the flow meter (1.5% full scale
corresponding to 0.15 | min™"). In addition, we introduced a needle valve
just downstream of the pump to dampen air oscillation due to pump
membrane vibration, as suggested by Long and Hallgren (1985).
Interface leakages have been checked monitoring sample CO, of one
cuvette and breathing to the inlet pipe of the other cuvette, no evidence
of interface air contamination have been observed in both cuvettes.
Once the centrifugal blower had been turned on, we checked at which
blower regime the balloon was completely swollen, this regime was from
20 Hz to 50 Hz. For air-flow measurement we installed the anemometer
following device suggestion, it was positioned 10 duct diameters
downstream any disturbances and 5 duct diameters upstream of any
disturbances. Anemometer depth was defined by calibration with a mass
flow meter at variable area (VFC-133-EC, Dwyer, USA) temporally
installed downstream of the anemometer. Depth was offset 5 mm from
the duct middle. We checked for shoot-root interface leakage submerging
with water the T PVC that contained the trunk and we used leak detector
spray to check leakage between the sealing between PVC T and tank
cap. We imposed a blower frequency of 35 Hz corresponding to an air-
flow volume about 39 m® h”'. This blower velocity allowed the better
compromise between balloon internal temperature and delta CO, and
H20 between reference and sample. The grapevine measurements were
done in August, with this air-flow we observed a maximum greenhouse
effect of +4°C.

Experimental tests - Outputs of measurement routines in the s-GES

To test the the s-GES we performed gas exchange measurements on
lettuce in controlled climatic conditions; the predetermined temperature
and relative humidity were respectively 23 °C and 60% with a consequent
absolute concentration of H;O in air of 17000 ppm. During the
measurements, the external temperature varied from 25 °C at 09.00 a.m.
to a peak of 32.5 °C at 04.00 p.m. with a variation in atmospheric humidity
respectively from 65% to 41% and with variations in absolute air humidity
in the span of the day from 18890 to 21780 ppm. The Peltier air
conditioning system operated at maximum current intensity during the
hottest hours and at 80% during the first hours of measurement. During
the measurements it was necessary to use the dehumidifier with small
adjustments throughout the day addressing the flow toward the silica gel
cylinder. The temperature during the course of the measurements was
maintained at the established temperature with a maximum deviation of
1.5 °C; as regards absolute air humidity, the deviation was a maximum of
700 ppm. 5.0 I min-1 of air were directed to the shoot cuvette and 1.51to
the rootzone cuvette, no flow adjustment was set among one
measurement and the following ones to maintain the same turbulence
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conditions inside the cuvette. The steady state condition was reached
about 45 minutes after the start of the measurement routine; deltas of CO;
concentration between reference air and sample air recorded were
between 11 and 24 ppm, while air H,O deltas were between 2000 and
5000 ppm. The absolute CO; and H,0 values sequently measured for the
reference and the sample (shoot and rootzone) were the average (AV) of
60 s of measurement (Figure 8).

In this period of time, fluctuations in CO, and H;O were observed
respectively in the order of +0.6 ppm and 40 ppm, falling within the
background noise of the instrument. This result highlights how the
ventilated 1000 | tank and the probe placed at a height of 4 meters
sufficiently dampened the fluctuations in the concentration of CO2 and
H20 of the atmospheric air and how this homogenization of the air was
maintained throughout the air pathway, including the cuvette. As regards
the gas exchange of the root, the CO, delta observed between the
reference and the sample air was in the range of 3.8-8.8 ppm, while the
H2O concentration of the sample was considered to be saturated vapor
(Figure 8).

Gas exchange data showed how the difference in A between Red-Blue
light and Full Spectrum light observable on single leaf (SL) measurements
was also observable on whole plant (WP) measurements, where plants
under Red-Blue light showed a significantly higher A. Significant
differences in E were not detectable in either SL or WP. As for the
coefficients of variation (= standard deviation / average * 100), no
consistent differences were observed between the two measurement
systems (Table 1).

Experimental tests - Outputs of measurement routines in the b-GES

To test the b-GES, grapevines grown in pots under control irrigation (WW)
and water stress (WS) conditions were measured. The test pointed to an
instantaneous measure of both photosynthesis rate of the shoot and
respiration of the rootzone representative of the environmental growing
conditions. The closure of the balloons through the compression zip and
the waiting time for the balloon to be perfectly inflated was 3, 4 minutes,
while the plateau of both CO, and H,O deltas between reference and
sample was reached in about 2 minutes. The frequency of the centrifugal
blower was set at 35 Hz which, depending on the plant measured, resulted
in a flow in the range of 34.7-39.3 m® h' with a noise during the
measurement in the order of 0.8 m® h'. The small differences in the flow
between one tested plant and another were mainly due to the bulk and
shape of the trunk inside the T-piece, thus revealing an obstacle to the
flow of air that is not entirely negligible.

Measurements followed a repeated 90 s run including a period of air
purging (about 30 s) and 60 s thereafter to determine the mean steady
state value, for averaging the measurement output (M or REF). The
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measurements were conducted following the sequence: 1 reference
(REF), 6 replicate samples (M), 1 REF, 6 Ms, 1 REF. Each routine
consisted of 1 + 6 + 1 + 6 + 1 = 15 measurements. H,O and CO; were
measured simultaneously. As for reference CO; there was greater
stability than for reference H2O, but by averaging the 3 references, a
stable value was obtained in both shoot (Figure 9A) and rootzone (Figure
9B).

Our flow intensity determined deltas of CO, and HxO respectively in the
range of 15-22 ppm and 4300-5400 ppm for WW plants, and 3-7 ppm and
1900-2800 ppm for plants under WS. Given measurement speed, the
temperature rise recorded was a maximum of 2 °C. CO, and H.O
concentration noise was respectively about 1 ppm and 150 ppm, slightly
higher than instrument noise. Differential CO2 concentration in rootzone
cuvette was pretty high, in the range of 30-70 for WS plants and in the
range of 70-100 in the WW plants, the time needed to reach the CO;
plateau at the outlet of rootzone cuvette was pretty long, around 20 min.
Both measurements carried out on a SL and those carried out on a WP
showed a clear difference in A and E between WW plants and plants
under WS. No significant differences were observed between the two
measurement methods; however, in measurements of WW plants A
tended to be higher on the WP than in SL. A high CV is also observed for
WP measurements under WS conditions. From the data of R it was
observed that the water availability of the soil has a strong impact on the
gas exchange of the root, as expected (Table 1).
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Discussion
Technical advances of s-GES and b-GES systems

The whole plant gas exchange measurement systems presented here
have highlighted some technical advances.

Both systems have a semi-simultaneous measurement system of the
rootzone in parallel with that of the canopy, from whose outputs it is
possible to deduce belowground respiration data hardly present in
literature. These data can be fundamental for identification or calibration
of predictive models for the assimilation / consumption of carbon in both
sources and sinks on either herbaceous or perennial plants.

Through the analysis of construction details and measurement
performance, we were able to compare two systems very different from a
design point of view, but which respond to the same need, on two different
scales. There are points for and against both systems, here detailed and
described, in response to the design traits.

Finally, it was possible to discuss the functionality of these systems in
more controlled environmental conditions (s-GES), or as natural as
possible (b-GES), highlighting the constructive critical points that are most
affected by environmental settings.

Proposed technical advances responded to three major challenges
arising in the design and setup of gas exchange systems (GESs) for whole
plant (WP) measurements: i - cuvette technical configuration, ii -
measurements of mass air-flowing, and iii - stable and accurate detection
of air CO2 and H>Or concentrations. From the analysis of our prototype
operational skills and from results of the experimental tests a series of
problems and possible outcomes can be deduced.

Problems related to the choice of materials

In the choice of materials, various factors must be taken into account:
mechanical properties of the materials, transparency of the shoot cuvette,
thermal properties of the material and interaction-permeability of the
material with CO, and H2O. As explained above, the artificiality of the
environment created in the s-GES system allowed the use of materials
during the design that simplified the construction of the cuvette. In
literature, plexiglass is the most widely used material for rigid plastic
cuvettes (Garcia et al., 1990; Harris and Paul, 1991; Donahue et al., 1997;
van lersel and Bugbee, 2000; Cen et al., 2001, Medhurst et al., 2006;
Langensiepen et al., 2012; Ferrari et al., 2016; Birami et al., 2020); this
choice is most often due to the very high transparency of the material.
However, for a laboratory system we preferred the use of transparent
polycarbonate as it does not splinter during processing and is easily
glued. On the other hand, modern LED technology allows the
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achievement of high light intensities at low cost, and the search for
transparency becomes negligible.

The aluminum junction ring, on the other hand, was made of metal and
CNC to ensure precise sizing of the O-Ring seats for the hermetic seal of
the cuvette. In addition, the entire pipeline system (with the exception of
the 1000 | tank) was made of PTFE or aluminum, materials with very low
gas permeability and low water absorption (Dixon and Grace, 1982),
minimizing possible artifacts during measurements.

The b-GES, on the other hand, had to reproduce light conditions similar
to environmental ones inside the balloon. The material used was
developed for the cultivation of table grapes; its high transparency and
low thermal properties made it the preferred material for our purpose.
Furthermore, the material we have chosen can be applied for long periods
to vine plants as it is nickel-based additive to give it resistance to plant
protection chemicals and is also transparent and resistant to UV rays at
the same time. This allows the environmental trigger that determines a
response in the secondary metabolism of the plant, and at the same time
a prolonged life of the film (2 years in full sun). The balloon system was
chosen because it does not require a frame, is light and transportable and
allows the creation of customized shapes. Our hexagonal base shape and
the slight elasticity of the materials determined an almost spherical shape
when the balloon was perfectly inflated; spherical shapes are preferable
to edgy shapes to reduce the scattering effect which reduces the ratio
between direct light and diffused light and, when the angle of incidence of
sunlight is tangential to the surfaces of the balloon, leads to phenomena
of total reflection (Corelli-Grappadelli and Magnanini, 1997). However,
this problem was negligible for the s-GES since the light source was fixed
and perpendicular to the cuvette making the cubic shape more practical.

The greenhouse effect has been minimized in the b-GES thanks to the
white color of the PVC pipes and the low-thermal material of the balloon.
For quick measurements, such as those carried out by us, the rise was
less than 2 °C. If prolonged measurements were to be carried out, as
demonstrated by the preliminary tests, on particularly hot and sunny days
the rise of 3-4 °C could be decisive in the response of the plant controlling
its rates of A, E and R. The flow we set determines a rechange of air inside
the balloon every 6 minutes and, in the experiment with vine plants,
provides about 10 | of air per m? of leaf. In the literature, an entire air
exchange every 30 s has been suggested on grapevine plants to reduce
the greenhouse effect to about 3 °C (Poni et al., 1999; Perez-Pefia and
Tarara, 2004) and 3 to 4 | of air per m™ of leaf surface s™ to maintain
adequate detection of the differential of gas exchanges (Poni et al., 2014).
There are number of studies that have built chambers for grapevines that
ranged from field grown vines (Petrie et al., 2003; Perez-Pefa and Tarara,
2004; Dragoni et al., 2006; Intrigliolo et al., 2009; Tarara et al., 2011;
Prieto et al., 2020), field-like canopies on potted vines (Poni et al., 1997,
1999, 2014; Smith et al., 2019) and then young potted vines, as in our b-
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GES. Grapevine A and E we measured in the b-GES are consistent with
the literature where values have been reported on a leaf area basis. We
recorded A of 13.4 ymol m? s™' compared to peaks of ~ 8 to 12 umol m=
s' measured by Tarara et al. (2011), ~ 6 to 11 ymol m2 s™' measured by
Petrie et al. (2003), and about 12 pmol m2 s, reported by Smith et al.
(2019). In canopies of field grown vines there are often shaded leaves,
and with some training systems, canopies can be very dense. We
probably measured high rates of A and E due to the spherical shape
slightly oversized of the shoot balloon-cuvette and good spatial
arrangement of the canopy in the balloon, dealing our prototype with
young potted vines.

Undoubtedly, in both our work and previous ones on vines, plastic ballons
determined a greenhouse effect; a possible implementation of our b-GES
could be the conditioning of the incoming air, already implemented in
other WP-GES plants used on other plant species (Barton et al., 2010;
Birami et al., 2020). In the s-GES, the air conditioning system presented
by us is a valid solution for experiments where the internal temperature of
the cuvette differs by a few degrees from the ambient temperature;
greater freedom in regulating the internal temperature of the cuvette can
be obtained with air conditioning systems consisting in a refrigeration unit
and a heat exchanger with refrigerant fluid.

Problems concerning the measurement of the mass flow of air

The mass flow of incoming air is one of the traits that most affects the
accuracy of the final measurement; for small systems with air volumes
from a few hundred ml min™' to a few tens of | min™, the use of mass flow
meters is ideal. Hot wire technology is one of the cheapest and most
widely used. However, attention must be paid to calibration; the type of
gaseous mixture, the presence of humidity, temperature and pressure are
parameters that can have a significant impact on the accuracy of the
estimate. In our case, we asked for a calibration with dry air at 21 ° C at
atmospheric pressure. In our range of use, humidity had an influence of
up to 1.5% on the final estimate. Since the s-GES is a pneumatic system
powered by a diaphragm pump, the pressure in the pipes could exceed
several hundreds of millibars. To minimize errors in estimating the
measurement, we placed all the elements that cause pressure drops, with
the exception of the cuvettes, upstream of the flow detectors so that the
pressure inside the detector was as close to the ambient pressure as
possible. As for the b-GES, direct mass flow measurements can be very
expensive. To overcome this problem, we opted for the use of a hot-wire
anemometer which, however, required calibration.

Other types of flow measurements can be performed either with other
types of anemometers, for example a plate anemometer (Burkart et al.,
2007), or with differential pressure measurements with Pitot tubes (Alterio
et al., 2006) or orifice plates (Corelli-Grappadelli and Magnanini, 1993;
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Poni et al., 1999). However, calibration is always required, as it is an
indirect flow measurement. In other works, calibration was performed by
measuring the flow by diluting a known constant gas flow (Corelli-
Grappadelli and Magnanini, 1993) or by considering the filling time of a
known volume (Goulden and Field, 1994); in our case we decided to use
a variable air-flow meter.

Problems arising to obtain stable and accurate detection of air CO; and
H>Or concentrations

As regards the measurement of H.O and CO: concentration, the tests
have shown that in the s-GES the 1000 | tank adequately ventilated and
with the air renewal pipe placed at a height of 4 meters determines an
exceptional dampening of the environmental fluctuations of CO» and H20.
Furthermore, the stability of the air-flow due to the presence of restrictions
during the path which dampen the flow oscillations due to the pump, the
adequate ventilation of the cuvettes and stable environmental conditions
(light and temperature) preserved the stability of the air CO, and H20
contents also at the outlet. The large amount of air directed to the balloons
in the b-GES system has made itimpossible to create an adequately sized
tank to dampen the environmental fluctuations of CO; and H2O. This
limitation is observed in the background noise observed in the
measurement of the reference and sample CO-, and H,O; however, if the
greenhouse effect is reduced, as in our case, the air-flow can be reduced
by determining differential concentrations of CO, and H2O that make this
background noise negligible. For both the s-GES and the b-GES the
separation system of shoot-root interface was found to be suitable. In the
first case, our strategy follows what was done by Donahue et al. (1997),
who demonstrated that plant growth can be exploited to hermetically seal
a small hole in an insulating plastic film, adopting a rigid plastic material
and thus opening the possibility of using materials with different
properties. This strategy restricted the measurement time window to a
couple of weeks. In our lettuce test, contamination between the two
cuvettes was still noted during the first 3 weeks of plant growth in the
cuvette. The measurement phase (Figure 6D) lasted about two weeks,
following the aforementioned 3 weeks; meanwhile, single leaf
measurements were also carried out and the transpiration and
photosynthesis performances did not vary in this time window. The fixed
size of the hole, however, remains a weak point of the system and one
could think of a root shoot interface-hole in a more extensible material to
be able to extend the measurements longer. In the b-GES, the use of the
metal barrel closure makes assembly quick.

The achievement of a final steady state measurement in an open gas
exchange system follows an exponential trend. 95% of the final value is
reached after a time of 31, where T is a constant that corresponds to the
volume of the system / flow (Weiss et al., 2009). At the time of closure,
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the balloon had a very high flow relative to volume and therefore the
concentration of CO, exiting the balloon during the whole inflation was
very similar to the stationary concentration of CO.. As for the rootzone
cuvette, the 31 we estimated was about 13 min. Moreover, since the pot
was not very ventilated until the pump was switched on, the initial CO»
concentration inside the cuvette was also 10 times higher than the final
concentration, for this reason a time of 31 was not sufficient to give a
sufficient accuracy of the measurement, having to go to a turnover of
almost 51, corresponding to the achievement of 99% of the final value.
Since the final CO; deltas are very high, a future solution could be to use
a higher air delivery in order to reduce 1 while remaining in an accurate
CO; delta range considering the background noise and the accuracy of
the IRGA.

Comparison between SL measures and WP measures

In lettuces mesaured in the s-GES, WP assimilation scaled per leaf
square meter is about half of that measured in SL, both in conditions
maximizing photosynthesis (RB light) and in control conditions (FS light).
The whole plant measurements consider the integral of all the leaves of
the rosette, both those well exposed to light, and those that remain
embedded in lower layers obscured by those in full light. This situation
therefore gives the idea that in a lettuce rosette the most internal leaves
almost do not photosynthesize anymore and the more exposed ones have
a photosynthesis that is equal to that measured in SLs, when the well
extended leaf is measured in total incident light. The average of the s-
GES therefore renders an estimation of the integral of this gradient (from
a putative 0% to 100%), giving us an average value that is approximately
half of the maximum (the one detected by the SL measurement).

In b-GES-growing grapevines, on the other hand, light is not a limiting
factor. The plants are small in comparison to the volume of our balloon
and all leaves receive sunlight, which is the same receiving single leaves
with portable IRGAs. The advantage of having the direct integral of the
whole plant value remains undoubted, without having to model taking into
account canopy architecture and physiological, leaf aging-related,
microclimatic and environmental factors, not negligible, on the contrary,
to extend punctual SL measurements to models of the whole canopy
(Cernusak, 2020).

Conclusions
In light of the measurements described and the results of both preliminary
and experimental tests, our prototypes were found to be of useful

application for gas exchange measurements with performances
comparable to the SL systems available on the market, but with the
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undoubted advantage of providing information on whole-canopy. In
addition, the semi-simultaneous measurement system of the rootzone, in
parallel with that of the canopy, allowed the measurement of belowground
respiration data, hardly present in literature. These data can be
fundamental for identification or calibration of predictive models for the
assimilation / consumption of carbon in both sources and sinks on either
herbaceous or perennial plants.
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Table 1. Experimental tests of ecophysiological measurements in
the different cuvettes. Assimilation (A), transpiration (E) and whole-root
respiration (R) of lettuce plants grown under Full Spectrum (FS) and
Red/Blue (RB) light at 23°C air temperature and 60% relative humidity
measured either with a commercial IRGA equipped with a single-leaf
(SL) cuvette or with our prototype of a whole-plant (WP) gas-exchange
system s-GES; A, E and R of grapevine plants under water stress (WS)
and well watered (WW) conditions measured either with a commercial
IRGA equipped with a SL cuvette or with our WP b-GES. Statistical
analysis of data was performed using the one-way analysis of variance
(ANOVA) followed by a post hoc Tukey's test. Letters denote statistically
significant variations (p < 0.05). Coefficients of variation (CV = standard
deviation / average * 100) are reported for each trait.

s-GES for lettuce plants
A E R CVa | CVE | CVR
gmol m2s”' | mmolm?s’' | umol g’ s’ % % %
SLFS 88+0,60b 1,4+0,2a / 6 16 /
WPFS | 35+0,2d 08+02b | 0,07+0,02a| 7 19 28
SLRB 99+04 a 1,8+0,2a / 4 8 /
WPRB | 43+04c 09+0,1b | 0,08+0,02a| 9 14 24
b-GES for grapevines
A E R CVa | CVE | CVR
pmol m2s”' | mmolm?s’' | pmol g’ s’ % % %
SLWW | 10,7+21a 3+0,8a / 20 | 26 /
WPWW | 134+25a | 28+08a |0,81+£0,07a| 18 29 8
SLWS | 44+08b 1,2+0,4b / 19 34 /
WPWS | 34+22b 1+£0,6b 0,52+0,09b | 63 62 17
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Figure legend

Figure 1. Design of shoot and rootzone s-GES cuvettes. Key elements
of the s-GES: A) polycarbonate shoot cuvette with cubic shape, B)
polycarbonate rootzone cuvette enclosed between an aluminum junction
ring and an expanded PVC basement, C) aluminum junction ring realize
with CNC, D) polycarbonate disk interface with hole in the middle for plant
growth, E) push-in fittings for shoot cuvette air inlet and outlet, F)
40x40x10 mm 12V DC fan for shoot cuvette air homogenization, G) nitrile
rubber O-ring ID79x3.5 mm for hermetic isolation of shoot cuvette, H)
nitrile rubber O-ring ID75x2.5 mm for hermetic isolation of disk interface,
J) push-in fitting positioned over the U-shape hole for air inlet of the
rootzone cuvette and K) 40x40x10 mm 12V DC fan for rootzone cuvette
air homogenization.

Figure 2. Test of transparency of the baloon-polyethylene film (Long
Life, Eiffel, Italy). Transparency was tested by comparing A) irradiance
measurements performed with a spectroradiometer (MS-720, EKO
instruments, Netherlands) inside the balloon with measurements carried
out outside. B) The relative transmittance describes the ratio between the
two measurements.

Figure 3. Design of shoot and rootzone b-GES cuvettes. Key elements
of the b-GES: A) thermo-sealed polyethylene balloon of hexagonal base,
B) pressure polyethylene zip, C) spherical-like shape when inflated, D)
PVC OD63mm curve for efflux and seat of E) thermocouple and balloon
air sample probe, F) PVC T for balloon air inlet connection sealed with
foam for root-shoot interface isolation, G) metal drum as rootzone cuvette
with 3-%/4" holes with screw cap for water drainage, H) metal drum cap as
shoot-root interface with 4-2” holes for air efflux, plant watering and soil
sampling, 1) 120x120x20 mm 12V DC fan for shoot and rootzone cuvette
air homogenization, and J) push-in fittings for rootzone air inlet and
rootzone air sampling connection.

Figure 4. s-GES air pathway and climate control. Scheme of the air
pathway and the elements of climate control: A) Diaphragm pump, B)
potentiometer for diaphragm pump speed control, C) 1000 | tank with D)
4-meter high probe to allow air intake and dampen atmospheric CO and
H.O fluctuation during air renewal, E) needle valve partially close to
dampen pump air pulsation, F) silica gel column, G) needle valve for air
partitioning in silica gel column, H) Peltier cell with ventilated heatsink and
aluminum plate coil; 1) needle valve for air partitioning between shoot and
rootzone cuvettes, J) hot wire air-flow meters, K) T push-in fitting for
reference air sampling, L) T push-in fitting for air efflux and shoot and
rootzone air sampling, M) 4-way valve for probe selection, N) IRGA and
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O) additional aluminum plate coil for heat exchange between air and inox
wall of P) lettuce growth chamber.

Figure 5. b-GES air pathway and climate control. Scheme of the air
pathway and the elements of climate control: A) three-phase centrifugal
blower, B) inverter for blower frequency control, C) 4-meter PVC pipe for
atmosphere air renewal, D) PVC T junctions to split main flow in 4 different
lines, E) PVC reduction OD125 mm to OD63 mm to increase air velocity,
F) hot wire anemometer, G) PVC-copper flexible suction hose for flexible
connection from pipeline to balloon air inlet, H) PVC OD63 mm for balloon
efflux, 1) diaphragm pump and J) hot wire mass flow meter for rootzone
cuvette air-flow supply, K) 4-way valve for probe selection and L) IRGA .

Figure 6. Plant processing before, during, and after measurements
in the s-GES. A) 2-week germination; B) transplant inside 0.4 | OD50 mm
plastic pots filled with sand; C) 3-week growth under differential light
spectrum; D) gas exchange measurement in shoot and rootzone, see
Figure 8; E) assessment of leaf area (LA) and dry weight of the root (DW).

Figure 7. Plant processing before, during, and after measurements
in the b-GES. A) winter-pruning and selection of plants with similar root
volume; B) transplant in February in custom metal drums with 60 | of 3:2
vliv sand-peat mixture and 9 g of grapevine granular fertilizer
(12+12+17+2 MgO + 20 SOs3); C) green-pruning in July to set a similar
leaf area (LA) (= 0,5 m?); D) plant gas exchange measurements in shoot
and rootzone , see Figure 9.

Figure 8. Measurement routines in the s-GES. Absolute CO; and H,O
in-air concentrations consequently measured for the reference (REF) and
the sample (M shoot and M rootzone) as the average (AV) of 60 s of
measurement. H.O and CO, were measured simultaneously.

Figure 9. Measurement routines in the b-GES. Absolute CO; and H,O
in-air concentrations recorded following a repeated 90 s run including a
period of air purging (about 30 s) and 60 s thereafter to determine the
mean steady state value, for averaging (AV) the measurement output (M
or REF). The measurements were conducted following the sequence: 1
reference (REF), 6 replicate samples (M), 1 REF, 6 Ms, 1 REF. Each
routine consisted of 1 +6 + 1 + 6 + 1 = 15 measurements. H.O and CO,
were measured simultaneously either in the shoot (A) or in the rootzone

(B).
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Figure 1. Design of root and shoot s-GES cuvettes.
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Figure 4. s-GES air pathway and climate control.
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Figure 7. Plant processing before, during, and after measurements
in the b-GES.
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Main Conclusion

Plants growing under light spectra optimized for photosynthesis invest
less carbon in leaf blade extension and leaf growth than root, showing a
reduced photosynthetic active surface, which incorporates less carbon
than its photosynthetic potential.

Abstract

Understanding the responses of plants to light quality becomes
increasingly important to optimize plant indoor cultivation with artificial
light. In this comparative study of lettuce grown with different light spectra,
photosynthesis, root and shoot respiration, and growth traits through
chlorophyll  fluorimetry  essays, biochemical and  molecular
characterization of photosystems, and plant-to-atmosphere gas exchange
assessment have been measured. Red and blue (RB) light maximized
photosynthetic activity, but this advantage did not lead to greater biomass
accumulation, which was greater in plants under red, green and blue
(RGB) and further under full spectrum (FS) light. Plants subjected to the
RB light regime invest less carbon in leaf blade extension and incorporate
less carbon than what has been assimilated. RB leaves have a smaller
PSII antenna size and the cyclic electron transport around PSI is higher,
implying a lower NADPH / ATP ratio. Exposure to RB light affects plant
overall metabolic biosynthetic pathways at the expense of growth, while
RGB and especially FS light, by not triggering this acclimation, are more
suited to constant low light indoor growing conditions.

Keywords

Chlorophyll fluorimetry; light spectrum; photosystems; photo-protection;
carbon assimilation; root and shoot respiration.
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Introduction

The limited scope for further expanding traditional farming and its heavy
reliance on fertilizers and pesticides is driving advances in controlled
farming techniques in greenhouses and indoor plant cultivation. One of
the main parameters still to be optimized is the light source whose quality
and intensity regulate the growth and development of plants (Yeh and
Chung, 2009).

Photosynthetically active radiation (PAR) is the region between 400-700
nm of the solar spectrum whose energy is used by photosynthesis , but
not all of this range is absorbed by photosystems with the same efficiency.
The main light absorbing pigments are the chlorophylls (Chls) that consist
in a porphyrin ring esterified with a long phytol chain; in vascular plants,
only Chl a and Chl b are present (Smith and Benitez, 1955). The
absorption spectra of the Chls present two main bands: the Qy transition
and the Soret band. The Qy transition peaks around 670-680 nm and
corresponds to the electron transition from SO to S1 (first excited state).
The Soret band corresponds to transitions to higher Sn state and its
maximum is around 430-450 nm (Livingston, 1960). Besides chlorophylls,
in plants, carotenoids are present absorbing in the blue-green region with
pronounced absorption bands between 450-530 nm, enlarging the range
of absorbed wavelengths. Thanks to these pigments, the photosynthetic
apparatus mainly absorbs light in the red (630-710 nm) and blue (420-530
nm) regions, while only a small part of green (520-560 nm) and yellow
(560-630 nm) light are used (Liu & van lersel, 2021). The efficiency of
light in triggering photosynthesis, measured as O evolved and/or CO;
fixed per mole of photons, is highest for red photons followed by blue and
green photons (McCree, 1971). When light with wavelengths that are
weakly absorbed by plants are provided, a potential energy loss can
occur; in addition, not-used wavelengths show the additional problem of
increasing the temperature of the indoor growing system that needs to be
then cooled with additional energy cost. Another important factor is the
intensity of the light provided that needs to be strictly controlled. If the light
intensity is limiting, plants will not reach the optimal yield. If the light is too
high, the flow of energy that reaches the reaction centers saturates the
electronic transport capacity, causing an energy imbalance that triggers
photoprotective mechanisms (Demmig-Adams & Adams, 1992). The
most effective short-term photoprotection mechanisms is non-
photochemical quenching (NPQ) which disperses light energy in the form
of heat; this excess light, emitted as NPQ, is not used to increase biomass
and it is a waste of energy that increase the cost of the process (Horton
et al., 1996).

The advent of LED technology had allowed easy and efficient solutions
for these aspects (Nakamura et al., 2000). LEDs are gradually gained
popularity for use in controlled environment agriculture since (i) they
produce little radiant heat which allows them to be placed closer to plants,
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(i) the intensity of light output can be strictly regulated and (iii) they have
a long lifetime. The main advantage of the LED technology is that they
emit in specific spectral regions and are available with peaks at many
different wavelengths, providing higher flexibility than older artificial light
technologies. This feature allows to select LEDs with specific spectral
ranges that are absorbed by plants increasing the light conversion
efficiency and minimizing energy waste that is one of the main bottlenecks
of indoor growing systems. Understanding the effect of the different light
range on plants would allow to select the wavelength that maximize plant
yield and productivity (Chen and Blankenship, 2011; Leone et al., 2021).
The selection of the right wavelength is still matter of discussion. In initial
studies, the different wavelengths were generally provided by
monochromators or filters resulting in large peaks that comprehended
many wavelengths and it was difficult to evaluate the effects of the single
light components. The first generation of LED lamps for horticulture was
red and blue (RB), since it was believed that the highest rate of net
photosynthesis, at the same light intensity, could be obtained exclusively
with red and blue light, while green light was considered inefficient and
received less attention in photosynthetic research (McCee, 1971). On the
contrary, modern LEDs provide narrow peaks that in less than 10 nm go
below 10% of light absorbance. With these new technologies the specific
effect of the different wavelengths could be studied avoiding
superimposition between different wavelengths.

Studies showed the improvement of photosynthesis using green light (Kim
et al., 2004; Terashima et al., 2009). The growth effect of green light was
attributed to its ability to penetrate deeper into leaves and canopy. Red
and blue photons are absorbed within a few layers from the leaf surface,
while green ones can penetrate further and activate photosynthesis also
on lower layers or leaves inside the canopy. The advantage is twofold: the
deep layers of the leaf contribute to the total photosynthetic performance,
while the surface layers of the leaf are subjected to an effective lower
photon absorption, reducing the risk of energy saturation of
photosynthetic apparatus and NPQ activation (Liu and van lersel, 2021).
The aim of this work was to understand if there is an acclimation of the
photosynthetic apparatus to the spectrum of light whose consequences
have an impact on plant biomass accumulation. To this aim, we compared
the biomass production of lettuce plants grown under RB LED light and
red, green and blue (RGB) light with the one achievable under full
spectrum (FS) LED light condition. An in-depth analysis of the
acclimations of the photosynthetic apparatus to these three conditions
was conducted, and thanks to a whole-organ (shoot and root) gas
exchange analysis technique (Patono et al. 2022a, 2022b), we calculated
a daily plant relative growth rate (RGR) for each light condition. In this
way, it was possible to achieve an index of the carbon balance in the three
different light conditions, suggesting differences in growth strategy and in
plant acclimations to different light regimes.
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Materials and Methods
Plant material and growth condition

Seeds of Lactuca sativa cv. Rebelina (Gautier, Eyragues, France) were
sown in seedling trays filled with peat and left for 2 weeks to germinate in
a plant incubator maintaining an air temperature of 23°C, a RH of 60%,
and a photoperiod of 16:8 h of day : night. Plants were illuminated with
white LED light of 215 umol m? s' PPFD according to Pennisi et al. (2019).
Seedlings were transplanted in sand inside 0.4 | plastic pots and
transferred in groups of 10 potted plants on three light-shielded
compartments in a growth chamber.

To study putative acclimations of lettuce photosynthetic apparatus to the
spectrum of light and their consequences on indoor plant biomass
accumulation we exposed plants to three different LED lighting conditions:
two LED arrays showing narrow bands in RB and RGB regions and a FS
LED array mimicking the sunlight. In the LED panel with only red and blue
(RB) light, the ratio between R and B was of 3:1 according to previous
works that established this as the ratio with the highest productivity in
lettuce (Pennisi et al., 2019). To evaluate the role of green light we used
another LED panel with the same ratio between red and blue lights, but
with additional green LEDs (RGB). The intensity of the green light was set
to give the same light intensity of the blue light, as it is meanly in solar
light. These two setups were compared with a full spectrum (FS) LED that
had a continuous emission in all the PAR regions (Figure 1).

In order to expose plants at the three different light spectra conditions,
each compartment was illuminated by dimmable LED lamps (Prisma,
Italy) with RB, RGB or FS LED arrays and fully shielded by the light
present in the other compartments. With the aid of a spectroradiometer
(MS-720, EKO instruments, Netherlands), light intensity was maintained
at 215 umol m? s' PPFD over the plant canopy throughout the
experiment. Plants were treated for 14 days with RB, RBG and FS light,
maintaining throughout the experiment the same temperature, humidity
and photoperiod of the first two weeks of growth post-germination. Plants
were irrigated daily with full strength Hoagland’s solution. Biomass
production quantification, physiological and biochemical analysis were
performed after 14 days of differential light spectrum exposure.

The experiment was carried out 4 times to perform all the analyses
considered and to confirm the repeatability of the data obtained: the first
experiment was conducted to optimize the setup of environmental
conditions and to have preliminary estimation of biomass accumulation
and gas exchange, the second to harvest plants for biochemical and
molecular characterizations (n = 10), the third for the quantification of
biomass and for gas exchange measurements (n = 5) and for fluorimetric
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measurements (n = 4), and the fourth to repeat the quantification of
biomass and gas exchange measurements (n = 10).

Quantification of biomass and gas exchange measurements

Gas exchange analysis was performed on either whole-shoot or whole-
root through a gas exchange system (GES) designed for organs of small
herbaceous plants, allowing subsequent measurements of shoot and root
gas exchange, described by Patono et al. (2022a).

The GES consisted of 2 cuvettes, one for the root and one for the leaf
canopy (shoot), which could be assembled around the plants that had
grown in the 0.4 | plastic pots. The measurements were carried out with 3
GESs, one per growth-chamber compartment, subsequently moving the
GES from one plant to another. The plant was positioned appropriately
during the measurement, so that the upper part of the canopy received
215 pmol m? s PPFD inside the GES shoot cuvette. The steady state
condition for both shoot and root was reached about 45 min after the start
of every measurement routine, on the 14" day of differential light
treatment on 10 total replicates per treatment.

Net CO; assimilation (A), shoot respiration (Rsheot) and root respiration
(Rroot) were calculated following von Caemmerer and Farquhar’s
equations (von Caemmerer & Farquhar, 1981), by using outputs of gas
exchange measurements performed during the day to obtain A and during
the night to obtain Rshoot. Rroot Was the weighted average of daily (16 hr)
and nocturnal (8 hr) outputs recorded in the root cuvette.

At the end of day and night gas exchange measurement routines, for
every replicate plant, leaf area of the whole shoot was measured by
scanning all the leaves, root and shoot were harvested and dried at 60°C
for 72 h, and dry weight was quantified.

Membrane and pigments isolation

Thylakoid membranes were isolated from a pool of 10 lettuce plants as
previously described by Casazza et al. (2001). Pigments coming from ten
0.8 cm? leaf discs per treatment and the complexes isolated from the
thylakoids were extracted with 80% acetone (v/v) and then quantified with
Jasco V-550 ultraviolet-visible spectrophotometer fitting the spectra of the
acetone extracts with the spectra of individual pigments, as described
previously (Croce et al., 2000).

Photosynthetic complexes separation and immunoblotting
Purified thylakoids corresponding to 30 pg of Chls were solubilized with
0.6% and 1.2% dodecyl-a-D-maltoside (a-DM) and loaded in each lane of

a non- denaturing Deriphat-PAGE as described by Peter et al. (1991).
Sucrose fractionation was performed on membranes corresponding to
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500 pg of chlorophyll (Chl) after being washed in 5 mM EDTA and
solubilized with 0.6% a-DM by ultracentrifugation (19 h at 40000g, 4°C) in
a 0.5 M sucrose gradient containing 0.03% a-DM, 10 mM HEPES, pH 7.8
and protease inhibitors. Immunoblot was performed on 0.37, 0.75, 1.5 and
3 ug corresponding Chls of thylakoids electroblotted on nitrocellulose
membranes and detected with antibody conjugated to alkaline
phosphatase. aPSAA (AS06 172), aCP47 (AS04 038) and aLHCII (ASO1
003); all the antibodies were purchased by Agrisera (Sweden). The
protein level was quantified by densitometric analysis.

Photosynthetic parameters

The photosystem Il (PSIl) activity was conducted on dark-acclimated
plants with a Dual-PAM 100 fluorometer (Walz, Effeltrich, Germany) using
a saturating light pulse of 5000 umol photons m? s, 0.6 s, and white
actinic light ranging from 200 to 2400 umol photons m?s™. The maximum
PSII yield (F./Fm), the yield of the Photosystem Il (Y(Il)), the non-
photochemical quenching (NPQ), the reduction fraction of plastoquinone
pool (1-gL) and the relative electron transport rate (ETR) were calculated
according to the equations of Van Kooten and Snel (1990). For each light
intensity, independent measurements were carried out on four replicate
plants acclimatized to the dark. Proton motive force upon exposure to
different light intensities was measured by electrochromic shift (ECS) on
leaves un-treated and vacuum infiltered with 50 pM dichlorophenyl
dimethylurea (DCMU) (Malkin et al., 1981) with MultispeQ V2.0
(PhotosynQ) (Kuhlgert et al., 2016). PSI activity was measured with Dual-
PAM 100 fluorometer with a dual wavelength (830/875 nm) unit.

Relative Growth Rate (RGR)

The relative growth rate (RGR) (Poorter, 2002) was calculated on lettuce
plants at day 14 of the light treatments using outputs of gas exchange
measurements (A, Rsnoot and Rroot) and biometric plant traits by following
the equation proposed by Evans (1972) :

RGR = SLA * LMF %2 S*[‘Cf c

- SLA, is the Specific Leaf Area (m? leaf area * g™ leaf dry weight);

- LMF (Leaf Mass Fraction), is the ratio between biomass of the shoot and
the total plant biomass (g shoot dry weight * g total dry weight);

- PSa is the plant Photosynthesis per unit leaf Area (A) integrated over
the day (mol C fixed * m2 * day™);

- FCI, is the Fraction of daily C which is not respired but Incorporated for
growth, i.e. the day integral of (A-Rsnoot-Rroot) * A (mol C incorporated *
mol' C fixed);
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- [C], is the carbon concentration of the plant per biomass unit (mol C * g
' dry weight); in our work was considered 0.032 according to values found
in literature (Kawasaki et al., 2015).
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Results

We exposed two weeks old lettuce seedlings, which were previously
germinated and grown under FS light, for 14 days under the three light
treatments in growth chambers under climate-controlled conditions. All
the three light treatments were set in order to have the same PPFD of 215
umol m™2 s™'. FS plants accumulated the greatest amount of root and leaf
biomass and had the highest leaf area. The plants accumulating the least
biomass and showing the lowest leaf area (LA) were those grown under
RB light. Plants treated with RGB spectrum were intermediate (Figure
2A).

Contrary to what might be expected from biomass production data,
measurements of steady-state gas exchange parameters, showed that
plants exposed to FS and RGB light had assimilation (A) lower than plants
exposed to RB light. Shoot respiration (Rsheot) measured during the night
was lower in FS-trated plants than in plants growing under RB spectrum.
Plants RGB-treated were intermediate. Root respiration (Rr.t) measured
during 24 hr did not show significant differences among light treatments
(Figure 2B).

The impact of the different light regimes on photosystems organization
and photosynthetic parameters was then evaluated. Lettuce plants grown
under different light spectra showed an altered Chl pigment distribution.
RB and RGB showed a higher Chl a/b ratio compared to FS. The total Chl
content was similar in all the samples even if RB and RGB showed a
higher, but not significant, value (Table 1).

In order to identify possible effects of the different light spectra on
photosynthesis, photosynthetic parameters on mature leaves were
analyzed, focusing on Y(ll), NPQ, ETR and 1-qL. F./Fn was identical
among treatments (Table 1). Under low actinic light (200 uE pymol m™2s™")
all the plants grown at different light conditions showed no variations of
the major photosynthetic parameters ranging from the efficiency of PSlI
to the fraction of closed PSII centers. When the PPFD was raised over
400 umol m? s', FS plants showed high levels of NPQ and closed PSII
centers due to higher oxidation of plastoquinone pool (1-gL), leading to a
lower yield of photosystem Il and ETR compared to the other treatments.
No significative difference was observed in these parameters between RB
and RGB plants at all the light intensities tested (Figure 3A-D).

The activity of Photosystem | (PSI) was then analyzed by transient
absorption following light dependent absorption changes at 830 nm,
reflecting oxidation of P700, the reaction center of PSI. The maximum
oxidation of P700 was analyzed in the presence of DCMU and
dibromothymoquinone (DBMIB) (Trebst, 2007) to block both the electron
flow-from PSII and the cyclic electron transport (CEF), adding an electron
donor (ascorbate) and acceptor (methyl viologen) of electrons. No
differences were observed on the maximum PSI activity on Chl basis for
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any light treatment. To evaluate if the different light treatments induced a
variation in the generation of the protonic gradient upon illumination, the
total ECS was measured at different light intensities. The values of ECS
measured were similar in RGB and FS treated leaves but reduced in RB
samples. The same measurements were performed in presence of
DCMU, an inhibitor of PSIlI and consequently of linear electron flow: in
presence of DCMU the ECS values represent the cyclic component of the
electron flow (CEF) (Trebst, 2007). The ratio between the ECS in the
presence of DCMU on the total ECS of RB and RGB plants was higher
than FS at low actinic lights suggesting that in FS plants the linear
transport of electrons was promoted, at the expense of cyclic electron flow
(Figure 4).

Finally, thylakoid membranes were isolated from lettuce plants grown for
three weeks under FS, RB and RGB light spectra to analyze major
variations on the organization of pigment-binding complexes. Thylakoid
membrane composition was then analyzed by native Deriphat-PAGE
electrophoresis (Dreyfuss and Thornber, 1994) upon solubilization with
0.6 or 1.2% a-DM). As reported in Figure S1, a similar pigment binding
complexes separation was obtained either upon solubilization with 0.6%
or 1.2% a-DM: no major differences could be observed for the different
Chl-pigment proteins for FS, RB or RGB samples. Thylakoid membrane
composition was then investigated by membrane solubilization with 0.6%
a-DM and fractionation in sucrose gradient by ultracentrifugation to
separate the major Chl-binding proteins (Figure 5A). The distribution of
complexes in sucrose gradient was similar for all the samples analyzed,
consistently with the results obtained by native Deriphat-PAGE
electrophoresis. The First three major G bands in the upper part of the
gradients correspond to the PSII-LHCII components being monomeric
LHCB, the trimeric LHCII and the PSII core complex referred as B2, B3
and B4, respectively (Dall'Osto et al., 2014). The PSI-LHCI complex (B5)
was detected in the lower part of the gradient, whereas no traces of PSlI
super-complexes were observed (Figure 5A). All the bands were
confirmed analyzing the absorption spectra in the visible spectra (Figure
S2).

In order to investigate deeper into details the relative distribution of the
major components of the photosynthetic apparatus, an immunoblot
analysis on thylakoid proteins was carried out. The amount of the main
outer antenna of PSIl (LHCII) and the PsaA subunit of the PSI core
complex were correlated to the amount of CP47, i.e. the inner antenna of
PSIl in order to estimate respectively the relative LHCII/PSII and PSI/PSII
ratio. Plants grown under FS light showed a higher LHCII/PSII ratio
compared to both RB and RGB treatments, in line with a lower Chl a/b in
FS (being Chl b only bound by antenna complexes), although this
difference was significant only with the RGB light spectrum. In general, no
differences were observed at the level of PsaA/CP47 (PSII/PSI) ratio
(Figure 5B).
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The RGR, an index defining how much plant biomass is accumulated daily
starting from the already existing biomass, gives the description of growth
velocity under the imposed growing conditions. The RGR factorization
adopted by Poorter (2002) is detailed enough to offer some indications on
the development strategy of the plant, integrating biometric data (SLA and
LMF) and canopy carbon assimilation and respiration of both shoot and
root (PSa e FCI).

SLA was lower in RB-treated than in both FS- and RGB-treated shoots.
The PSa detected had mirror values to the SLA. FCIl was greater in plants
acclimated to FS than in those that grew 14 days under RB and RGB
spectra. From the combination of these 4 factors in the growth index
equation, the RGR was higher in FS-treated plants than in RB-treated
plants. In the RGB-treated plants it was intermediate, and not significantly
different from both.

The PSa and FCI factors must represent the daily integral of the measured
phenomenons. Through gas exchange measurements in the GESs
repeated under constant conditions during day and night, we were able to
have a good estimate of the integral by extending every measured steady
state value over the day (A), over the night (Rshoot), and daily (Rroot) hours
(Table 2).
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Discussion

Possible roles that peculiar light components play for different light
spectra

In this work, we used a FS LED with a spectrum similar to sunlight, and
we evaluated the role of green light using a blue/green ratio similar to one
present in the sunlight spectrum. Depending on the light spectrum, the
optimal light intensity varies considerably to maximize the light use
efficiency for indoor plant growth. On lettuce plants under narrow-band
RB light or fluorescent white light conditions, the maximum biomass
production is achieved at an intensity between 200 and 300 PPFD,
generally considered a low light intensity condition (Kang et al., 2013; Yan
et al., 2019; Pennisi et al., 2019, 2020).

Beside red, blue and green, the FS LED used as control presents also a
far-red (FR) component that could theoretically affect the plant growth.
FR radiation (700-800 nm) is poorly absorbed by leaves and can
penetrate in the inner layer of the canopy where the R/FR ratio decreases.
This decrease is sensed by phytochromes that can activate shade-
avoidance and shade-tolerance responses leading leaves to grow thinner,
larger and with higher chlorophyll content and stems to elongate, trying to
capture more light (Smith and Whitelam, 1997). In addition, FR can also
regulate photosynthesis. The reaction center chlorophylls in PSIl and PSI
absorb around 680 and 700 nm, respectively. FR light is preferentially
absorbed by PSI, while shorter wavelengths by PSIl. The two
photosystems operate in series to drive electrons from H,O to NADP+ and
the PSII/PSI excitation should be approximately equal to achieve the
highest efficiency. The FR light could provide more photons for the PSI
and maintain that balance. Thus, the difference between RB and FS LED
could be due to a possible effect of FR on leaves development and light
phase of photosynthesis (Zhen et al., 2022). This does not seem the case
for the light setup used in this work. Plants were all germinated below the
same white light with the same FR light to stimulate photo-
morphogenesis. During the experiments under differential light spectra,
the FR component in the FS used was limited to the 7% of the total light
with an intensity of around 13 pymol m™2 s™'. Such a small amount of FR
has already been demonstrated not to have significant effect on lettuce
leaf width and length and on biomass accumulation (Legendre & van
lersel, 2021). Therefore, the presence of a small FR fraction in the FS light
could not be considered the main reason for the difference between
treatments.

Green light has a photomorphogenic effect that is not yet well understood,
also linked to plant responses to shading (Zhang et al., 2011). Green light
is less absorbed by the external layers of the upper leaves and can reach
the inner layer while the red and blue light in the RB treatment is promptly
captured by external layer and the excess of light absorbed is dissipated
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and not transferred to the inner part. This effect increases in conditions
where the light intensity is high, determining an improvement in
photosynthesis, but it is possibly not an important factor for the 215 pmol
m~2 s™" PPFD used in this work (Terashima et al., 2009; Liu & van lersel,
2021).

Effects of growing light regimes on biomass accumulation

Comparing the biomass production of lettuce plants grown indoors at 215
umol m? s with RB and RGB LED light with that obtainable with FS LED
light (condition with a spectrum similar to the sunlight) we show that plants
accumulate more biomass in FS conditions than in RB conditions, while
plants growing with RGB light are in an intermediate position.

In our experiments, we note that the high growth performance (biomass
accumulation in shoot and root) under FS and RGB light is not due to a
higher assimilation of carbon on the basis of the leaf surface unit than that
found in plants subjected to the RB light regime. Thanks to the
measurements on the whole plant, we can be sure that this effect was not
due to photosynthetic deficiencies occurring in the event of a putative
greater leaf crowding and / or mutual shading interference among the
leaves in plants under FS light, as could be argued if we were based only
on single leaf measurements, putatively masking this effect. An effect of
light competition among leaves in the WP-measurement condition,
compared with the optimal measurement in SL, occurred certainly in all
treatments, as reflected by the absolute values of Awp measured and
scaled per leaf area unit, which were about double those of As.. However,
the reciprocal relationships between different spectral treatments were the
same in both assimilation measurements on SL and WP.

Also for the root, measurement artifacts caused by impediments to growth
exerted by the pot cannot be imputed, as biomass accumulation and gas
exchange measurements were made after two weeks of differential light
treatment following two weeks post-germination, an insufficient time to
cause impediments to root growth exerted by the pot. According to
Poorter et al. (2012), an interference of the pot on root development would
already occur when the ratio between total plant biomass and the volume
of rooting space (BVR) was higher than 2 g of dry weight I! pot volume; in
our plants, the maximum BVR was 1.95, reached in plants subjected to
FS light.

Effects of growing light regimes on photosynthetic activity

To resolve our biomass-accumulation/carbon-assimilation paradox, an in-
depth investigation was carried out on photosynthetic traits, focusing both
on energy traits measured by Chl fluorimetry and on the molecular
characterization of leaf photosystems. From a theoretical point of view,
with low and sub-saturating light intensity, the main limiting factor for
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carbon fixation should be the light energy to synthetize ATP and NADPH
(Matuszynska et al., 2019).

Leaves respond in different ways to illumination with the same light
intensity of full spectrum radiation or of specific wavelength selected for
the highest photosynthetic yield. The leaves under FS seemed more
capable of directing excitation energy towards photosynthetic electron
transport chain. This is related to the relative higher Chl b and increased
LHCII/PSII content found in this condition with respect to RB and RGB.
The antenna size of the PSII can change depending on the light condition;
it is increased under low or limiting light condition in order to capture all
the available light and it is decreased when the light intensity increase in
order to avoid excessive light energy absorption and saturation of the
electron transport chain (Ballottari et al., 2007). The NPQ of FS plants is
activated at lower light intensities compared with leaves under RB or
RGB. Both higher antenna size and lower threshold of NPQ activation
indicate that FS light, with a photon distribution also in the low-
absorbance regions of the PAR, activate in the leaves a response more
similar to the low light condition than RB and RGB lights. Thus, FS-treated
plants were possibly better able to capture light energy and use it in the
electron transport chain toward NADPH production. Furthermore, FS
leaves showed a higher level of oxidized PSII (1-gL) and a reduced CEF
compared to the other two light treatments, implying an increased NADPH
! ATP photosynthetic production ratio compared to RB and RGB light
conditions.

Here we report that RB and RGB plants have a higher Y(IlI) and do not
activate NPQ except at very high light intensities (2400 umol m? s
PPFD), managing to keep the ETR higher since they have lower 1-qL (a
proxy measurement of the presence of closed photosystems) and
therefore more oxidized PSIl capable of supporting a greater flow of
electrons. The molecular analysis showed in parallel how this was due to
an effect of the spectrum on the light harvesting apparatus. Plants
exposed to RB light, as well as RGB, had a higher Chl a / b ratio. Taken
together with the immunoblot data, the Chl a/b results suggest that there
is an acclimation aimed at decreasing the relative abundance of antenna
proteins compared to the reaction center complexes. This acclimation in
RB and RGB plants is therefore functional and permits a higher energy
flow through the photochemical pathway (Ballottari et al., 2007).

As noted previously, FS plants have an acclimation that points in the
opposite direction, that is to implement the antenna proteins and
consequently the ability to intercept photons while reducing the maximum
operational capacity of the photochemical pathway.

Plants under RB light certainly have an assimilative advantage over plants
under FS light, linked to the performance of the light phase of
photosynthesis. In RB plants growing in indoor conditions of low light
intensity this advantage did not lead to a greater accumulation of biomass,
while the reduction of the NADPH / ATP ratio could have affected overall
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metabolic biosynthetic pathways for plant acclimtion to the light regime at
the expense of growth.

Effects of growing light regimes on carbon balance in whole plants

Since the energetic and molecular results related to the light phase of
photosynthesis did not fully explain our dilemma, we shifted the focus to
the carbon economy of the WP.

Via gas exchange analysis of the WP through customized
growth/measurement chambers, we calculated the RGR of the plant for
each light condition. It was possible to obtain an explanatory index of the
carbon balance allocation factors between root and shoot in the 3 different
light conditions to define growth strategy and probable photo-
morphogenic acclimations.

The RGR calculation algorithm couples the output of WP gas exchange
measurements with plant growth traits. Daily RGR was significantly higher
in plants grown under FS LED lamps than in those grown under RGB light,
which was in turn higher than RGR for the RB treatment. Based on the
measurements and calculations of the RGR, we showed that the plants
subjected to the RB light regime (i) invest less carbon in the distension of
the leaf blade, i.e. the leaf thickens instead of spreading out, as evidenced
by looking at the SLA values; (ii) have the highest daily integral of
photosynthesis per leaf area unit (PSa), but, as the specific leaf area is
low (iii) incorporate little carbon in relation to what has been assimilated.

In conclusion, the fact that SLA is lower in plants subjected to RB
illumination, indicates how the RB spectrum at low light intensity
determines a growth acclimation, which is normally induced upon
acclimation to high light conditions (Poorter, 2002). An imbalance of
energy metabolism in favor of respiration is well evidenced by the FCI
index, which is lower in RB plants. The greater energy demand in the leaf
of RB plants is also highlighted by a greater recruitment of cyclic
photosynthesis as evidenced by the ECS analyzes. This greater energy
requirement of the leaf as photosynthesis increases has been studied for
long time (Ludwig et al., 1975) and is linked to all the energy needs that
occur due to a high rate of photosynthesis, increasing in turn plant
respiration requirement (Thornley, 2011). FS (and RGB) plants, on the
other hand, do not trigger this photoprotective acclimation and their
growth advantage lies in adopting a growth strategy that conforms to
growing indoor light conditions (Robson et al., 2022).
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Chla Chib Chl tot Chl a/b Fu/Fm
ug cm2 ug cm2 ug cm2
FS [3.63+0.66a|0.85+0.16a|4.48+0.82a |4.30+0.19b |0.847 +0.004 a
RB [4.07+1.16a|090+027a|4.97+1.43a |4.55+0.16a |0.846 + 0.005 a
RGB|3.80+1.21a|0.86+027a|474+1.47a |4.55+0.13a |0.844 £ 0.006 a

Table 1. Measurement of Chl content and F./Fn, during fluorimetry
assessment. Chl quantification of leaf discs from lettuce plants grown for
two weeks at FS, RB and RGB light treatments. F./F, on dark adapted
leaves. Values are means £ SD (n = 10 for chlorophyll quantification; n =
4 for F,/F,). Statistical analysis of data was performed using the one-way
analysis of variance (ANOVA) followed by a post hoc Tukey's test. Letters
denote statistically significant variations (p < 0.05).

SLA LMF PSa FCI RGR

m2.g! ggt mol C fixed m=2 day? | umol C-umol C? | mg-gt-day?
FS 10.048+0.002a [0.72+0.012[0.20+0.01b 0.70+£0.01a 154+5a
RB |0.038+0.003b|0.74+0.032|0.25+0.02a 0.61+0.03b 129+8b
RGB | 0.045+0.001a [0.73+0.02a[0.21+0.01b 0.61+0.02b 136+ 10ab

Table 2. Factors measured on root and shoot of lettuce plants grown
for 2 weeks at FS, RB and RGB light treatment to assess their

Relative Growth Rate: RGR = SLA * LMF PS‘[‘CT < Specific Leaf Area

(SLA), Leaf Mass Fraction (LMF), plant Photosynthesis per unit leaf Area
(A) integrated over the day (PSa) and Fraction of daily C which is not
respired but Incorporated for growth (FCI) measured at the end of the gas
exchange analysis. Relative Growth Rate (RGR) calculated at day 14.
Values are means + SE (n = 10 plants). Statistical analysis of data was
performed using the one-way analysis of variance (ANOVA) followed by
a post hoc Tukey's test. Letters denote statistically significant variations
(p < 0.05).
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Figure legend

Figure 1. Spectra of the three experimental LED panels. The ratio
between R and B was of 3:1 according to previous works that established
this as the ratio with the highest productivity in lettuce. Spectra are
normalized to the same area of light emission. To evaluate the role of
green light we used another LED panel with the same ratio between red
and blue lights, but with additional green LEDs (RGB). The intensity of the
green light was set to give the same light intensity of the blue light, similar
to what measured in the sunlight spectrum. These two setups were
compared with a full spectrum (FS) LED that has a continuous emission
in all the PAR regions.

Figure 2. Biomass accumulation and ecophysiological traits. (A)
shoot and root dry weight (DW) and leaf area (LA); (B) outputs of gas
exchange measurements: assimilation (A), shoot respiration (Rshoot) and
root respiration (Rrot) Of lettuce plants grown for 2 weeks at RB, RGB and
FS light regimes. Mean values + SE (n = 10). Statistical analysis of data
was performed using the one-way analysis of variance (ANOVA) followed
by a post hoc Tukey's test. Letters denote statistically significant variations
(p <0.05).

Figure 3. Photosynthetic parameters of mature lettuce plants after 2
weeks of FS, RB and RGB light treatment. (A) quantum yield of PSII
(Y(I)), (B) non-photochemical quenching (NPQ), (C) relative electron
transport rate (ETR) and (D) reduction state of plastoquinone pool (1-qL)
of lettuce shoots were measured by pulse-amplitude modulation (PAM)
fluorimeter. Values are means + SE (n = 4). Statistical analysis of data
was performed using the one-way analysis of variance (ANOVA) followed
by a post hoc Tukey's test. Letters denote statistically significant variations
(p <0.05).

Figure 4. Biochemical characterization. Activity of Photosystem | (PSI)
and Electrochromic shift (ECS) of mature lettuce plants after 2 weeks of
FS, RB and RGB light treatment. (A) Maximal P700 oxidation on a Chl
basis, ECS measured on Chl bases without (B) or with (C) DCMU. Values
are means = SE (n = 10). Statistical analysis of data was performed using
the one-way analysis of variance (ANOVA) followed by a post hoc Tukey's
test. Letters denote statistically significant variations (p < 0.05).

Figure 5. Molecular characterization. Structural analysis of thylakoid
membranes of lettuce plants grown for 2 weeks at FS, RB and RGB light
treatment: (A) Sucrose gradient fractionation of solubilized thylakoids with
0.6% a-DM and (B) immunoblot of thylakoids proteins. Data of LHCII and
PsaA proteins were normalized to CP47 and normalized to the FS
treatment.
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Figure 3. Photosynthetic parameters of mature lettuce plants after 2

weeks of FS, RB and RGB light treatment.
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Supplementary materials

Figure S1. Native Deriphat-PAGE of solubilized thylakoid
membranes. Native Deriphat-PAGE of solubilized thylakoid membranes
of lettuce plants grown for 2 weeks at FS, RB and RGB light treatment.

Figure S2. Absorption spectra of thylakoids bands isolated.
Absorption spectra of thylakoids bands isolated from the sucrose gradient
solubilized with 0.6% a-DM of lettuce plants grown under FS, RB and
RGB spectrum of light.
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Figure S1. Native Deriphat-PAGE of solubilized thylakoid
membranes.
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Abstract

To understand how grapevine sinks compete with each other during the
phases of carbon (C) starvation due to water stress and subsequent
rehydration, C allocation patterns in drought-rehydrated vines (REC) at
the beginning of fruit ripening were compared with control vines
maintained under drought (WS) or fully irrigated (WW). In the 30 days
following rehydration, the quantity and distribution of newly fixed C
between leaves, roots and fruits was evaluated through '*CO. pulse-
labelling and stable isotope ratio mass spectrometry.

REC plants diverted the same percentage of fixed C towards the berries
as the WS plants, though higher than that of WW plants. Net
photosynthesis (measured simultaneously with root respiration in a multi-
chamber system for analysis of gas exchange above- and below-ground)
was about twice in REC compared to WS treatment, and comparable or
even higher than in WW plants. Maximizing C assimilation and delivery in
REC plants led to a significantly higher amount of newly fixed C than in
both control treatments, already two days after rehydration in root, and
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two days later in the berries, in line with the expression of genes
responsible for sugar metabolism. In REC plants, the increase in C
assimilation was able to support the requests of the sinks during fruit
ripening, without affecting the reserves, as was the case in WS.

These mechanisms clarify what is experienced in fruit crops, when
occasional rain or irrigation events are more effective in determining sugar
delivery toward fruits, rather than constant and satisfactory water
availabilities.
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Introduction

In temperate climate regions, rainfall is less evenly distributed during the
growing season and the occurrence of prolonged periods of drought
alternating with periods of abundant rainfall are increasing (Vilonen et al.,
2022). In fleshy fruit crops, where the productivity and quality of fruits
strictly depend on water availability, it is strategic to understand in more
detail the dynamics of plant response to alternations between low and
high water availability (Ripoll et al., 2014).

The adaptation of grapevines to water deficit and recovery is a complex
biological process (Herrera et al., 2022), where the most explored
response mechanisms are linked to the hydraulic adaptation of the vine
(Perrone et al., 2012), to stomatal regulation (Lavoie-Lamoureux et al.,
2017), and to their impact on photosynthesis (Galmés et al., 2007) and
water use efficiency (Faralli et al.,, 2022). Decades of research have
focused on water transport in the event of drought stress (Lovisolo et al.,
2010; Kuromori et al., 2022), while the transport of carbon (C) in the plant
and the related metabolic activities of roots and shoots are less studied
(Douthe et al., 2018; Gambetta et al., 2020).

Within plants, C source-sink relationships regulate photosynthate
transport from sources towards other organs (sinks such as root tips, fruit
and seeds) for further metabolism or storage. Currently there is a change
in the paradigm from a source-limited model to a sink-limited model,
source activity (photosynthesis) depending on sink activity (tissue growth)
(Fatichi et al., 2014; Korner et al., 2015). In the last years, it has been
demonstrated that photosynthetic activity in plants experiencing water
stress is not only regulated by water transport, but is also controlled by
the root C metabolism (Hasibeder et al., 2015). The first response of
plants to the onset of water stress is the down-regulation of root
respiration that leads to a lower unloading rate of sucrose from the phloem
in root. This decrease in the flow rate results in an accumulation of
sucrose in the leaf leading to a feedback inhibition of photosynthesis.
Similarly, the recovery of root metabolic activity with rehydration is
immediate, thus resolving the imbalance between production and use
(Hagedorn et al., 2016; Rodrigues et al., 2019).

Plants have different sinks competing with each other for photo-
assimilates, organized in a complex network (Knoblauch et al., 2016) that
is based on a priority system, according to sink strengths (Ho, 2003), sink
phenological phases, and environmental stimuli (Wardlaw, 1990).
Photosynthetic performance and relative availability of C fluctuate
throughout the day, as do phloem loading and source-sink regulation;
although it is not yet clear how phloem cells perceive sugar concentration
and modulate signalling and expression of transporters (e.g. Sugar Will
Eventually be Exported Transporters — SWEET - genes) (Chen et al.,
2012; Keller et al., 2021). In conditions of prolonged stress, such as
drought, plants activate different adaptation responses that strongly
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influence the mobilization and transport of C and, in turn, the source-sink
performance (Lemoine et al., 2013).

In contrast to tree species, fruit crops such as grapevines introduce more
complexity in the C sink relations: the root sink activity intersects berry
growth and ripening that attracts large amounts of C during the growing
season, in particular during fruit ripening (in grapevine, after veraison),
competing strongly with the roots (Pastenes et al., 2014). This derives
from an ancestral need to convey nutrients to the seed with a parallel need
to make the fruits palatable to the herbivore for seed dissemination that
ensures the continuity of the progeny. Furthermore, the selection of the
most productive phenotypes has made the fruit sink quantitatively
competitive against the root sink (Ryan et al., 2018) to a greater extent
than what is observed in forest plants, where roots completely orchestrate
the response to stress (Hagedorn et al., 2016).

In this study, we aimed to explore whether the rehydration process could
act as regulator of crop performance in an environment with low water
availability and a highly-evapotranspirative atmosphere. It could be
hypothesized that in crop fruit plants, which show an increasing fruit sink
strength from flowering to harvest, the root carries out its sink activity
secondary to the fruit. The object of our research is to understand when,
how much and how the root and fruit compete with each other, and if
during water stress and/or during the subsequent rehydration, the
competition can be accentuated. To this end, we have conducted
analyses through i) the assessment of C allocation kinetics in the different
plant sinks (root-shoot-fruit) competing in drought and post-drought
rehydrated vines, ii) the measurement of the ecophysiological
performances in root and shoot, and iii) the analysis of transcripts of key
genes involved in controlling source-sink interrelationships. Carbon
allocation patterns between different sinks can be adequately studied by
means of *C pulse-labelling approaches in which temporal changes in
the '3C isotope content of different plant parts after labelling with *C
enriched CO; (®COz) can be used to trace the distribution of neo-
photosynthates and follow C partitioning between sinks (Epron et al.,
2012).

81



Materials and methods
Plant material, growth condition and water stress treatment

Plants of Vitis vinifera cv Barbera grafted onto Vitis riparia x Vitis
berlandieri 420A rootstocks were grown for 3 years in 70 L pot. In
February 2019, vines were taken out from their growing pots, soil was
removed and 24 plants with similar root volume were selected. Twelve
selected vines were placed in 450 mm internal diameter and 450 mm deep
custom metal pots with an air tight lid (for simultaneous measurement of
Rbg and whole plant gas exchange, Figure S3), while another 12 were
transferred to 70 L plastic pots filled with 60 L of a 3:2 v/v sand-peat
mixture and 9 g of grapevine granular fertilizer (12+12+17+2 MgO + 20
S0Os3). Once the vines started to break dormancy, 4 shoots bearing a
cluster were selected in each plant and, at the beginning of July, plant
canopies were green-pruned to a similar leaf area (LA) (= 0,5 m?).
During the growth season, 3 irrigation treatments were compared in order
to have: 8 control plants (permanently well irrigated, WW), 8 water stress
plant (exposed to water stress from the end of July to the end of the
experiment, WS) and 8 rehydrated plants (exposed to water stress from
the end of July 2019 to the 20" of August 2019 and after well irrigated till
to the end of the experiment, REC). For each treatment we randomly
selected 4 plants in plastic pots and 4 plants in metal pots. A moderate
water deficit level (Lovisolo et al., 2010; Lavoie-Lamoureux et al., 2017;
Rienth and Scholasch, 2019) was achieved in about one week at the
beginning of August and maintained until rehydration in REC plants and
up to DAR 30 in WS plants. Water stress was achieved and maintained
by progressively acting on soil moisture levels, checked gravimetrically
approximately every two days. The design based on maintaining midday
leaf water potential (¥mp) levels, measured on detached leaves in the
plants growing in metal pots by pressure chamber technique, weekly at
the beginning of the imposition of water stress and more frequently as
veraison approached. On REC plants, Wwp restored in one day after re-
hydration, as expected (Lovisolo et al., 2008a) (Figure 7).

During the experiment after re-hydration the relative soil humidity (RSH)
in WS pots ranged between 30 and 40% and also the pre-dawn leaf water
potential (Wpp) was checked (Rodriguez-Dominguez et al., 2022), and
single leaf gas exchange at 10.00 am (Lovisolo et al., 2010) was assessed
every two days to maintain the designed stress level by replenishing water
losses accordingly. In WS plants Wrp was held around -0.18 + 0.04 MPa,
single leaf net CO; assimilation (Aieaf) around 4.7 + 2.2 pmol of CO; m2s
" and single leaf transpiration (Eieaf) around 1.2 + 0.6 mmol of H,O m2 s™,
while the well-watered (WW) condition corresponded to RSH>80%, ¥ro
0f -0.05 + 0.01 MPa, Aiear 10.3 £ 2.2 umol of CO2 m? s and Ejear 3.0 + 0.9
mmol of H,O m?2s™.
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The rehydration was carried out on 20" August at 8.00 am restoring the
pot RSH to 80%, similar to that constantly maintained in the control WW
plants. In all measurements we performed, 20" August was considered
the day after rehydration (DAR) zero (0) and has been designed in order
to coincide with 100% berry veraison.

As a linear correlation was observed between the square leaf maximum
width (diameter) and leaf area (LA) of Barbera grapevine (Figure S4), LA
of each plant was estimated in vivo by measuring maximum diameter of
all leaves according to Vitali et al. (2013). LA of plants for gas exchange
analysis were calculated before and after the measurement campaign (at
DAR -7 and at DAR 8) and LA of plants for carbon labelling were
measured at DAR -1, 15 and 30.

At DAR 30, plants in plastic pots were entirely sampled, and leaf, berry
and root fresh and dry biomass quantified. Weight of the berry, production
of grapes per plant, number of berries per plant, degree Brix (°Brix) of the
berries, and their total acidity as tartaric acid were assessed.

Whole plant gas exchange measurements

All the plants in the metal pots were installed in a multi-chamber system
for continuous gas exchange analysis between whole-canopy, soil and
atmosphere (Figure S3). Aboveground measurement consisted of 3
custom centrifuge fans (PBN, Italy) blowing atmospheric air into 12
polyethylene (Long Life, Eiffel, Italy) balloons through PVC pipelines.
Centrifuge fan velocity was controlled with 3 inverters (VFDOO7EL23A,
Delta, Taiwan) and air flow incoming into balloons was continuously
monitored with hot-wire anemometers. Temperature inside the balloon
was monitored with 12 thermocouples. For soil gas exchange
measurements, air flow was supported by 3 diaphragm pumps (D7 series,
Charles Austin, UK) pushing air into metal pots through pneumatic
pipelines connected to the pot with pneumatic fittings. Air flow was
continuously monitored with mass flow sensors (Top Trak 822, Sierra,
USA). Air-volume homogenization was guaranteed by 12V fans in both
balloons and metal pots. Pneumatic probes were positioned to balloons
and metal pots outlets and to centrifuge fans inlet and connect to a CO;
and H,O gas analyser (LI-850, LI-COR,USA). A manifold with 25
connections with a system of solenoid valves (320 series, Matrix, Italia)
made possible to select the air sampling path.

In detail, there were 12 balloons divided into 3 modules; into each module
from one to 2 plants per treatment were randomized. Measurements
followed a repeated 120 s routine including 60 s of air purging and 60 s
thereafter to determine the mean steady state value. The measurements
were conducted following the sequence: 1 reference, 6 samples, 1
reference, 6 samples, 1 reference. Each routine consisted of 1 + 6 + 1 +
6 + 1 =15 measurements * 120 s = 30 min. H.O and CO, were measured
simultaneously. As for reference CO- (ranging between 405 and 425 ppm)
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there was greater stability than for reference H.O (ranging between 13
and 19 mbar), but by averaging the 3 references, a stable value was
obtained. No gradient was observed when measuring the reference in the
3 modules.

Differential CO2 concentration, differential H.O concentration and air flow
were measured every 6 hours in the soil compartment.

All the electronic instrumentation was connected to a control system (Field
Point, National Instruments, USA) and data collection was monitored with
an external PC.

The single leaf respiration was measured in the night on replicate leaves
with a portable infrared gas analyzer (GFS-3000, Walz, Germany) to
estimate respiration of the whole-canopy during dark hours (Rcq). Whole-
canopy A, E and Rcq, and belowground respiration (Rng) were calculated
following von Caemmerer and Farquhar’s equations (von Caemmerer &
Farquhar, 1981). Plant gas exchange measurements were performed in
a period of high pressure and consequent highly-evapotranspirative
atmosphere. Air temperature (T), photosynthetic photon flux density
(PPFD) and air relative humidity (RH) were monitored and reported in
Figure S5a, b, c.

3CO, pulse-labelling

Three plants for each treatment were labelled with 3 CO, at DAR 1 within
an air-tight, transparent labelling chamber having an internal volume of
8.4 m3. Before labelling the soil was sealed to minimize diffusion of the
labelled CO; into the soil. During labelling the chamber temperature and
relative humidity were set to 28°C and 60%, respectively, while natural
light was integrated by artificial LED light. CO2 concentration inside the
chamber was monitored constantly with a portable IRGA that showed
sensitivity to '3CO, that was previously determined to correspond to 11%
of natural abundance CO.. Labelling started at 8.00 am by repeatedly
replacing CO. depleted by plant assimilation with 30 at% '*CO. generated
through the reaction between 0.6 M NaH™3COj3 (30 at%) and 4 M sulfuric
acid to maintain the CO» concentrations in the chamber between 370-420
ppm throughout the labelling period (Figure S1). Plant labelling ended
after 4 h after which tissue samples (leaves, berries and primary and
secondary roots separated from a soil core) were immediately collected
on all 9 labelled plants. In addition, three additional pots that remained
unlabelled were sampled to provide the natural 3'*C background of plant
compartments. All plant biomass samples were dried at 70°C, weighed,
milled prior to 3'3C analysis. The same sampling procedure was
performed at DAR 2, 3, 6, 15 and 30. After the pulse all 9+3 plants were
enclosed in air ventilated balloon to reproduce the same condition of plant
used for whole plant gas exchange analysis.
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Isotope ratio mass spectrometry (IRMS) measurements

The &'3C values and C contents of plant biomass samples were measured
by high-temperature combustion in an elemental analyser (Vario Isotope
Select, Elementar Analysensysteme GmbH, Hanau, Germany) coupled to
an isotope ratio mass spectrometer (Isoprime 100, Elementar). The 3'3C-
values (%o) were calibrated relative to the international standard Vienna
Pee Dee Belemnite (VPDB) by means of a three-point calibration using
standard reference materials IAEA-600, IAEA-603 and IAEA-CHS3.
Measurement uncertainty was monitored by repeated measurements of
internal laboratory standards and standard reference materials. Precision
was determined to be +0.1%. based on repeated measurements of
calibration standards and internal laboratory standards. Accuracy was
determined to be £0.1%0 on the basis of the difference between the
observed and known & values of check standards and their standard
deviations. The total analytical uncertainty for 3'*C values was estimated
to be +0.2%.. To estimate *CO, uptake by leaves and translocation to
other organs, & notations were first expressed in atom%, and
subsequently the C content of an organ fraction was multiplied by with the
3C excess (atom%) of this fraction (with respect to the '*C of the
unlabelled control), as follows:

at%'3C — at%"C C%
13C fixed (mg plant) = (at%"°Ciabelied = 0 "> Cunlabelied) B 108

Where B is the dry weight (DW) of plant biomass compartments (leaf, root
or berry) and C% is the percentage of C in the sample. Changes in the
total amounts of '*C assimilated or delivered in the different plant organs
with time were expressed as a percentage of the amount of "*C fixed by
the leaves at DAR 1 (the labelled "*C), assumed to represent the total *C
assimilated by the plant during labelling.

To model the total amount of C assimilated at DAR 1 that was directed to
the different C pools and that persisted during the experimental period,
we multiplied the integral amount of C assimilated at DAR 1 to the
percentage of C partitioning determined from the '3CO; pulse labelling.

C allocationpeor, t [Mmol C] = Daily Apar 1 [MMOI]*"*Cpoor, t [%]

Where C allocationpeol, tis the total C assimilated at DAR 1 that is allocated
and persisted at time t in the considered pool. Daily Apar 1 is the integral
of daily C assimilated at DAR 1. *Cye, ¢ is the percentage of the amount
of '3C fixed by the leaves at DAR 1, that is present in the C pool at time t.
Leaf biomass was calculated using the linear correlation that exist
between leaf diameter? and leaf DW (Figure S4), plant leaf diameters
were measured at DAR 0, 6, 15 and 30. Root biomass was dried and
weighted at DAR 30, no evidence of root growth were observed for WS
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plants, but only for WW and REC plants (root lighter in colour with white
root tips). In any case, the volume of new roots on the total root volume
was negligible. For each plant a representative portion of the total root
system was exanimated, primary and secondary roots were manually
separated and weighted and the relative weight was normalized to the
total weight of the root system. Total fruit dry mass was quantified at DAR
30. Average DW of berries sampled at DAR 1, 2 and 3 for each plant were
compared to average DW of berries sampled at DAR 30. An 18 %
increase of berry DW was observed and it was linearly distributed along
the 30 days monitored. No difference in berry DW were observed between
treatments.

Molecular analysis

At 4 hours (DAR 0), at 28 hours (DAR 1), and at 4 days from rewatering
(DAR 4), at 12.00 am, leaf, berry and root samples collected from WW,
WS and REC plants (3 biological replicates for each treatment) were
sampled in liquid nitrogen. Plant materials were ground in liquid nitrogen;
40 mg of leaf and 200 mg of root and berry were used for total RNA
extraction with Spectrum Plant Total RNA kit (Sigma Aldrich, USA). cDNA
was synthesized from 1 ug of the total RNA with High Capacity cDNA
Reverse Transcription Kit (Life Technologies, USA). RT-gPCR analyses
were performed as described before (Chitarra et al., 2017), using the
oligonucleotide sets listed in Table S1. Three technical replicates were
run for each biological replicate, and the expression of transcripts was
quantified after normalization to two housekeeping genes: ubiquitin
(VvUBI) and actin (VVACT). One-way analyses of variance (ANOVA) with
treatment as the main factor were performed with the SPSS 23.0
statistical software package (SPSS Inc., Cary, NC, USA). Tukey’s HSD-
test was applied when ANOVA showed significant differences (P < 0.05).
The standard error of all means was calculated.
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Results
Water treatments and gas exchange analysis

Since the beginning of March, three-year-old plants of grapevine cv
Barbera with similar root volume were grown in pots and fully-irrigated
(WW) to prevent water stress. At the end of July, 2/3 of the plants were
exposed to water stress (WS) by drastically reducing the irrigation regime.
On August 20" (day after re-hydration zero - DAR 0), one half of these
plants were rehydrated (REC) to pre-stress conditions while the other half
were maintained under water stress. A whole plant gas exchange analysis
in a custom-built multi-chamber system was started one week before re-
hydration. WW plants maintained a higher transpiration of the whole
canopy (E, Figure 1a), net CO. assimilation of the whole canopy (A, Figure
1b), and belowground respiration (Reg, Figure 2) than WS plants. While
Reg of REC plants was rapidly restored to the level of WW plants within
the first 2 h after rehydration, the levels of E and A of REC plants reached
those of WW plants after 8 h. During the subsequent days, Ryg and E of
REC plants were comparable to those of WW plants. A of REC plants was
similar to that of WW plants during DAR 1 and 2 with a trend of up-
regulation in the central hours of the day that became statistically
significant at DAR 3 and 4. From DAR 5 onwards, no differences in A
between REC and WW plants were appreciable.

Carbon allocation patterns to the different sinks following rehydration

From 08.00 am to 12.00 am of DAR 1, nine plants (three for each
treatment) were '*CO, pulse-labelled under climate-controlled conditions
(Figure S1). Total CO, fixed by each plant immediately after labelling
(DAR 1) corresponded to 9.2 + 3.4 mmol C plant' that was found
exclusively in the leaves, without significant differences among
treatments. Up to 90% of this pool of newly assimilated C was rapidly lost
from the leaves by respiration and reallocation to other plant parts within
2 d from labelling (DAR 3), irrespective of the irrigation regime. WW and
WS leaves showed a slight further reduction of the residual '*C at DAR 6
but no further significant loss of C was observable at DAR 15 and DAR
30. REC plants did not lose *C from leaves between DAR 3 and 6 but
showed a decrease thereafter. By DAR 30 all plants showed the same
residual amount of *C in the leaves that amounted to about 5-8% of
assimilated C (Figure 3a).

Allocation of '3C to the berries increased with time over the first days after
labelling and subsequently reached a stable amount by DAR 6 to 15
(between 16 and 30% of fixed '3C) with no significant subsequent loss of
3C. However, whereas the maximum proportion of *C was reached
within DAR 6 in WW and WS plants, 3C allocation to the berries of REC
plants continued to increase until DAR 15. The final proportion of 'C
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allocated to the berries was higher in WS and REC plants with respect to
WW ones (Figure 3b).

In contrast, '3C allocation to the roots increased to a maximum by DAR 3
in WW, while in WS and REC root C allocation continued to increase
slightly between DAR 3 and DAR 6. Subsequently, WW plants quickly lost
13C between DAR 3 and 15 and all the *C remaining at DAR 15 persisted
also at DAR 30. On the other hand, WS and REC plants showed a slower
loss of '3C that persisted also between DAR 15 and 30. By the end of the
experiment, the residual proportion of fixed *C in the roots of WW, WS
and REC plants (about 10 %) was not significantly different (Figure 3c).
Considering the total amount of fixed *C in the different pools, there was
a strong decrease in fixed '3C in the first 3 days that continued to decrease
faster in WW plants with respect to WS and REC plants, resulting in a final
proportion of fixed *C of about 40 % for WS and REC plants and 30 %
for WW plants (Figure 3d).

Considering that the different irrigation treatments affected both net
photosynthesis as well as the partitioning of newly assimilation C between
the different sinks, we estimated the amount of C transferred to the sinks
following re-hydration (DAR 0) by coupling daily integrals of A and total
respiration (Rwt = Rog + Rea) at DAR 1 with the allocation of *C fixed at
DAR 1 to the different sinks. In detail, plant gas exchange outputs at DAR
1 were integrated over 24 hours, and total daily A, Ry, the respiration of
the whole-canopy during dark hours (Rcs) and Ryt are reported in table 1,
showing that the ratio between R and A was significantly higher in WS
plants than in WW and REC plants. We calculated the residual amount of
C allocated to the different pools after sink respiration and/or re-
mobilization by multiplying the proportion of residual '*C in the different
pools at DAR 1, 2, 3, 6, 15 and 30, with the integrated daily A of DAR 1
(the 3C pulse day). Figure 4 reports this information and shows how total
C allocated to berry and root was similar between WS and WW plants and
higher in REC plants. Already from DAR 2 in root, and two days later in
fruit, the amount of C in the REC treatment was significantly higher than
in the control plants (both WW and WS). The WS plants allocated more C
belowground than WW controls in the first 15 days, but then the
consumption (respiration or translocation) brought the assimilated C to a
level comparable to that of WW controls. Also in the REC roots, the
maximum amount of C at DAR 6 tended to drop, indicating consumption
and/or reallocation but the total amount of assimilated C that remained in
the root at DAR 30 was significantly higher than WW and WS plants. On
the contrary, C accumulation in the berries of REC plants remained stable
and constant in time (Figure 4).

The amount of assimilated C that remained in the leaf at DAR 30 was
much lower compared to the other two C pools, though nonetheless
slightly higher in REC plants compared to WS and WW plants. Adding the
total amounts of newly fixed C remaining in the roots, berries and leaves
at DAR 30 to the daily Ryt we observed that the amount of daily C
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assimilated was sufficient to support C accumulation and root and shoot
respiration in WW and REC plants, but on the contrary, not sufficient in
WS plants (Figure 5).

The accumulation levels of fresh and dry matter, measured at DAR 30 in
berries, reflected the carbon fluxes described so far and the levels of water
potential measured. The REC grapes generally showed higher levels than
the WW ones, in turn higher than the WS ones (table 2).

Transcript expression analyses of key genes involved in source-sink
interrelationships

The expression of different carbohydrate metabolism-related genes was
analysed in source and sink tissues of WW, WS and REC plants over a
time course characterizing the early phases after rewatering (DAR 0, DAR
1 and DAR4), in order to add information at the molecular level about
carbon allocation dynamics (see Figures S2 a and b for DAR 0 and DAR
1 and Figure 6 for DAR 4. In general, the gene expression trends were
similar during the early phases considered, thus we decided to describe
more in detail the results occurring at DAR4 when ecophysiological
measurements confirmed a fully recovery of REC plants (Figure 6). The
sucrose synthase gene VvSuSy was expressed mainly in root and
characterized by a lower expression level in WS treatment. An alternative
route for sucrose breakdown in WS root was offered by the increased
expression of the cell wall invertase (VvcwINV) gene, whose expression
trend was in general complementary to that of VwvSuSy in WW, WS and
REC root samples. Interestingly, WS root showed an increased
expression of threalose-6-phosphate phosphatase (VvTPP) gene,
responsible for the synthesis of threalose from the precursor threalose-6-
phosphate. The availability of new photosynthates after rehydration
allowed the REC root to increase the starch synthesis (VvSTA, starch
synthase) mirroring the WW root behaviour, whereas in WS root VvSTA
did not increase the expression level. This result agrees with the high
hexose mobilization confirmed by the increased expression level of the
hexose transporter 3 (VWHT3) in WS root in respect to the same tissue of
WW and REC plants. In berry, two transcripts among the genes analysed
showed high expression, mainly in WW and REC plants: the Sugar Will
Eventually be Exported Transporter 10 (WSWEET10), responsible for
phloem unloading in sink tissues, and the vacuolar hexose transporter 6
(VvHT®6) driving the carbohydrates to storage in the vacuole. Similarly, the
vacuolar invertase VvGIN2 showed expression in the berry reinforcing the
sucrose compartmentalization in the vacuole (Figure 6).
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Discussion
Carbon balance in drought-rehydrated ripening grapevines

In this study, droughted vines rehydrated at veraison were pulse-labelled
with "*CO; together with other vines maintained in water deficit or fully
irrigated. The 'C absorbed by the leaves with photosynthesis during
labelling were subsequently used to trace the phloem flows of newly
assimilated C towards the strongest sinks in the thirty days of the post-
veraison phase, when the ripening processes of the grape occurred
triggering C allocation towards the sinks. From the combined analysis of
the '3C allocation patterns, and photosynthesis and respiration gas
exchanges of the plant (shoot and root) and rhizosphere compartments,
we were able to demonstrate several interrelationships occurring among
plant organs during a rehydration event following a drought period either
above- or below-ground.

The resumption of root metabolic activity and post-rehydration
photosynthesis is almost immediate (a few hours and less than 24 hours,
respectively), showing how adapted the vine is to tolerate water stress.
On the contrary, beech a mesophilic plant not adapted to arid climates
(Fotelli et al., 2001), has been shown to take a few weeks for
photosynthesis to recover to pre-stress conditions (Hagedorn et al. 2016),
Furthermore, the presence in grapeveines of the fruit sink with
considerable strength, triggered a photosynthetic and respiratory energy
demand (Fatichi et al., 2014; Koérner et al., 2015).

The water regime strongly influenced the partitioning of C towards the
different sinks. Water stress caused a greater allocation of the newly
photosynthesized carbonaceous resources to the berry (about double
compared to WW controls), which are stored in a stable manner. On the
other hand, the C allocated belowground over 30 days is mostly
consumed. The plant in recovery diverts the same percentage of labelled
C to the berry as the plants in water stress, although in absolute amounts
its photosynthesis is about double that under water stress (it is
comparable or even higher than photosynthesis in WW control plants).
Therefore, the total C allocated to the berry is about 50% higher in
recovery than in the irrigated control. These physiological mechanisms
are at the basis of what is often experienced in irrigated fleshy fruit crops,
where it has been previously shown that occasional irrigation events are
more effective in determining sugar-related production, rather than
maintaining a constant satisfactory water state (Chaves et al., 2010).
Moreover, the rain fed areas with Vviticultural vocation present
microclimatic situations of summer aridity with only occasional rains
(Charrier et al., 2018).

Through a daily respired / photosynthesized C balance we show that
during the ripening of the berry (30 days post veraison) 57% of the C
assimilated in the irrigated condition is respired. In the same period, the
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accumulation of neo-photosynthates is about 28%, showing that plant
photosynthesis can support C accumulation in sinks without affecting
plant reserves accumulated pre-veraison, as showed Rossouw et al.
(2017) in irrigated grapevines. On the contrary, upon water stress 83% of
the daily C assimilated is respired; since 43% of neo-photosynthesized C
is stored in a stable manner, we conclude that the plant should affect C
radical reserves accumulated before veraison to support the respiration
rate. After rehydration in REC pants, 54% of the daily C assimilated of the
post-veraison month is respired, similarly to what happened in WW
controls; about 43% of neo-photosynthesized C is stored in a stable
manner (especially in berries), much more than under WW condition.
However, the increase in A was able to support the requests of the sinks,
without affecting the reserves, as was the case in WS. During WS, the
lack of turgor acting as maijor limitation to growth (Hernandez-Santana et
al., 2021) forced plants to affect C reserves, adding evidence to the sink
limitation hypothesis to photosynthesis (Fatichi et al., 2014). The highest
proportion of photosynthates was partitioned into fruits (berries) and it was
in WS plants, almost double than under WW condition, as indicated by
figure 5 (for fruits: daily C needs / daily C available: 27/176=15% in WW
plants, 24/81=29% in WS plants and 45/188=23% in REC ones). From a
wider point of view, this indicates why fruits are usually seen as stronger
sinks than other organs or even how fruit growth is generally seen as less
sensitive to water stress than vegetative growth.

Molecular evidences supporting the model

Delivery of labelled 3C to the different sinks was observed in parallel with
the expression of genes involved in carbohydrate metabolism. Genes
encoding proteins that regulate the delivery of sucrose to the sinks and
which catalyze the hydrolysis of the sucrose discharged to trigger
respiration or carbon storage have been analysed. SuSy is an enzyme
with a central role in the source-sink coordination, it catalyses the
breakdown of sucrose in sink tissues to keep the concentration and
pressure gradient operational in the phloem (Gessler, 2021). SuSy gene
resulted expressed mainly in roots. In rehydrated roots, thanks to the
availability of new photo-assimilated resources and the recovery of root
respiration, the molecular machinery quickly adjusted to that of WW
plants, whereas WS root showed a lower level of SuSy expression,
probably to compensate the lack of assimilation. Interestingly, cwINV
gene expression resulted significantly higher in WS root in respect to WW
and REC roots, ensuring an alternative route of sucrose breakdown and
the maintaining of the root sink strength also in water stress condition, as
confirmed by the *C partitioning analysis. The relative impacts of SuSy
and invertase on C allocation appears to be dependent on tissue, species,
developmental stage and season (Dominguez et al., 2021). Moreover,
poplar RNAI transgenic lines for SuSy showed increased invertase
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activity, suggesting a partial compensation of the two enzymes in the
sucrose cleavage activity, phenomenon that we can retrieve in our data
also, looking at the complementary expression of SuSy and cwINV
transcripts in the WW, WS and REC roots. The understanding of the
reason why the grapevine root during water stress leans toward the
preferential expression of the invertase requires further experiments. It is
known that both pathways degrade sucrose but the products of their
reactions differ considerably; the literature suggests that whereas SuSy
could be involved in increased biomass (Gessler, 2021; Xu et al., 2012),
invertases could have a greater ability to stimulate specific sugar sensors
(Ruan et al., 2010; Ruan, 2012). The involvement of the water stressed
root in the sucrose signalling was confirmed by the overexpression of the
threalose-6-phospate phosphatase (TPP) transcript, catalysing the
second step of threalose synthesis. Trehalose accumulation confers high
tolerance levels to different abiotic stresses (Garg et al., 2002) and,
together with the precursor Threalose-6-phosphate, play key roles in the
control of carbon allocation and of stress responses in plants (Morabito et
al., 2021). We could speculate that through the sugar signalling WS root
orchestrated the maintaining of the sink strength despite the unfavorable
conditions for C allocation. Hexoses produced from sucrose cleavage
were not used for starch synthesis in WS root, as suggested by the low
expression of VWSTA and the high expression of the HT3, confirming the
mobilization of hexoses. On the contrary, the REC root started the starch
synthesis quickly adjusting to the WW condition.

Sugar Will Eventually be Exported Transporters (SWEETs) 10 is a plasma
membrane sucrose transporter of clade Il SWEETSs, deputated to the
phloem unloading (Savoi et al., 2021; Eom et al., 2015). It is one of the
two transcripts in our experiment expressed at high level in the berry.
Although the main driver of sucrose unloading in the berry was the
developmental stage (veraison), as suggested from the high SWEET10
expression level over all the time course, a slight treatment effect could
be noticed. Thanks to the photosynthesis and assimilation recovery, the
REC plant was able to maximise the C allocation in the fruit. Interestingly,
since SWEET10 transcript level remained low in the REC root tissue, we
can suggest that the prompt increase of root respiration after rehydration
was not accompanied by an increase of the unloading rate of sucrose in
root, differently from what happens in non-fruit trees (Hagedorn et al.,
2016). In grapevine, when the fruit is present, our experiment suggests
that the root becomes a secondary sink. The unloading of sucrose was
guaranteed by the SWEET10 expression also in WS berries, although to
a minor extent probably because of the limited photosynthates available
in stress condition diverted also toward the root, as confirmed by
SWEET10 expression increasing in this tissue in respect to WW and REC
plants. Finally, the analysis of the vacuolar hexose transporter HT6
expression level, the second gene highly expressed in berry, pointed out
that this transporter allowed the hexoses accumulation in the vacuole, so
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that the sink strength can be maintained to attract more C (as Susy does
in root). Moreover, the storage of sucrose in the vacuole was driven also
by the vacuolar invertase GIN2. In general, the berry metabolism
appeared to be stopped as confirmed by the general low expression level
of carbohydrate metabolism-related genes analyzed, with the exception
of the genes described above that are key modulators for hexose and
sucrose accumulation and cell expansion (Ruan et al., 2010) in the
phenological stage of veraison. This molecular difference underlines what
has been seen in our C distribution model between the root and fruit sinks,
which shows how the allocated C amount remains constant in the REC
fruit over 30 days, and there is no redistributive decrease trend, as in the
root.

Possible implications of the research

Confirming the measurements of carbon fluxes and water potential levels
that plants experienced during the experiment, the berries of the REC
plants were found to be the heaviest and with the highest sugar
concentration at DAR 30. In WS plants, the low growth levels of the berries
that developed in a context of scarce water availability were not coupled
with low levels of sugar concentration (expressed in degree Brix), found
significantly not lower than in the WW berries, confirming what shown as
carbon accumulation in figure 4b.

Our experimental design mimicked a peculiar scenario, optimized to
observe how much and how root and fruit compete with each other, but
not necessarily aligned with what would be other possible scenarios in the
field. It couples with a field situation, where mainly until veraison
grapevines perceive water deficiency, followed by rain fed in the
subsequent phases of the productive cycle. In this scenario, an increase
of C allocation in berries positively regulates berry quality not only in
relation to the accumulation of primary metabolites per se, but also to the
accumulation of secondary metabolites as glycosides in the cell vacuoles
(Ferrandino and Lovisolo, 2014). Furthermore, C and sugar biosynthesis-
transport related genes couple with the activation of the phenylalanine
ammonia lyase (PAL), the key enzyme of the phenylpropanoid pathway
(Pirie and Mullins, 1976).

However, in some viticultural areas pre-veraison water deficits could be
less frequent than water deficits later in the ripening process. Scholasch
and Rienth (2019) reviewed water deficit-mediated changes in vine and
berry physiology, highlighting how this latter scenario, opposite to what
described by our experimental setup, could increase berry quality. This
because reducing water availability after veraison positively affects yield
components, via both a reduction of berry volume (Zufiiga et al., 2018)
and the activation of ABA-related biosynthetic pathways (Ferrandino and
Lovisolo, 2014). As a specular confirmation, Intrigliolo et al. (2016)
showed that a post-veraison irrigation results in a 26-30% yield increase
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compared to rain fed vineyards that experienced a post-veraison water
deficit.

In our work, the effects of the carbon distribution wave following
rehydration coupled with the expected delivery of phloem-water. The
genotype we used (‘Barbera’ on ‘420A’) should mitigate the effects of a
distinctly aniso-hydric response to water stress of the scion through the
use of a rootstock that is not tolerant to drought, and therefore not inclined
to force lowering of the water potential during drought (Tramontini et al.,
2013; Lavoie-Lamoureux et al., 2017). In cases of varieties showing an
aniso-hydric behavior grafted on tolerant rootstocks (for example
descendants of Vitis rupestris L.), rehydration could have even more
significant effects on the distribution wave of photosynthates; this is
because the ability to compensate for the mechanisms of lowering the
water potential (among all the osmotic adjustment and the control of
embolism repair, Lovisolo et al., 2008b) in stressful situations would allow
these phenotypes a fast and active post-rehydration recovery (Lovisolo et
al., 2010; Scholasch and Rienth, 2019). By contrast, we can speculate
that rehydration could be less effective in scions showing iso-hydric
response to water deficit and/or rootstocks sensitive to drought (for
example descendants of Vitis riparia L.) (Lovisolo et al., 2008b).

Conclusions

Our results show how periods of water stress activate a molecular
response in the plant C sinks to compensate for the reduction in
photosynthetic C assimilation. In fruit crops, the fruits compete strongly
with the root. This derives from an ancestral need to convey nutrients to
the seed with a parallel need to make the fruits palatable to the herbivore
for a seed dissemination that ensures the continuity of the progeny.
Furthermore, the selection of the most productive phenotypes has made
the fruit sink quantitatively competitive against the root sink, much more
than what happens in forest plants, where the root completely
orchestrates the response to stress. In the rehydration phases, the
strength of the sink persists but is coupled with a photosynthetic recovery
activated by the phloem downloading capacity directed towards the
strongest C-requesting sinks. This is so effective that the assimilation
values of the rehydrated plants exceed those of the irrigated plants. In
these moments, the effects of maximum C assimilation and relative
delivery to the requesting sink take place. They therefore represent the
key moments in the life of the fleshy fruit plants, especially if they coincide
with the ripening phase of the fruit, as in our experimental design.
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Table 1. Gas exchange integral at DAR 1. Daily integrals of: whole-
canopy assimilation (A), respiration of the whole-canopy during dark
hours (Rc), belowground respiration (Ryg), total respiration (Rt = Rog +
Rcq) at DAR 1. Values are means + SE (n=4). Statistical analysis of data
was performed using the one-way analysis of variance (ANOVA) followed
by a post hoc Tukey's test. Letters denote statistically significant variations
(p <0.05).

Daily A Daily Ryg | Daily R Daily Riot Reot/A
mmol CO, |mmol CO, | mmol CO» mmol CO, %
IRR |176+14a [92+10a |9+1a 101+9a |97%2Db
WS [81+10b [59+5b |[8+1a 67+6b 83t4a
REC|188+33a |90+2a |9%1a 100+2a 54 +£8Db

Table 2. Weight of the berry (g), production of grapes per plant (kg),
number of berries per plant (#), degree Brix (°Brix), total acidity as
tartaric acid (g L1) measured on DAR 30. Values are means + SE
(n=4). Statistical analysis of data was performed using the one-way
analysis of variance (ANOVA) followed by a post hoc Tukey's test. Letters
denote statistically significant variations (p < 0.05).

Production of | Number of Total acidity
Weight of the | grapes per | berries per as tartaric acid
berry plant plant °Brix
9 kg g L-1
WW (1.80+£0.14b |0.34+0.02b [192+15a (245+0.46b |8.00+0.35a
WS [1.53+0.09¢c |0.29+0.05c |192+33a |[23.8+0.63b |6.65+0.66a
REC|[227+0.04a |047+0.04a |[205+36a |256+0.36a |7.25+043a
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Figure legend

Figure 1. Whole-plant gas exchange analysis. (a) transpiration, E and
(b) net photosynthesis, A. From DAR -5 to DAR -1 data of WW (black
squares, n=4) and WS (white circles, n=8) plants before the rehydration
event are represented; from DAR 0 to DAR 7 data of WW (n=4), WS (n=4)
and REC (grey triangles, n=4) plants after rehydration are plotted. Dotted
vertical lines before and after DAR 0 show re-hydration and 13CO2 pulse-
labelling. Statistical analysis of data was performed using the one-way
analysis of variance (ANOVA) followed by a post hoc Tukey's test. Letters
in the table denote statistically significant variations (p < 0.05).

Figure 2. Whole-plant gas exchange analysis. Belowground respiration
(Rbg). Symbols, replicates (n) and statistical analysis as in Figure 1.

Figure 3. 13C partitioning of neo-photosynthates after a re-hydration
event. Partitioning of assimilated labelled 13CO2 during feeding event at
DAR 1. (a), (b), (c), (d) represent % of labelled 13C at DAR 1, 2, 3, 6, 15,
30 respectively in leaf, berry, root and whole plant. Values are means +
SE (n=3). Statistical analysis of data was performed using the one-way
analysis of variance (ANOVA) followed by a post hoc Tukey's test. Letters
in the table denote statistically significant variations (p < 0.05).

Figure 4. Carbon accumulation. Amounts of carbon allocations in
different sinks obtained by multiplying the residual 13C percent found in
the different pools at DAR 1, 2, 3, 6, 15 and 30 with the integrated daily A
of DAR 1 (the 13C pulse day) in the leaf canopy (a), in all berries (b), and
in the whole root (c). Values are means + SE (n=3). Statistical analysis of
data was performed using the one-way analysis of variance (ANOVA)
followed by a post hoc Tukey's test. Letters in the table denote statistically
significant variations (p < 0.05).

Figure 5. Model of C allocation to different C pools. The model is the
combination of data from gas exchange analysis with data from pulse-
chasing C isotope analysis. In blue, yellow and grey we showed the
amount of neo-photosynthates that will be permanently stocked
respectively in root, berries and leaf C pools. In orange and green, daily
Rtot and daily A is reported.

Figure 6. Transcripts of key genes of sugar metabolism. Relative
expression level of sucrose synthase (VvSusy), cell wall invertase
(VvewlINV), threalose-6-phosphate phosphatase (VVvTPP), starch
synthase (VvSTA), hexose transporter 3 (VVHT3), Sugar Will Eventually
be Exported Transporter 10 (VVSWEET10), hexose transporter 6 (VVHT6)
and vacuolar invertase 2 (VvGIN2) genes in leaf, root and berry tissues
sampled from WW, WS and REC plants at DAR 4, as determined by qRT-
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PCR signals normalized to actin (VVACT) and ubiquitin (VvUBI)
transcripts. Data are presented as the mean +SE of three biological and
technical replicates. Gene IDs and oligonucleotides used for each gene
are indicated in the Table S1. Different lowercase letters above the bars
indicate significant differences according to a post hoc Tukey's

test (p < 0.05).

Figure 7. Imposition and maintenance of water deficit levels. Relative
soil humidity measured gravimetrically, and midday leaf water potential
measured by pressure chamber technique on detached leaves. Values
are means
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Figure 1. Whole-plant gas exchange analysis.
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Figure S1.3CO; pulse of 9 grapevine plants under climate-controlled
condition at DAR 1 in the labelling chamber. 1) Electrical panel for
temperature and humidity control, 2) nine grapevines in plastic pots
equipped with connection pipes and fittings for balloon setup, 3) External
PC connected to the IRGA for labelling chamber CO;, concentration
monitoring, 4) injection system explained in the white panel 5) artificial
LED light for natural light integration.

Figure S2. Transcripts of key genes of sugar metabolism. Relative
expression level of (a) sucrose synthase (VvSusy), cell wall invertase
(VvewliNV), threalose-6-phosphate phosphatase (WTPP), starch
synthase (VvSTA), and (b) hexose transporter 3 (VvHT3), Sugar Will
Eventually be Exported Transporter 10 (VWSWEET10), hexose
transporter 6 (VvHT6) and vacuolar invertase 2 (VWGIN2) genes in leaf,
root and berry tissues sampled from WW, WS and REC plants at DAR 0
and DAR1, as determined by gRT-PCR signals normalized to actin
(WACT) and ubiquitin (VvUBI) transcripts. Data are presented as the
mean *SE of three biological and technical replicates. Gene IDs and
oligonucleotides used for each gene are indicated in the Table S1.
Different lowercase letters above the bars indicate significant differences
according to a post hoc Tukey's test (p < 0.05).

Figure S2. Multi-chamber system for continuous gas exchange
analysis. (a) schematic representation of multi-chamber system: 1) PE
balloon, 2) Custom made metallic pot, 3) centrifuge fan, 4) hot-wire
anemometer, 5) T junction for balloon air inlet, 6) diaphragm pump, 7)
manifold with solenoid valves, 8) IRGA, 9) 12V DC fan. (b) Multi-chamber
system during measurements. In the upper panel a 12-multi-chamber
platform.

Figure S4. Linear correlation between leaf area (LA) and leaf
diameter? (d?) and linear correlation between leaf dry weight (DW)
and d2. Linear correlation between leaf area (LA) and leaf diameter? (d?)
and linear correlation between leaf dry weight (DW) and d2.of Vitis vinifera
cv Barbera grafted onto Vitis riparia x Vitis berlandieri 420A rootstocks.

Figure S5. Environmental check during the whole-plant gas

exchange analysis. (a) air temperature, T; (b) photosynthetic photon flux
density, PPFD; (c) air relative humidity, RH.
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Figure S1. '*CO; pulse of 9 grapevine plants under climate-controlled
condition at DAR 1 in the labelling chamber.
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Figure S2A. Transcripts of key genes of sugar metabolism.
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Figure S3. Multi-chamber system for continuous gas exchange
analysis.
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4. General conclusions

What general conclusions, peculiar to each result of my thesis and / or
transversal to them, can be added to the broad scientific discussion of
factors limiting carbon assimilation in plants?

4.1.  Limitation of carboxylation rate related to soil water availability and
atmospheric evaporative demand

- In the rehydration phases after drought, the strength of the sink
persists but is coupled with a photosynthetic recovery activated by the
phloem downloading capacity directed towards the strongest C-
requesting sinks.

- The assimilation values of the rehydrated plants exceed those of the
irrigated plants. In these moments, the effects of maximum C
assimilation and relative delivery to the requesting sink take place.

4.2.  Electron transport rate limitations related to intensity and quality of
light

- Red and blue (RB) light maximizes photosynthetic activity, but this
advantage does not lead to greater biomass accumulation, which is
greater in plants under red, green and blue (RGB) and further under
full spectrum (FS) light.

- Plants subjected to the RB light regime incorporate less carbon than
what has been assimilated due to higher level of respiration /
assimilation. RB leaves have a smaller PSIl antenna size and the cyclic
electron transport around PSl is higher, implying a lower NADPH / ATP
ratio. Exposure to RB light affects plant overall metabolic biosynthetic
pathways at the expense of growth, while RGB and especially FS light,
by not triggering this adaptation, are more suited to constant low light
indoor growing conditions.

- The plants subjected to the RB light regime invest less carbon in the
distension of the leaf blade, i.e. the leaf thickens instead of spreading
out.

- The plants subjected to the RB light regime invest proportionally little
in the leaf in relation to the root.

- The plants subjected to the RB light regime have the highest daily
integral of photosynthesis per leaf area unit, but, as the specific leaf
area is low and the investment in foliar compared to root carbon is low
they incorporate little carbon in relation to what has been assimilated.
- This last situation happens since the leaf at night respires more and
since the respiration of the whole-root is maximum: under RB light,
plants have unbalanced carbon allocation towards the root rather than
towards the leaves.
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- The RB spectrum at low light intensity determines a growth
adaptation, which is normally induced upon acclimation to high light
conditions.

- The greater energy demand in the leaf of RB plants is also highlighted
by a greater recruitment of cyclic photosynthesis.

- FS (and RGB) plants, on the other hand, do not trigger this
photoprotective adaptation and their growth advantage lies in adopting
a growth strategy that conforms to growing indoor light conditions
(Robson et al., 2022).

4.3.  Limitation concerning plant triose phosphate utilization capacity

- Periods of water stress activate a molecular response in the plant C
sinks to compensate for the reduction in photosynthetic C assimilation.
- In fruit crops, the fruits compete strongly with the root. The selection
of the most productive phenotypes has made the fruit sink
quantitatively competitive against the root sink, much more than what
happens in forest plants, where the root completely orchestrates the
response to stress.

- Maximizing C assimilation and delivery in REC plants leads to a high
amount of newly fixed C already two days after rehydration in root, and
two days later in the berries, in line with the expression of genes
responsible for sugar metabolism.

- In rehydrated plants, the increase in C assimilation is able to support
the requests of the sinks during fruit ripening, without affecting the
reserves, as in the case of water-stressed plants.

- The rehydration phases represent the key moments in the life of the
fleshy fruit plants, especially if they coincide with the ripening phase of
the fruit, as in our experimental design.

- These mechanisms clarify what is experienced in fruit crops, when
occasional rain or irrigation events are more effective in determining
sugar delivery toward fruits, rather than constant and satisfactory water
availabilities.
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