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Introduction 
The present thesis project "Characterization of water flows in Controlled Environment -PLANT 

SMART SENSORS" has a multidisciplinary core and aimed towards the creation of synergies 

between the world of scientific research and the industry. By applying research results to 

technological development, this research targeted at innovation in the Agrotechnology and 

Aerospace sectors. Indeed, the introduction of new technologies is pivotal for controlled environment 

production on Earth to feed a growing population as well as for human permanence in Space in long-

term missions where plants are used to regenerate resources (e.g. oxygen, water) and as source of 

fresh high-nutritious food. The realization of these systems must be based on a precise knowledge 

of plant morpho-anatomical development and its physiological behavior in closed growth systems, 

which are strongly influenced by numerous environmental factors including the relative humidity or 

more specifically the Vapour Pressure Deficit (VPD). In a protected environment (e.g. in Space 

greenhouses, vertical farm, indoor growing-modules), the control of relative humidity represents a 

significant problem, which has often been neglected. For instance, in conditions of poor aeration, too 

high humidity can occur with consequent low values of VPD which reduces the plant transpiration, 

slowing or stopping the water flow through the SPAC (Soil-plant-atmosphere-continuum), and 

ultimately blocking the photosynthesis, yield and biomass production.   

Even though there have been many studies regarding the VPD control, alone and/or in combination 

with other environmental factors, certain points are still unclear or controversial, providing contrasting 

results in different or even in the same species. This happens mainly due to the complex interactions 

between many microclimatic factors and plant physiological behaviour at different phenological 

stages.  

In a context of climate change, the efficient regulation of VPD can be applied to greenhouse and 

indoor-module production in order to enhance crop productivity, improve WUE and reduce total water 

consumption to design irrigation strategies, considering the balance between the amount of water 

saved and the quantity used to regulate the VPD.  

The regulation of the VPD and related environmental parameters need to be designed according to 

the species and its adaptive plasticity at morphophysiological levels. Thus, the characterization and 

modeling of water flows in model plants in different growth chamber scenarios (from small modules 

intended for the spatialization for Space applications, up to structures that can be used in protected 

cultivation on Earth), as well as the real-time monitoring of the water status of plants, become 

fundamental for the management of precision agriculture both in support of Space exploration and 

for the sustainability of urban agriculture. To date, most of the research has focused on either specific 

physiological/structural aspect at the single-plant level, or on cultivation management or even on 

technological aspects, with only a few interlinks of knowledge. 
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The aim of this thesis is to develop knowledge to help filling this gap to improve the understanding 

of VPD effects on crop productivity, with the creation of synergies among different expertise (e.g., 

plant physiology, crop science, engineering). To do so, it is fundamental to study the complexity of 

plant morpho/physiological responses, since without a deep knowledge of mechanisms behind plant 

responses to the environment it is difficult to determine how and to which extent plants can adapt to 

any changes in the environmental conditions. 

The application of a multidisciplinary approach in research will allow crop production in a sustainable 

way, even in harsh environments, where a ñclimate smart-agricultureò becomes necessary to 

improve crop yield and quality. The present thesis is organized as follows:  

  

Chapter 1 is a review which presents the current state of knowledge on how VPD influences plant 

morpho-physiological traits in controlled environment agriculture. The study has been published as 

a review article in Annals of Applied Biology (Amitrano et al., 2019 https://doi.org/10.1111/aab.12544). It 

covers main important aspects of VPD influence on plant growth, morpho-anatomical development, 

and physiology, emphasizing the possible interaction between VPD and other microclimatic factors 

in protected cultivation. Furthermore, the rewiew identifies and discusses future research areas, 

which should be explored further, based on needed synergies among different expertise from 

biological and horticultural fields.  

 

Chapter 2 presents evidence that the modulation of relative humidity (RH) together with other 

important cultivation factors such as light (presence/absence), can influence morpho-anatomical 

development and improve antioxidant content, even at the early stages of plant life cycle 

(germination, seedling establishment). The combined effect of RH and light was studied during the 

germination and seedling development of Vigna radiata L. (mung bean), a species widespread 

throughout the world also due to the high nutritional value of its edible sprouts. A manuscript reporting 

these data has been published in Plants (Amitrano et al., 2020a https://doi.org/10.3390/plants9091093). 

 

In Chapter 3, the role of leaf anatomical traits (e.g. leaf mesophyll features, stomata and vein traits) 

in photosynthetic acclimation to short- and long-term changes in VPD was examined in Vigna radiata 

L. adult plants. In this study, we underlined the key role of leaf structure 

in photosynthetic acclimation to air VPD. The long-term exposure to different VPD levels determined 

a pre-acclimation at the leaf morpho-anatomical level which influenced the extent of leaf 

physiological plasticity, changing plant ability to acclimate to any changes in the surrounding 

microclimate. This different leaf anatomy-related capacity of pre-acclimating becomes 

https://doi.org/10.1111/aab.12544
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therefore fundamental in the present climate-change scenario due to its key role in the adaptation 

process under changing environmental conditions. A manuscript reporting these data has been 

published in Environmental and Experimental Botany (Amitrano et al., 2021a 

https://doi.org/10.1016/j.envexpbot.2021.104453). 

 

InChapter 4, the effect of VPD on morpho-physiological traits also incorporating the trade-off 

between transpiration and carbon gain was evaluated in two cultivars of Salanova lettuce (Lactuca 

sativa L.) with green and red leaves, in a growth-chamber experiment. Low-VPD turned 

out to significantly improve growth, stomata development and hydraulic-related traits which led to 

higher photosynthesis and a reduced water consumption compared to the high-VPD condition. A 

manuscript reporting these data was published inAgronomy (Amitrano et al., 2021b 

https://doi.org/10.3390/agronomy11071396).   

 

Chapter 5 represents a clear interlink of knowledge between plant scientists, engineers, 

mathematician and modelists. In this study, published in Sensors (Amitrano et al., 2020b 

https://doi.org/10.3390/s20113110), we used experimental data, based on morpho-anatomical analyses 

of lettuce plants, to run the Energy Cascade Model (MEC), a model already used to predict biomass 

production and photosynthetic efficiency in advanced life support systems studies (Space-oriented 

research). Here, the modification of the model is discussed together with possible improvements and 

applications.   

 

Chapter 6 focuses on how to modulate the micro-environment, and in particular the VPD levels, in 

protected cultivation to improve plant antioxidant content in crops. More specifically, the exposure of 

the same lettuce cultivars mentioned in previous chapters to high VPD determined an improved 

phytochemical content in lettuce leaves, especially in the red cultivar. Here we discussed a further 

possibility to use short-term high VPD treatments as a mild stress to boost the phytochemical 

production in lettuce plants. A Manuscript reporting these data has been published in Horticulturae 

(Amitrano et al., 2021c http://doi.org/10.3390/horticulturae7020032). 

 

Chapter 7 is a deep focus on how the VPD drives the coordination among morpho-anatomical traits 

in leaves of the above-mentioned lettuce cultivars, also exploring the variability of traits along the 

leaf lamina. More specifically, the attention is focused on how stomata and vein develop within 

lettuce leaves and how these traits are coordinated with leaf size under different VPDs. Results from 

this study suggest that VPD triggers a different response in lettuce plants in terms of balance of leaf 
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traits and highlight the possibility of further exploring the microenvironment (combined influence of 

light and VPD) to adjust the development of stomata and vein densities, thus providing optimal water 

and gas fluxes through the leaves.  

 

In Chapter 8, the experiments conducted during the period spent at the Controlled Environment 

Agriculture Center of the University of Arizona (UA-CEAC) are reported. The experiments reported 

here were conducted on the same species of the previous chapters (Salanvoa lettuce with green 

and red leaves) in a multi-layer vertical farm to test the interaction between VPD and other 

microclimatic factors on plant morpho-physiological development. More specifically two experimental 

trials are reported (E1 and E2). In E1, the interaction between VPD levels (low and high) and 

increasing DLI (Daily Light Integral - 8.6, 12.9, 15.5) was tested to study morpho-physiological 

changes and to determine the optimal combination of DLI and VPD for lettuce growth. In E2, a 

sudden salt stress was applied to the cultivation and then CO2 enrichment was provided, based on 

the hypothesis that the CO2 enrichment would mitigate the salt stress, modifying the plant carbon 

gain/water balance. We evaluated whether the mechanisms of salt stress mitigation due to CO2 

enrichment were different under high and low VPD conditions, depending on the different morpho-

anatomical leaf structure.   

  

Chapter 9 reports on experiments conducted at the IPK-Leibniz institute of plant genetics and crop 

plant research (Gatersleeben, Germany) in the framework of the EPPN2020 transnational access 

(https://eppn2020.plant-phenotyping.eu/EPPN_Transnational_Access). A report with obtained results is 

showed in this chapter. These experiments concern the application of high-throughput phenotyping 

combined with morpho-anatomical analyses on Salanova green and red plants acclimated to a VPD 

level and then subjected to short-term changes in the VPD. The project submitted to the EPPN 

transnational access and winner of the grant is presented in Appendix 1.  

  

Chapter 10 and 11 report on the possible industrial applications after the collaboration with the 

partner company ñKayser Italia srlò (http://www. kayser.it/ ). Chapter 10 is a study for the definition of 

scientific and technical requirements for the realization of a miniaturized phenotyping growth 

chamber to grow microgreens or small crops in Space. The structure of the chamber is based on the 

ñKubikò incubator, an incubator facility of the European Space Agency with the shape of a cube of 

about 40 cm that has been operating aboard the International Space Station for more than 12 years, 

carrying different life science experiments. In the chapter, technical and scientific requirements are 

listed and a preliminary schedule for the project realization is provided. At the end of the chapter, 

open issues are also discussed. In Chapter 11, the set-up of a prototype miniaturized cultivation 
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chamber for use in Space is described and the results of validation tests, carried out at Kayser Italia 

with brassica microgreens (Brassica rapa subsp. sylvestris var. esculenta) under different air relative 

humidities (VPD), are reported.    

 

In Appendix 1, the project submitted to the EPPN transnational access (PHEW- Automated 

phenotyping platform to improve lettuce water use efficiency under different VPD and watering 

regimens) and winner of the grant is presented. 

 

In Appendix 2, a brief recap on the activities conducted during the Ph.D. program is presented.  
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Chapter 1: 

Vapour pressure deficit: The hidden driver behind plant 

morpho-functional traits in controlled environments 

 

Published version: https://doi.org/10.1111/aab.12544 

1.1 Abstract: Currently, climate change is threatening agriculture possibilities to feed a growing 

population, making necessary the implementation of worldwide cultivable lands also through the 

improvement of highly intensified cropping systems such as greenhouse and indoor growing 

modules. To ameliorate plant performance and reach the potential yield in controlled environment, 

these systems should be based on the fine control of all microclimatic factors among which Vapour 

Pressure Deficit (VPD) plays a major role. Vapour Pressure Deficit represents a driver for 

transpiration in plants and it mainly changes with temperature and relative humidity. Through VPD 

control, it is possible to regulate the entire evaporative demand of an indoor cultivation. VPD control 

is also crucial in determining specific plant structure, physiological behaviour, thus improving plant 

growth and productivity. The regulation of VPD in controlled environment should be managed 

dynamically, since VPD can modulate morphological and physiological processes, which adapt to 

the new environmental conditions and, in turn, change the environment itself, thus requiring the 

continuous update of VPD according to phenological stages. In this review, we aim to revise VPD 

influences on plant growth and development, taking into account both anatomical and physiological 

modifications. We summarise available information in the scientific literature regarding the wide 

variety of VPD effects on different plant traits and species. Additionally, we elucidate the importance 

of VPD regulation in protected agriculture, alone or in combination with other microclimate factors. 

https://doi.org/10.1111/aab.12544
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The review concludes by proposing future research areas which should be explored further, based 

on needed synergies among different expertise from biological and horticultural fields.  

Keywords: ABA, Controlled Environment Agriculture (CEA), functional anatomical traits, leaf 

conductance and resistance, photosynthesis, plant water relations, stomatal regulation, 

transpiration, vein traits  

1.2 Rationale: In the coming years, the main challenges for modern agriculture will be the needs to 

enhance the production of fresh edible products to meet the requirements of the increasing global 

population (projected to reach 10 billion by 2050) (Truong et al., 2017), to facilitate out-of-season 

harvest, and to allow food production in cities (urban farming) or even in extreme ecosystems, like 

polar and desert regions as well as extra-terrestrial environments (Anderson et al., 2017; McCartney 

and Lefsrud, 2018). Nowadays, ongoing climate changes affect all aspects of global food security 

(production, availability and access) (IPCC 2017). Moreover, high-input, resource-intensive farming 

systems, which have caused massive deforestation, limited water supply, depleted soil and raised 

levels of greenhouse gas emissions, are responsible for a drop in food production and in its 

distribution (Schmidhuber and Tubiello, 2007). Climate change, due to the increase in atmospheric 

CO2 concentration, determines a rise in air temperature and consequently in evapotranspiration 

(Jagadish et al., 2016), which is ultimately impacting crop production especially in arid and semi-arid 

regions. Indeed, these conditions affect plant primary production, resulting in decreasing stomatal 

conductance and gas-exchange rates (Bisbis et al., 2018). Elevated CO2 also acts on the ecosystem 

nutrient cycle, decreasing the uptake of nutrients in soil, which may indirectly limit plant growth and 

development. According to some climate models (Soden and Schwarzkopf, 2005; Wentz, 2007), 

global warming will exacerbate problems already existing, leading to important changes in 

atmospheric water vapour content and precipitation amount (Perdomo et al., 2017). It is well 

established, that plants absorb water from soil due to a gradient of water potential (from roots to 

leaves) driven by Vapour Pressure Deficit (VPD), which, from a physics perspective, is the difference 

between the saturation vapour pressure (100% Relative Humidity) and the real vapour pressure in 

the air, at a given temperature. However, VPD is sensed by plants as the difference between the 

vapour pressure in the leaf and the one in the atmosphere (Wheeler and Stroock, 2008). In vascular 

plants, VPD is a driver for transpiration, which is actively regulated by stomatal movements 

(opening/closing) (Sulman et al., 2016).  Since VPD increases when temperature (T) rises, climate 

warming conditions are expected to upraise its level (Will et al., 2013). Higher VPD will intensify plant 

physiological stress under water shortage by either increasing plant water loss or limiting carbon 

fixation, depending on the anisohydric or isohydric behaviour adopted (McDowell et al., 2008; Sade 

et al., 2012; McDowell and Allen, 2015; Anderegg et al., 2015). The productivity of crop and forestry 

ecosystems strongly depends on the temporal and spatial distribution of water (precipitation and 

evaporation), as well as, especially for crops, on the availability of freshwater resources for irrigation. 
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Optimizing the use of water for crop production will be a challenge for assuring an eco-friendly and 

sustainable agriculture, especially in arid and semi-arid areas (Medrano et al., 2015). To this 

purpose, the development of Controlled Environment Agriculture (CEA) systems is pivotal. These 

systems are based on the modification of the natural environment, to create optimal environments 

for cultivation, as well as buffering against external weather conditions. Protected cultivation can be 

achieved in greenhouses or indoor growing modules, through the management of microclimate 

factors (e.g. T, light intensity, quality and photoperiod, CO2 concentration and VPD levels), which 

concern both the aerial and the below-ground organs (i.e., roots). More specifically, VPD regulation 

in controlled environment represents a strategy to achieve a valuable crop production (in terms of 

yield and product quality) in a more sustainable way by enhancing resources use efficiency (e.g. 

saving water and nutrients) and allowing the cultivation of agricultural and horticultural crops all year-

round.  Protected cultivation has spread throughout the world in the last decades and goes along 

with technological innovation which helps improving the CEA state-of-the-art (Giacomelli, 2007). 

Technological research in agriculture goes in the direction of sustainability and automation 

(mechanization and robotic systems), to maintain specific settings in indoor growing modules 

avoiding human subjectivity and monitoring plant growth remotely, also acquiring accurate data for 

scientific and applied purposes. In this context, CEA has been sponsored by National Aeronautics 

and Space Administration (NASA) and European Space Agency (ESA) in Space-oriented research, 

especially for edible plant cultivation as bio-regenerators in life support systems (LSSs) (Wheeler, 

2010; De Micco et al., 2011; Arena et al., 2014). Bio-regenerative life support systems (BLSSs) are 

closed-artificial-environments where plants could regenerate air by producing O2 and removing CO2, 

purify water, recycle wastes, and overall provide fresh food for the crew (Wheeler et al., 2003; 

Paradiso et al., 2014). Even though first studies on Controlled Ecological Life Support Systems 

(CELSSs) date back to the 1950s, nowadays, with new advents in technology, the challenge is to 

create the best conditions to optimize the growth of higher plants in protected cultivation, considering 

all the potential detrimental constraints of confined environments (e.g. resources availability, nutrient 

recycling confinement, etc.), also taking into account the difficulties in their control. Environmental 

factors and plant responses are strictly interconnected; therefore, changes in any environment 

and/or cultivation factors, trigger a cascade of modifications at plant physiological and morpho-

anatomical levels, affecting plant behaviour especially in terms of water and gas fluxes, which in turn 

re-modify the environmental parameters. For these reasons, particular relevance in technological 

and sustainable agriculture has been given to remote sensing monitoring and its fine, prompt, control 

(Ren and Martynenko, 2018).  

In this review, we focus our attention on VPD and its regulation to improve plant physiological 

processes as carbon metabolism and water use efficiency (WUE) in controlled environments. We 

first give an overview of water fluxes through plants focusing on hydraulic conductance and structure-

mediated resistance in the Soil-Plant-Atmosphere-Continuum (SPAC). Then, we consider how the 
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differences in VPD, consequent to changes in Relative Humidity (RH) and air T, may affect plant 

growth, structure, plant-water relations, photosynthesis, yield and product quality. We focus the 

attention on above-ground organs, even though we are aware of the importance of root architecture 

and soil. In addition, we highlight some approaches used so far to regulate VPD in protected 

cultivation, concluding with summaries of future challenges aiming to understand the potential 

modulation of photosynthesis, crop performance and product quality through the regulation of VPD 

in an interactive controlled environment.  

 

1.3 Implications of VPD for sinks and sources: VPD is strictly related to air RH, which is 

expressed as the ratio between the pressure of water vapour in the air and the pressure of water 

vapour held in a saturated environment: ñe/esò. At plant physiological level, VPD represents the 

difference between water pressure inside the leaf and the one in the atmosphere, which has a big 

impact on plants evapotranspiration (ET) and so, on water flows within plants. VPD is usually 

expressed in kPa and it increases when T rises and RH decreases (Will et al., 2013). High VPD, 

together with high irradiance conditions, enhance leaf transpiration and, therefore, water loss from 

tissues. To reduce water loss, plants adopt several mechanisms also relying on stomatal closure, 

therefore declining decreasing carbon fixation due to reduced CO2 diffusion towards the chloroplasts, 

with negative consequences on photosynthetic activity. The result is a decrease in plant growth and 

productivity, which represents a major issue for crop production (Zhang et al., 2015; Sinclair et al., 

2017). On the other hand, it has been demonstrated that under a reduced VPD environment, leaf 

gas exchanges and physiological WUE (An/E) are enhanced (Zhang et al., 2015; 2018). Indeed, in 

low VPD environment plants enhance photosynthetic carbon gain by promoting stomatal opening. 

This condition should also allow a more severe loss of water through stomata; however, when the 

atmosphere is saturated with water vapour (high RH conditions) plant ET demand is reduced and 

consequently, WUE improved. Therefore, in plants there is often an interplay between photosynthetic 

carbon gain and WUE (Li et al., 2017). In the last decades, research has focused on the concept of 

photosynthesis and carbon gain (source) being influenced by environmental parameters (particularly 

by VPD) and controlling plant growth and its structure (sink). CO2 uptake and photosynthetic rate 

have always been recognized as the driving forces for plant growth, which was only considered a 

consequent outcome (Korner, 2015). On the other hand, recent research contradicts this theory 

providing a new concept in which sinks control sources, so that growth (morphological development), 

influenced by environmental conditions (VPD), does control photosynthesis. According to this theory, 

under water shortage the first negative consequence is the inhibition of meristematic cell formation, 

which is more sensitive to turgor losses, and would limit carbon uptake through a complex signalling 

between sources and sinks (Korner, 2015; White et al., 2016). Currently, through VPD control is 

possible to regulate the atmospheric evaporative demand, thus influencing tissue formation, growth 
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and photosynthesis. Uncertainty remains in finding the best strategies to improve plant productivity 

and concurrently reduce water loss, because plant responses to environmental conditions are often 

species and/or cultivars-specific and all the molecular and physiological mechanisms which 

regulates source-sink relations have not yet been completely unravelled.  

 

1.4 Implications of VPD for plant water relations: Water moves from soil to atmosphere through 

plants in what is known as Soil-Plant-Atmospheric-Continuum (SPAC), following a negative gradient 

of water potential. Water enters the roots and moves through the hydraulic vascular system up to 

the leaves, which are the terminal part of the SPAC and are characterized by a lower water potential. 

Only a small part (about 5%) of the whole water, which flows through the plant, remains in plants for 

metabolic demand and storage, while the remaining part returns to the atmosphere in the process 

of ET which takes place through stomata. As water is transpired through stomata, other water enters 

the roots, maintaining the continuity of water flux from soil to atmosphere. The flux of water from soil 

to atmosphere, following a gradient of water potential and passing through a series of resistances, 

was first hypothesized by Van Den Honert in 1948 and is still valid. Further studies (Nardini, 1999; 

Sack and Scoffoni, 2012; Xiong et al., 2015a; Xiong et al., 2018) have elucidated the link between 

conductance and resistance in stomata, mesophyll, and leaves, highlighting the relationships with 

leaf gas exchanges, in response to different environmental conditions. Leaves represent a 

conspicuous portion of the entire plant hydraulic resistance being, in fact, also the headquarters of 

carbon gain (Nardini, 1999). Not only stomatal conductance (gs) and its kinetics, but also mesophyll 

conductance (gm) and leaf hydraulic conductance (Kleaf) contribute to determine photosynthetic rates 

(Flexas et al., 2013) and may act as constraint to photosynthesis (Xiong et al., 2018). Kleaf is formed 

by two components which are strictly related to leaf anatomical structure: the first is referred to the 

flow inside the xylem (Kx), the second to the flow outside (Kox) (Fig. 2). Both components should be 

considered in the regulation of WUE and leaf gas exchanges. The Kox mainly depends on vein 

architecture and particularly on Vein Length per unit Area (VLA), on the structure of mesophyll (e.g. 

three-dimensional pattern of intercellular spaces) and physiological mechanisms such as the activity 

of aquaporins (Terashima et al., 2006). Leaves with higher VLA usually presents higher Kleaf since 

they are characterized by a more branched vascular pattern, which better vascularizes throughout 

the mesophyll, thus decreasing the horizontal pathways for water flow towards epidermis. Such a 

structural organization, allows greater stomatal density and conductance, bringing to higher gas 

exchanges per unit area (Sack and Scoffoni, 2013). Conversely, the inside component (Kx) mainly 

depends on vein density and the morphological traits of the xylem elements (Xiong et al., 2017; Sack 

and Scoffoni, 2012). Veins are indeed at the basis of the hydraulic structural anatomy of leaves and 

form a network for the transportation of water, nutrients, and carbon. The roles of leaf vessels, 

mesophyll thickness and density, and the whole pattern of intercellular spaces in the hydraulic 
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efficiency have been recognized (Sack, 2006), but uncertainty remains in their role in influencing 

photosynthetic capacity. Brodribb and co-workers (2007) demonstrated that the photosynthetic 

performance is related to the closeness of the vein to the evaporative surface and this relation 

depends on the different conductance and resistance of tissues that water encounters during its flow. 

Although literature presents contrasting theories, it is gathering more and more support that the 

majority of hydraulic resistance in leaves (about 50-80 %) is located outside the xylem (Cochard, 

2004). The main hydraulic resistance located outside the vascular system would smooth possible 

hydraulic failure in leaves induced by damages like wall breakdown, cavitation, or vessel embolism 

at the stem level (Nardini et al., 2003). This outcome is consistent with experiments demonstrating 

a reduced impact on the whole hydraulic conductance after cavitation events (Nardini, 2001; Nardini 

et al., 2003). Outside the xylem, spongy tissue is believed to present the highest resistance, due to 

the major airspace presence and the lowest connection among cells, which decrease the area 

available for water flows; whereas the bundle sheath (BS) is considered to contribute only in little 

part to the Rox (outside-xylem resistance), although this last assumption depends on the 

presence/absence of suberification in secondary cell walls (Buckley et al., 2015). According to these 

studies, the structural properties of leaf conductive systems are strictly linked to the functional 

processes of photosynthesis and water transportation, highlighting the pivotal role of leaf and 

mesophyll anatomy in determining the sites of evaporation, as well as those of major resistances 

and conductance within leaves. However, the development of vein traits as well as xylem and 

vascular bundles cells is not only influenced by environmental conditions but also varies a lot within 

and across species and is linked to intrinsic factors (also tracing back to biogeographical origin) 

(Brodribb and Feild, 2010; Sack and Scoffoni, 2013; Brodribb et al., 2017). In the light of these 

considerations, a better understanding of hydraulic architecture in crop species and its response to 

VPD is require for modelling water fluxes aiming to a fine control of protected cultivation.  

 

1.5 Implications of VPD for stomata functioning and gas exchanges: VPD plays a fundamental 

role in the process of stomatal opening. When evaporative demand is high (high VPD conditions), 

plants carry out several adjustments to counteract dehydration. Stomata guard cells lose turgor and, 

as a consequence, stomata close to avoid excessive water losses (Sinclair et al., 2017). This 

mechanism impacts on CO2 diffusion determining a drop in photosynthetic efficiency, CO2 

concentration and photosystem yield. Conversely, when plants grow under low VPD conditions, 

usually stomatal conductance increases. This phenomenon mitigates stomatal limitations for 

CO2diffusion from the atmosphere to the sub-stomatal cavity, resulting in an increment of intercellular 

CO2 concentration that, in turn, promotes CO2 fixation (Flexas et al., 2013; Zhang et al., 2017; Qingjie 

et al., 2018). Under low T and high RH%, thus low VPD conditions, plants not only increase stomatal 

opening, but their leaves tend to develop larger stomata (Aliniaeifard et al., 2014; Arve et al., 2017). 
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Stomatal density is instead more sensitive to atmospheric CO2 concentration and usually correlates 

negatively with guard-cell size (Franks and Beerling, 2009). The relationship between stomatal size 

and density can influence the whole stomatal function and the speed of their response, therefore 

needs to be taken into account since they contribute to regulate all water and gas fluxes throughout 

plants, ultimately regulating photosynthesis. The relations between functional anatomical leaf traits 

and photosynthesis have been largely demonstrated. For instance, Ogughi et al. (2005) found out 

that photosynthetic capacity in plants not only depends on stomata traits, but also on other structural 

traits such as the mesophyll thickness, the amount and distribution of intercellular spaces, the 

number of chloroplasts and their disposition inside the cell. For example, photosynthetic capacity is 

enhanced by thick mesophyll and by the exposition of chloroplasts towards the intercellular spaces 

(Oguchi et al., 2005). However, modifications in leaf tissue thickness and chloroplast distribution are 

subsequently influenced by environmental parameters such as light intensity and quality, T and RH% 

(e.g. VPD itself), and their interaction (Tosens et al., 2012). Stomatal responses in relation to the 

regulation of VPD should be studied further, since there are still knowledge gaps especially in the 

stomata and gas exchanges response to low VPD under water shortage, as well as in the 

mechanisms that maintain water balance in the above conditions (Qingjie et al., 2018).  

 

1.6 Implications of VPD for ABA-mediated stomatal reaction: ABA (Abscisic Acid) is a plant 

hormone involved in many developmental processes as well as in stress responses. A correlation 

between VPD and the level of ABA in leaves has been found: together with increasing VPD, ABA 

tends to accumulate in leaves, whereas when VPD values go down, a metabolic catabolism of ABA 

occurs (Bauerle, 2004; McAdam and Brodribb, 2016; Fanourakis et al., 2016). Okamoto and 

colleagues (2009) found in Arabidopsis thaliana an increment in the level of the gene CYP707A, 

encoding for the enzyme ABA 8ô-hydroxylase, in response to high RH%. The mechanisms that 

involve this gene is the principal ABA catabolic pathway in higher plants (Okamoto et al., 2009), 

which provokes a drop in both the mobile and local forms of the hormone. Furthermore, this hormone 

could act as a middle signal between stomatal movements and VPD (Bunce, 1996; Tardieu, 1998). 

Aliniaeifad and co-workers (2014) found a decrease in ABA levels in leaves of fava bean plants 

grown under low VPD (about 0.23 kPa), compared to the same plants grown under a moderate VPD 

(about 1.17 kPa). When plants grown under moderate VPD were transferred in low VPD conditions, 

the level of ABA decreased sharply, confirming the key effect of VPD on the regulation path of this 

hormone. It is noteworthy that in a study conducted in herbaceous angiosperms (Pisum sativum 

argenteum mutant and Dahlia hybrida óCinderellaô) changes in cell turgor, obtained by external 

pressure, changed ABA levels and thus stomatal response to VPD (McAdam and Brodribb, 2015). 

This phenomenon raised the hypothesis that ABA synthesis under regulated VPD only concerns 

stomata guard cells and highlights the concept of stomatal reaction to VPD as ABA-mediated. 
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However, the mechanism of VPD-induced stomatal closure is still unclear and the debate about the 

role of the hormone in this process remains uncertain. 

 

1.7 Implications of VPD for plant growth, yield and product quality: Despite the importance of 

VPD regulation for plant growth and development, research conducted so far on VPD regulation and 

on related effects, has been limited to few species (mainly tomato and bean). The main focus has 

been to study the effects of RH% and T on the development of specific organs or metabolic 

processes, mostly in greenhouses. In almost all studies reported, plant development, growth rate 

and biomass allocation changed after modifications in VPD. For instance, Zhang et al. (2017) found 

that tomato plants grown in greenhouse under a low VPD of about 1-2 kPa at midday, increased the 

epigeal biomass production compared to the root biomass and, at the same time, improved fruit 

development. They also found a conspicuous increment in plant elongation, stem diameter and leaf 

length. In the former study, the lower VPD condition was realized in greenhouse, by means of 

artificial humidification systems, which were activated when the evaporative demand exceeded the 

optimal ranges. This outcome is in agreement with other research in which tomato plantlets grown 

under low-VPD condition increased plant growth compared to other plants developed in high-VPD 

environment (Zhang et al. 2017). For example, greenhouse cucumber provided with a fog cooling 

system, showed a higher dry matter content as well as a high relative growth rate under low VPD, 

derived from a RH around 86% (Matsuo, 2015). Furthermore, increments in plant extension rate 

under a transient low VPD, without changing T, were also found in a C4 species Miscanthus x 

Gigantheus (Clifton-Brown, 1999). This increase seemed to be related to an increment in water 

potential which enhanced turgor-driven cell enlargement due to reduced transpiration rate (Clifton-

Brown and Jones 1999). Although increasing crop productivity is the major challenge under 

controlled environments, the demand for premium quality agricultural products is on the rise, 

compelled by the increasing interest of consumers and nutritionists in functional and sensorial food 

(Kyriacou and Rouphael, 2018). Concerning the implications of VPD for enhancing the quality traits 

under controlled environments, several authors have demonstrated that the use of fogging system 

as a tool to increase RH% in screenhouses and greenhouses, was able to improve lycopene, organic 

acids as well as antioxidant activity of several tomato cultivars (Leonardi et al., 2000; Leyva et al., 

2015). On the other hand, high VPD inside greenhouses is usually accompanied by extreme T and 

solar radiation, inducing oxidative stress. As a consequence, detrimental effects on yield, yield 

components and quality attributes, especially sugars, mineral composition and carotenoids happens 

(Rosales et al., 2011). The main mechanism behind the deterioration of fruit quality under high VPD 

could be attributed to lower chlorophylls, thus reducing photosynthetic activity and translocation of 

photosynthates to the sinks (Xu and Chang, 2007). It has been demonstrated that adjusting VPD at 

low levels (800 ml of transpired water per plant per day), it is possible to improve the fruit quality 
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particularly in terms of sugar content. Indeed, the quality of horticultural products is a complex 

ñdynamic composite of their physicochemical properties and evolving consumer perception, which 

embraces organoleptic, nutritional and bioactive componentsò (Kyriacou and Rouphael, 2018) that 

can be achieved by modulating microclimatic factors, including VPD, taking into account that different 

climatic factors (air and root-zone temperature, light conditions and CO2 enrichment) can act in 

synergic or antagonistic way on different quality components. 

 

1.8 Strategies for VPD regulation in controlled environment: implications for water saving: 

VPD regulations can be an efficient strategy to achieve the challenging goal of sustainable 

agricultural production, namely increasing crop production per unit area and at the same time 

reducing water consumption (Deng et al., 2006). Indeed, the irrigation management has been 

recognized as the most efficient means for improving crop WUE (Kang and Zhang, 2004). In the 

field, transpiration rates and air VPD have a daily cycle, being usually lowest at dawn and gradually 

increasing from midday till the end of the day (Devi, 2018), reaching a maximum around 15.00 h 

(Fletcher et al., 2007), whereas in controlled environment systems it is possible to regulate 24 h VPD 

values, operating on T and RH levels. In protected cultivation wind-speed is generally lower than 

field so RH% results higher; moreover, its control is one of the main issues for cultivation in controlled 

environment, since RH is influenced not only by T, but also by canopy density and ventilation. Given 

that VPD is directly proportional to air T and inversely proportional to RH, it is feasible to set up 

different VPD conditions in closed environment by using humidifier/dehumidifier and reduced or 

increased air T. However, techniques used until now to maintain suitable levels of RH (e.g. 

fog/humidification systems) consume a certain amount of water, any reduction in transpiration rates 

result in a reduction of water demand and so in water used for irrigation. Thus, the balance between 

irrigation and the input of water to lower the VPD should be optimised. Some strategies have been 

tried to reach this purpose; for example, Zhangh et al. (2018) demonstrated that the mechanism 

could be maximised by increasing plant density in growth chamber/greenhouse and at the same 

time, improving fogging systems efficiency. Talbott et al. (2003) increased RH by using atomizing 

nozzles to supply fine water mist. In other studies (Fletcher et al., 2007; Ben-Asher et al., 2013; 

Matsuo, 2015), dehumidifier systems plus silica gel, were used to set different RH treatments and 

thus varied VPD value in protected chambers. These strategies should always be controlled by RH% 

and T sensors in order to constantly monitor the climatic conditions inside the growth chambers. In 

greenhouses, however, the most used strategies are cooling and heating systems: from simple 

shade methods to pad and fan or foggy systems for lowering the T and heat pump (water heater) or 

hot ventilation for warming. However, it could happen that water from these systems seep outside 

with a consequence of not having a stable VPD. For this reason, Leyva et al. (2015) tested a system 

based on both fogging and complementary plastic sheeting (deployed simultaneously with the 
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fogging system) to keep stable the microclimate condition provided by fogging. Additionally, Zhang 

et al. (2015) tested a micro-fog system which activated automatically when the VPD was higher than 

a threshold value (0.5 kPa). It worked through nozzles connected to a water pump and tubes with 

the goal to alleviate the evaporative request during the hottest months of the year, which correspond 

the spring-summer growing seasons. Setting up precise T and RH%, and control their range 

constantly, becomes necessary to maintain the wanted value of VPD. Sensors used so far, in fact, 

do not measure the actual leaf VPD, but give an insight of the whole VPD surrounding crops as an 

indirect measure derived by T and RH values. These sensors should be positioned properly: within 

or as close as possible to the crop canopy in order to provide a good indication of the actual leaf 

VPD, taking into account the entire ET of the culture.  

 

1.9 Interaction between VPD and other microclimate factors: In controlled environment, whether 

a greenhouse or an indoor growing module, there is a mutual influence among all microclimate 

factors. These microclimate factors not only represent the matter and source energy for plant 

physiology, but also interact with each other to modify the total microclimate, thus modulating plant 

morphological, physiological, and biochemical processes, acting on specific pathways. Therefore, 

not only T and RH, but also other parameters should be controlled, or at least monitored, such as: 

light conditions in terms of intensity, quality and photoperiod CO2 enrichment, water availability, wind 

speed, etc. For instance, it is recognised that in simulated artificial environment lighting system 

intensity indirectly affects air VPD by modifying T, through thermal heating. In addition, changes in 

light quantity and quality influence stomatal kinetics. Stomata are closed in the darkness, when 

biological activity is minimal, and opened in full light, allowing the essential need for gas exchanges 

(Shimazaki et al., 2007). However, stomatal movements also respond to light quality which cause 

morphological and physiological plant responses, acting on cryptochromes and phytochromes. More 

specifically, stomatal opening is stimulated by blue wavelengths (Doi et al., 2015) alone, and in 

combination with red wavelengths (Shimazaki et al., 2007; Arena et al., 2016). Blue light acts 

activating the H+ ATPase and driving the potassium uptake through channels, while red light acts 

mostly indirectly, by decreasing the intercellular CO2 concentration. At the same time, light effect 

interacts with atmospheric CO2 concentration and induces morphological changes in leaf anatomical 

traits (e.g. stomatal density and size), resulting from the alteration of cell division and differentiation 

processes during lamina expansion and leading to changes in epidermal cells size (Woodword, 

1987). Such structural modifications in turn modify water fluxes in plant, thus affecting physiological 

response e to VPD variations. Under changing light intensity, gs kinetics can limit CO2 assimilation 

impacting on WUE (McAusland et al., 2016). In order to maximize both WUE and gas exchanges in 

crops species, with faster stomatal responses (often linked to the occurrence of higher frequency of 

smaller stomata) are preferred, especially under artificial environments where plant do not 
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experience long term fluctuations which would face in natural environment, and which would 

generate leaves adapted to sun or shade. Moreover, in some species it has been found that stomatal 

and mesophyll conductance as well as the entire leaf hydraulic conductance (Kleaf), respond to 

different light intensities, VPD, CO2 and to drought stress (Fletcher et al., 2007; Xiong et al., 2015a, 

2015b). However, these responses seem to be species-specific. Indeed, in contrast, Tazoe et al. 

(2009) found that Triticum estivum L. cv. Yecora 70 gm, was independent from light intensity. 

Additionally, under controlled environment canopy density could drop CO2 levels even below the 

atmospheric concentration. Given that, in general, net photosynthesis and crop species productivity 

improve as the amount of CO2 in the environment increases, therefore, the enrichment in CO2 

concentration significantly increases crop yield (Thongbai et al., 2010). However, in recent times, 

with the improvement of technology, strategies which allow VPD regulations in protected cultivation 

and, at the same time, allow the maintenance of higher CO2 concentration have been developed 

(Ohyama et al., 2008; Stanghellini, 2008). 

 

1.10 Conclusions and challenges ahead: The atmospheric VPD plays a crucial role in regulating 

all water movements through the SPAC; therefore, its precise regulation in controlled agriculture 

becomes pivotal for the optimisation of plant growth and physiology. Even though, there have been 

many studies regarding VPD control, alone and/or in combination with other factors, certain points 

are still unclear or controversial, providing contrasting results in different or even in the same species. 

Moreover, in a context of climate change, the efficient regulation of VPD can be applied to 

greenhouse/indoor module production in order to enhance crop productivity, improve WUE and 

reduce total water consumption to design irrigation strategies, considering the balance between the 

amount of water saved and the quantity used to regulate VPD. The regulation of VPD and related 

environmental parameters need to be designed according to the species and its adaptive plasticity 

at morpho-physiological levels. To date, most of the research has focused on either specific 

physiological/structural aspect at the single-plant level, or on cultivation management or even on 

technological aspects, with only a few interlinks of knowledge. To bridge this gap and to achieve a 

comprehensive understanding of VPD effects on plant growth and on indoor crop productivity, 

developing at the same time new technologies for its fine control, an integrated perspective with the 

creation of synergies among different expertise (e.g. plant physiologist, crop scientists, engineers as 

well as farmers and stakeholders), is needed. Indeed, the fine modulation of VPD in CEA, will allow 

crop production in a sustainable way even in harsh environments, where a ñclimate smart-

agricultureò become necessary to meet the requirements of the numerous world population. 

However, the possibility to control VPD is also related to the technological development of 

automatized and computerized systems, based on remote automatized sensors for the control of the 

environment and of plant status, especially in the sight of plant cultivation in extreme environments. 
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However, further detailed investigations especially on: (a) understanding gas exchanges direct and 

indirect (e.g. anatomical-induced) responses in low VPD environment under water shortage, (b) 

understanding interactions between environmental and cultivation factors in regulating plant-

response to VPD, (c) evaluating how plant responses to VPD change during crop cycle, 

(d)understanding clearly if ABA-synthesis, under regulated VPD, concerns only stomata guard cells 

or the whole-plan regulation, explored, (e) finding the most suitable species-specific strategies to 

improve plant productivity and reduce water loss through the fine regulation of VPD, (f) finding 

sustainable irrigation methods to improve plant WUE through the VPD modulation, are required.  
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Chapter 2  

Light and Low Relative Humidity Increase Antioxidants 

Content in Mung Bean (Vigna radiata L.) Sprouts 

 

Published version: https://doi.org/10.3390/plants9091093 

 

2.1 Abstract: In the last decades, there has been a growing interest in the production of sprouts, 

since they are a highly nutritious food, particularly suitable for indoor farming in urban areas. 

Achieving sprout production in indoor systems requires an understanding of possible alterations 

induced by the microclimate. The aim of this study was to analyze the combined effect of 

presence/absence of light and high/low air relative humidity (RH) on mung bean sprouts. Morpho-

anatomical development and functional anatomical traits in hypocotyl were quantified. The content 

of antioxidants, soluble sugars, and starch were measured for nutritional and functional purposes. 

Different RH regimes mainly induced morpho-anatomical modifications, while the presence/absence 

of light changed the content of antioxidant compounds. Increments in stele diameter at high RH 

suggest a higher water uptake and conductivity, compared to the low RH treatment; low RH and 

light-induced anatomical traits improving plant water transport (reduced number of cortical layers) 

and increased the production of antioxidants. The overall results suggested that RH and light, 

already at the early stages of development, affect the plant's nutritional value. Therefore, the 

combination of light and low RH allows the production of antioxidant-rich mung bean sprouts to be 

used as a food supplement. 

https://doi.org/10.3390/plants9091093
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2.2 Introduction: Agricultural practices are changing with the introduction of new technologies for 

the remote monitoring and controlling of environmental conditions, such as intelligent sensors, 

robots, proximal/remote sensing [1,2]. These new technologies applied to agriculture are helping to 

meet the nutritional requirements of an increasing population, minimizing environmental impacts and 

coping with the scarcity of resource availability, also exacerbated by climate changes [3]. Part of this 

change is happening in urban areas, where over 54% of the world population is concentrated [4] and 

which consumes most of the worldôs energy and resources while producing the majority of 

greenhouse gases [5]. In this context, controlled environment agriculture (CEA) and, more 

specifically, urban farming (e.g., rooftop greenhouses, indoor-growing modules) is receiving 

increasing attention as a method to improve food security, enhance sustainability, and contribute to 

saving transportation and logistics costs [4,5]. Currently, we are witnessing a growing interest in 

urban agriculture, which has been well documented by backyard food production, local-sustainable-

organic restaurants, and the rise of plant-based-diets, suggesting that people desire to ñget closer to 

their foodò [6ï8]. Plant-derived fresh food not only has high nutritional value but also plays a role as 

a stress mitigator for citizens who are subjected to urbanicity effects [9ï11]. However, the possibility 

of growing edible crops as sources of fresh and high nutritional food directly in houses and 

restaurants relies on technological advancements in CEA, as well as on the development of 

cultivation protocols to increase crop yield while enhancing the nutritional properties of edible plant 

parts. In this context, sprouts and microgreens have recently gained popularity as easy-to-produce 

(e.g., small size, without soil and external inputs as fertilizers and pesticides), healthy gastronomic 

ingredients [12,13]. Indeed, compared to mature-leaf crops, they contain a higher amount of 

bioactive compounds, antioxidants, minerals, and phytonutrients [14]. Their consumption has been 

associated with a reduced risk of cancer, respiratory problems, osteoporosis, and muscle atrophy, 

which are frequent diseases associated with obesity and malnutrition [15ï17]. Among these, Vigna 

radiata L. (mung bean) presents a high nutritional value of its sprouts, whose consumption has been 

related to antioxidant, anti-inflammatory, antidiabetic, antihypertensive, and antitumor effects 

[18,19]. Significant challenges in indoor agriculture, include the control of relative humidity (RH) and 

the demand for power supply, needed to artificially maintain a precise microclimate and especially 

light regimes to grow different plant species [20ï22]. Through humidity management, it is possible 

to reduce water footprint, influencing the rates of water loss by crop transpiration. In addition to 

saving water, humidity control is important for crop performance because it influences many 

physiological processes from germination to senescence, such as cell expansion, photosynthesis, 

and growth [23,24]. Although RH control in CEA has often been overlooked due to technical 
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constraints [23], modulation of lighting systems and different RH regimes can increase crop growth 

performance and enhance food nutritional properties [25]. Sproutsô production partly overcomes 

these problems because they require small production facilities, shallow substrate, and very short 

time (4ï8 days) to reach a commercial edible size [26]. Furthermore, sprouts cultivation needs low 

or no demand for photon flux: indeed, most seeds do not require light for sprouting and they might 

even be inhibited by light (e.g., Phacelia and Allium). However, other species (e.g. Begonia, Primula) 

need light to germinate [27]. Generally, sprouts used as food-supplement are grown in total darkness 

and under high levels of relative humidity, to reduce the risk for drying between watering periods 

[28]. 

Even though sprouts are usually grown etiolated, lighting systems in indoor growing modules can be 

modulated to achieve compound-specific improvements in sproutsô quality and sometimes to 

decrease the level of anti-nutrients [13], especially during the phase of seed germination [29]. Even 

though lightening systems can increase production costs [21], changes during the early stages of 

germination lead to increments in some useful metabolites such as flavonoids, phenols, vitamins 

and other phytochemicals [30,31]. Many studies have tested the effect of light intensity and quality 

on sprout phytochemical content, with contrasting results depending on the PPFD (photosynthetic 

photon flux density) and on the specific wavelengths [18,32,33]. However, the general tendency is 

to have a higher quantity of antioxidants in light-grown sprouts compared to dark-grown ones [34ï

37], even if sprouts grown in the light can be smaller compared to those grown in the dark [38].  

Concerning the implications of RH on sprout production, several authors have demonstrated that 

increasing humidity during the cultivation could enhance quality traits. For example, Leyva et al. [39] 

found an increment in antioxidant content in many tomato cultivars grown in the presence of fogging 

systems. However, cultivation under different RH regimes causes modifications in the organization 

of crop tissues, cell size, and density [40,41], which may, in turn, affect physiological mechanisms, 

resource use, and tissue/organ allocation of bioactive compounds.  

So far, most of the research has been conducted on adult plants, while only a few studies have been 

performed aiming to control RH and other environmental factors to enhance sprout growth and 

phytochemical production. However, the optimization of cultivation protocols already at the first 

stages of plant development is required not only to optimize sprout growth and enhance the 

production of useful secondary metabolites but also to achieve fine control of environmental 

parameters for sustainability issues (i.e., energy consumption). The aim of this study was to analyze 

the combined influence of two environmental factors namely presence/absence of light and high/low 

RH, on morpho-anatomical development and production of nutritious secondary metabolites in 

sprouts of V. radiata L. ñgreen azukiò, a plant species in the legume family, also known as mung 

bean. For these reasons, we evaluated sprouts development through morpho-anatomical analyses 
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and their antioxidant content (i.e., anthocyanins and polyphenols) as well as the amount of soluble 

sugars and starch, considered as important nutritional traits.  

 

2.3 Results 

2.3.1 Sprouts Development: The total length of sprouts, the length of roots and hypocotyls as well 

as the fresh weight were influenced by RH and LR as main factors, but not by their interaction (RH 

Ĭ LR) (Table 1). Both length and fresh weight significantly (p Ò 0.001) increased under high RH, 

independently from the presence/absence of light. Moreover, sprouts grown in the dark were always 

significantly more elongated (p Ò 0.001) and presented a higher fresh biomass (p Ò 0.05) compared 

to those grown under light. Conversely, dry weight was neither significantly influenced by RH and 

LR as main factors, nor by their interaction (Table 1).  

Table 1. Analysis of variance and means comparison for growth traits in mung bean sprouts under low and 
high RH and light or dark LR as well as under the four different combinations of RH and LR (LowRH-L; LowRH-
D; HighRH-L; HighRH-D). Mean values and statistical significance are shown. NS, *; **, ***, Non-significant or 
significant at p Ò 0.05, 0.01, and 0.001, respectively. Different letters within each column indicate significant 
differences, according to Duncan's multiple-range test (p Ò 0.05).  

Treatments 
Hypocotyl 

length 
 (cm) 

Root 
length 
 (cm) 

Total 
length  
(cm) 

Fresh 
weight 

(g) 

Dry  
weight 

(g) 

Relative humidity (RH)      
Low  2.53 b  0.88 b 3.74 b 0.22 b 0.044 a 
High 3.47 a 1.93 a 3.95 a 0.46 a 0.044 a 

Light regime (LR)      
Light 2.69 b  1.18 b 3.55 b 0.32 b 0.048 a 
Dark 3.32a 1.62 a 4.13 a 0.37 a 0.046 a 

Interaction       
LowRH × light 2.26 a 0.63 a 3.40 a 0.20 a 0.047 a 
HighRH × light 3.12 a 1.73 a 3.71 a 0.44 a 0.049 a 
LowRH × dark 2.80 a 1.13 a 4.08 a 0.25 a 0.042 a 
HighRH × dark 3.83 a 2.12 a 4.19 a 0.49 a 0.042 a 

Significance       
RH *** *** *** *** NS 
LR *** *** *** * NS 

RH × LR NS NS NS NS NS 

 

2.3.2 Morpho-Anatomical Analysis of Hypocotyls: Microscopy analysis evidenced that the 

hypocotyls maintained tissue integrity, without evident signs of stress in all the combinations of RH 

and LR (Figure 1). However, the expansion of the cortical cylinder (in terms of thickness) and stele 

(in terms of diameter) were significantly influenced by both RH and LR treatments as main factors 

as well as by their interaction (RH × LR) (Table 2). The sprouts grown in the dark at a low relative 

humidity (LowRH-D) were characterized by the widest cortical cylinder (TCC), which was significantly 

thicker (p Ò 0.05) compared to the other conditions (Table 2). As regards the stele, the smallest 

diameter (SD) was found in LowRH-L sprouts, with significantly lower values (p Ò 0.01) compared to 

all the other treatments (Table 2). Moreover, the number of cell layers in the cortical cylinder (CL-
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CC) was not influenced by RH as the main factor; however, light alone and in interaction with RH, 

had a significant effect on CL-CC (p Ò 0.05). Conversely, no significant differences among treatments 

were found in the number of cell layers in the stele (CL-S). Furthermore, the number of cells per unit 

area in both cortical cylinder and stele (NC-CC and NC-S) were significantly influenced (p Ò 0.001 

and p Ò 0.05 respectively) by microclimate interaction (RH Ĭ LR) (Table 2, Figure 1). Both NC-CC 

and NC-S were significantly higher in LowRH-D than HighRH-L sprouts, which showed in turn 

significantly higher values than sprouts developed under the other two conditions. The number of 

phenolic bodies (NPB) was significantly influenced by both RH and LR treatments as main factors 

(p Ò 0.001) as well as by their interaction (RH Ĭ LR) (p Ò 0.05) (Table 2). Moreover, the diameter of 

phenolic bodies (DPB) was significantly influenced by LR treatment as main factor (p Ò 0.001) and 

by the interaction (RH Ĭ LR) (p Ò 0.01) (Table 2). More specifically, LowRH-L presented the highest 

values of both NPB and DPB, which instead were significantly reduced in HighRH-D. 

 

  

 

Figure 1. Light microscopy views of cross-sections of hypocotyls of mung bean sprouts grown under the four 
different combinations of RH and LR: a) LowRH-L; b) LowRH-D; c) HighRH-L; d) HighRH-D, High RH in dark 
regime). Stele (S), Cortical cylinder (CC), Epidermis, (E) and Phenolic bodies (PB). Images are at the same 
magnification; scale bar = 100 µm. 
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Table 2. Analysis of variance and means comparison for the thickness of cortycal cylinder (TCC), stele 
diameter (SD), total diameter (TD), number of cell layers in the cortical cylinder (CL-CC) and in the stele (CL-
S), number of cells per unit area in the cortical cylinder (NC-CC), and stele (NC-S), number of phenolic bodies 
(NPB), Diameter of phenolic bodies (DPB) in mung bean sprouts under low and high RH and light or dark LR 
as well as under the four different combinations of RH and LR (LowRH-l; LowRH-D; HighRH-L; HighRH-D). 
Mean values and statistical significance are shown. NS, *; **, ***, Non-significant or significant at p Ò 0.05, 
0.01, and 0.001, respectively. Different letters within each column indicate significant differences, according to 
Duncan's multiple-range test (p =0.05). 

 

Treatments 
TCC  
(µm) 

SD  
(µm) 

TD  
(µm) 

CL-CC  
(n) 

CL-S  
(n) 

NC-CC  
(n mm-2) 

NC-S  
(n mm-2) 

NPB  
(n mm-2) 

DPB  
(µm) 

Relative 
humidity(RH) 

         

Low  963.75a 1418.13b 2381.88 a 10.05 a 16.37a 25.35 a 21.10 a 40.07 a 4.0 a 

High 817.14b  1554.28a  2371.43 a 10.02 a 17.82a 23.77 a 18.02 b 27.54 b 3.75 a 

Light regime 
(LR) 

         

Light 828.46b 1429.33b 2257.80 b 9.8 b 17.45a 29.67 a 23.10 a 40.76 a 4.67 a 

Dark 952.43a  1543.07a 2495.51 a 10.27 a 6.75 a 19.45 b 16.02 b 26.85 b 3.07 b 

Interaction           

LowRH × light 886.56b 1322.80b 2209.36 b 9.50 b 16.75a 35.45 a 25.50 a 45.43 a 5.1 a 

HighRH × 
light 

770.38c 1535.87a 2306.25 b 10.10ab 18.15a 23.90 b 20.70 b 36.09 b 4.25 b 

LowRH × 
dark 

1040.94a 1513.46a 2554.40 a 10.60a 16.50a 15.25 c 16.70 c 34.71 b 2.9 c 

HighRH × 
dark 

863.92bc 1572.69a 2436.62 a 10.06ab  17.50a 23.65 b 15.35 c 18.99 c 3.25 c 

Significance          

RH *** ***  NS NS NS NS *** *** NS 

LR ** *** *** * NS *** *** *** *** 

RH × LR * ** * * NS *** * * ** 
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2.3.3 Content of Anthocyanins and Polyphenols, and FRAP Assay: For anthocyanins and 

polyphenols, both RH and LR as main factors (p Ò 0.001) and their interaction (RH Ĭ LR) (p Ò 0.05) 

elicited significant changes (Table 3). The antioxidant activity was significantly influenced by both 

RH and LR as main factors (p Ò 0.001) and their interaction (RH Ĭ LR) (p Ò 0.001), as well (Table 3). 

The concentration of anthocyanins and polyphenols, as well as an antioxidant activity are shown in 

Figure 2. The highest content of polyphenols and anthocyanins occurred in sprouts grown at low RH 

in the presence of light (LowRH-L); such contents significantly decreased in HighRH-L sprouts, which 

in turn showed significantly higher values than LowRH-D (p Ò 0.05) (Figure 2 a,b). Finally, LowRH-

D sprouts showed significantly higher values than HighRH-D ones where the lowest contents were 

detected (Figure 2 a,b). The antioxidant capacity showed the same trends among treatments. The 

highest antioxidant activity occurred in LowRH-L sprouts, which showed significantly higher values 

than HIghRH-L and LowRH-D sprouts (p Ò 0.001) (Figure 2c). The lowest values, significantly 

reduced compared to all the other treatments, were detected in HighRH-D sprouts (Figure 2c). The 

content of anthocyanins and polyphenols were positively correlated with antioxidant capacity (r = 

0.757, p Ò 0.001 for anthocyanins and antioxidant capacity and r = 0.821, p Ò 0.001 for polyphenols 

and antioxidant capacity). 

Table 3. Analysis of variance and means comparison for functional metabolites and antioxidant activity of 
mung bean sprouts the four different combinations of RH and LR (LowRH-L; LowRH-D; HighRH-L; HighRH-
D). Data are expressed on a fresh weight basis. Mean values and statistical significance are shown. NS, *; **, 
***Non significant or significant at p Ò 0.05, 0.01, and 0.001, respectively. Different letters within each column 
indicate significant differences according to Duncan's multiple-range test (p Ò 0.05). 

Treatments 
Anthocyanins 
(mg gī1) 

Polyphenols 
(mg GAE mgī1) 

 
Antioxidant 
activity  
(µmol TE/mgī1) 

 
Soluble sugars 

(µmol(glucose)Eq. 
gī1) 

 
Starch 

(µmol (glucose) 
Eq. gī1) 

Relative 
humidity (RH) 

     

Low 0.85 a  0.022 a 1.01 a 0.24 b 0.047 a 
High 0.68 b 0.013 b 0.57 b 0.53 a 0.027 b 

Light regime 
(LR) 

     

Light 0.93 a 0.026 a 1.02 a  0.33 b 0.046 a 
Dark 0.60 b 0.011 b 0.55 b 0.44 a 0.028 b 

Significance      
RH *** *** *** *** * 
LR *** *** *** ** * 

RH × LR * * *** ** * 
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Figure 2. Concentration of anthocyanins (a), polyphenols (b) and antioxidant activity (c) in mung bean sprouts 
grown under the four different combinations of RH and LR (LowRH-L; LowRH-D; HighRH-L; HighRH-D). Mean 
values and standard errors are reported; different letters refer to statistically significant differences; p Ò 0.05). 

2.3.4 Soluble Sugar and Starch Quantification: The content of soluble sugars was significantly 

influenced by RH and LR as main factors (p Ò 0.001 and p Ò 0.01 respectively), and by their 

interaction (RH Ĭ LR) (p Ò 0.01) (Table 3). Starch content was significantly influenced by both RH 

and LR as main factors (p Ò 0.05), and by their interaction (RH Ĭ LR) (p Ò 0.05) as well (Table 3). 

Their content showed an opposite trend among treatments (Table 3, Figure 3). More specifically, 

HighRH-D sprouts showed significantly higher values of soluble sugars than LowRH-D sprouts (p Ò 

0.01), which, in turn, were characterized by significantly higher values compared to sprouts 

developed in the presence of light, independently from humidity (Figure 3a). Regarding starch 

content, sprouts grown under LowRH-L conditions showed significantly higher values than HighRH-

L sprouts (p Ò 0.05), which, in turn, were characterized by significantly higher values than sprouts 

developed in the dark, independently from humidity levels (Figure 3b).  
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Figure 3. Soluble sugar (a) and starch (b) amount in mung bean sprouts grown under the four different 
combinations of RH and LR (LowRH-L; LowRH-D; HighRH-L; HighRH-D). Both soluble sugars and starch are 
expressed on a fresh weight basis. Mean values and standard errors are reported; different letters refer to 
statistically significant differences; p Ò 0.05. 

2.4 Discussion: During seed germination, complex biochemical and physiological processes occur, 

resulting in wide changes in sprout morphology and biochemical composition [42]. This process is 

triggered by the imbibition of water and is controlled by the whole complexity of environmental 

parameters [43]. In the present study, the two main factors applied during sprouting (RH and LR), 

had significant effects on mung bean sprouts growth, morpho-anatomical development, antioxidant 

capacity, amount of soluble sugars and starch. More specifically, the level of humidity under which 

sprouts were grown, mostly influenced their morphological development. Indeed, the increase in RH 

from 60% to 90% lead to sprout lengthening. Furthermore, this elongation was not followed by any 

increment in total hypocotyl diameter, as well as in the number of cell layers in the cross-section. 

These results suggest that increased elongation at high RH was either due to enhanced apex 

proliferation or turgor driven cell-enlargement in the longitudinal direction. The humidity-driven 

increase in fresh weight (more than doubled under high RH compared to low RH) supports the 

second hypothesis. The higher turgor-driven cell enlargement is also consistent with the observed 

lower number of cells per stele unit area, which could be explained by an increase in cell size and 

unaltered dry weight among treatments. Similar results were found by McIntyre et al. [44] in the apex 
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growth of potato tubers; these authors hypothesized that high humidity may have increased water 

potential and cell turgor of sprouts, due to the reduction in their rate of transpiration.In mung bean, 

the interaction among factors (RH and LR) elicited changes in quantitative anatomical traits in terms 

of the relative ratio between cortical cylinder and stele, and the number of cells per unit area (thus 

consequently in cell size) in both tissues (Table 2). The differences in hypocotyl anatomical traits 

could be the result of adjustment strategies to different environmental conditions. For instance, the 

occurrence of decreased root diameters under reduced water availability is considered a way to 

increase water and nutrient uptake by maximizing the absorptive surfaces [45,46]. Furthermore, the 

reduced number of cortical layers is known to be an acclimation to drought; indeed, under drought 

the reduced number of cell layers shortens the radial pathway available for water transport, favoring 

a quick radial flow [47,48]. These results highlight the pivotal role of anatomy in controlling water 

movement through the soil-plant system and the relationship between xylem anatomy and hydraulic 

conductivity [49]. Two of the major anatomical features that distinguished categories of root anatomy 

are indeed the stele diameter and the arrangement of the cortical cells [50,51]. Changes in the size 

of the cortical cylinder and not in that of the stele has been explained by assuming the cortex acting 

as a ñbuffer zoneò, partially isolating the stele from environmental stresses such as drought [52,53]. 

Our results are in agreement with the tendency of having a larger ñbuffer zoneò under conditions of 

low humidity. The presence of light, and more specifically its intensity and quality, acts on sprout 

antioxidant content. In the last decades, many studies have dealt with the effects of lighting on crop 

quality, with very different results depending on photosynthetic photon flux density (PPFD) or light 

wavelength quality. Although sprouts are commonly produced in the absence of light, it has been 

demonstrated that even a low amount of PPFD may induce positive outcomes during germination. 

For example, Pérez-Balibrea et al. [34] found in light-grown broccoli sprouts an increment in phenolic 

compounds (by 61%) compared to sprouts grown in the dark. In contrast, Qian et al. [54] found in 

Chinese kale sprouts grown under blue light, the highest levels of total phenolics and anthocyanins, 

as well as the strongest antioxidant capacity. Phenolics are the products of secondary plant 

metabolism, which provide essential functions in growth and reproduction [55]. Epidemiological and 

experimental studies demonstrated that phenolic compounds in the human diet may provide health 

benefits associated with reduced risk of chronic diseases [56]. In our study, the presence of light 

enhanced the content of both anthocyanins and phenolics, as also visualized through microscopy 

(i.e., phenolic bodies), especially under low humidity growing sprouts. These sprouts (LowRH-L), 

which exhibited the smallest length, also presented the highest antioxidant capacity. It is known that 

light improves the phenolic content by promoting the production of malonyl CoA and coumaroyl CoA, 

which participate in the synthesis of phenolic compounds [57]. Therefore, it is not surprising that, in 

our study, a significant increase in total phenolics was found in light-grown sprouts compared to the 

dark ones. Furthermore, antioxidants and polyphenols are often synthesized by plants as a defense 

mechanism in response to abiotic and biotic stresses [58ï60]. Under natural conditions, plants grown 
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in semi-arid climate enhance the production of secondary metabolites to counteract the exposure to 

high levels of solar radiation, high temperature, and low water availability [61]. The secondary 

metabolite products may contribute to preventing damages caused by reactive oxygen species 

(ROS) during the environmental stresses. This is consistent with the increase in the levels of 

polyphenols and anthocyanins in sprouts grown at low RH, notwithstanding the light regime. 

Moreover, many studies have reported an enhanced content of polyphenols and anthocyanins in 

sprouts or microgreens cultivated under light [13,35,62]. Indeed, the exposure to light may be 

considered the key stimulus for the synthesis of anthocyanins [32,63]. Consistently, in our 

experiment, the light regime increased the anthocyanin content in mung bean sprouts, which in turn 

resulted in a bright red color of the hypocotyls. In addition, we found a high correlation between the 

variation of total polyphenols and anthocyanins, and the antioxidant capacity. Antioxidant capacity, 

which gradually increases during germination [55] is an important quality index reflecting the 

synergetic effect of multiple antioxidants, including phenolic compounds. A similar tendency was 

also found by Gan et al. [64] in a study on mung bean sprouts, where phenolic compounds and 

ascorbic acid increased along with increments in antioxidant capacity. Indeed, phenolic compounds 

have been proved to contribute more than other antioxidants to the antioxidant capacity [65]. 

Moreover, Qian et al. [54] observed a significant increment in the antioxidant capacity in sprouts 

grown under different light treatments compared to dark, in accordance with the variation tendency 

of anthocyanin content. In the very early stages of development, the presence of light, determines a 

rise in antioxidant compounds, together with the onset of photosynthetic activity. Furthermore, it is 

known that the germination process leads to catabolism and degradation of main storage 

compounds, often accompanied by an increase in simple sugars, which are an important energy 

source for seeds during germination and early growth of plants [64,66]. However, the accumulation 

of sugar can change with environmental conditions or can be subjected to a different allocation [67]. 

For example, Gill et al. [68] found in seedlings of Sorghum bicolor L. grown in the presence of light, 

an elevated content of soluble sugars in comparison to dark-grown seedlings, especially under 

stressful conditions (Heat, Cold, NaCl treatments). However, in our study, soluble sugars content 

significantly decreased in sprouts grown in the presence of light. This could be explained by a 

simultaneous increase in the synthesis of starch. It is well known that light and consequently, day 

length and circadian rhythm have a significant effect on starch degradation and synthesis. It has 

demonstrated that starch breakdown was faster in plants growing in long days and during the night 

[69]. 

In conclusion, the overall results suggested that V. radiata sprouts are largely responsive to changes 

in environmental conditions in terms of tissue development, biomass allocation, and antioxidant 

production. Our results indicated that under light and low RH sprouts have evolved morpho-

functional traits to cope with low RH conditions as a mechanism to elude water loss in the very early 

stages of development. Furthermore, sprouts grown in the presence of light, especially at low RH, 
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increased polyphenols and anthocyanins contents as well as improved antioxidant capacity, 

compared to dark conditions. Synthesis and accumulation levels of antioxidant compounds mostly 

depend on genotype; however, they are also largely affected by environmental factors 

(microclimate). Therefore, by manipulating the environment, it is possible to obtain antioxidant-rich 

sprouts with health-promoting properties for consumers [70,71. In our study, the combination of light-

low RH was the most effective for the production of antioxidant-rich mung bean sprouts to be used 

as a food supplement. This could open new market opportunities in the niche of healthier and vegan 

food [72]. The main outcome of this study is that a fine control of all environmental variables already 

at the early stages of plant development should be a priority not only for optimizing plant growth but 

also for favoring the synthesis of useful metabolites in controlled environment agriculture production. 

2.5 Materials and Methods  

2.5.1 Experimental Design and Plant Material: The experiment was conducted on V. radiata L. by 

placing 120 seeds in Petri dishes (30 seeds per petri dish), layered with filter paper, and imbibed 

with distilled water till paper capacity. The experiment was performed in three replicates. V. radiata 

seeds were purchased from a local retailer and showed 100% germination. Petri dishes were 

incubated, open, in two cycles, in a multi-layers walk-in climatic room at the Department of Biology 

of the University of Naples Federico II (General Impianti S.A.S., Naples, Italy), at a fixed temperature 

of 23 ± 2 °C, under four combinations of two relative humidity (RH) and light regimes (LR) at the 

sprouts level: a) 60 Ñ 2% RH, 1.2 kPa (Vapour Pressure Deficit; VPD), 150 Ñ 20 ɛmol photons mī2 

sī1 in the Photosynthetic Active Radiation (PAR) region (LowRH-L); b) 60 ± 2 % RH, in the dark 

(LowRH-D); c) 90 Ñ 2% RH, 0.3 kPa (VPD), 150 Ñ 20 ɛmol photons mī2 sī1 in the PAR region 

(HighRH-L); d) 90 ± 2 % RH, in the dark (HighRH-D). The chosen RH treatments were considered 

the minimum and maximum levels of the RH range to be maintained to avoid water stress or the 

spreading of plant diseases, respectively [39]. In LowRH-L and HighRH-L treatments, light was 

provided by white fluorescent tubes (Sylvania luxline plus -T8, F36W/840, Cool white deluxe, 

Germany), with a 12 h photoperiod (8 a.m.ï 8 p.m.) which resulted in a 6.4 DLI (daily light integral), 

considered low light intensity for micro-scale vegetable production [13,28]. VPD values were 

calculated from the corresponding instantaneous T and RH values monitored by mini-sensors (Testo 

174H, Testo, Germany) and sampled every 15 min. The indoor air temperature and air-current speed 

were controlled by a heat pump-based air conditioning system with three inlet vents and one outlet 

vent on the same side wall; whereas RH was maintained at 60% by means of a dehumidifier (ADH-

1000, Airrex Portable dehumidifier, Hephzibah Co. Ltd., Nam-gu, Incheon, Korea). Seedlings were 

watered every day with fresh distilled water up to water holding capacity of the paper) and harvested 

after 8 days, before the appearance of the first two leaves, when they reached a commercial edible 

size standard marketable size, according to Lal and Shanmugasundaram [26]. At the end of the 

growth period, the percentage of germination was detected and the growth of the 90 sprouts per 
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each treatment was quantified by measuring epicotyl, hypocotyl and root elongation on digital images 

(taken during the light hours) through ImageJ 1.45 software (U.S. National Institutes of Health, 

Bethesda, MD, USA). The fresh weight (FW) and the dry weight (DW) were measured on 30 sprouts 

per treatment (10 sprouts per replicate). Once tested the homogeneity of the samples, biochemical 

and morpho-anatomical analyses were performed on 6 and 5 sprouts per treatment, respectively, 

randomly taken. All these analyses were carried out considering the single sprout as one replicate. 

For the biochemical assays, the sampling was carried out at 9:00 a.m. in the morning. 

2.5.2 Morpho-Anatomical Analyses: Hypocotyls from the six sprouts per treatment were dissected 

under a reflected light microscope (SZX16; Olympus, Germany) and immediately fixed in F.A.A. (5 

mL 40% formaldehyde, 5 mL glacial acetic acid, 90 mL 50% ethanol) for several days. The hypocotyl 

region was chosen for the analyses because the sprout nutritional quality is mainly influenced by 

hypocotyl length and anatomical traits. Moreover, in sprout production for human consumption, the 

main aim is to produce germinated seedlings which have not yet developed true leaves; thus, the 

primary interest was focused on the hypocotyl region [27]. Thin cross-sections (5 µm thick) of 

hypocotyls were cut by means of a sliding microtome. The sections were stained with 0.5% Toluidine 

blue in water [73], mounted with mineral oil for microscopy, and observed under a light microscope 

(BX60; Olympus, Tokyo, Japan). Digital images were captured using a digital camera (XC50; 

Olympus) and were analyzed through an image analysis software (AnalySIS 3.2, company, Tokyo, 

Japan) to quantify anatomical traits. More specifically, the following traits were measured (in four 

replicates per section): the thickness of cortical cylinder (TCC), stele diameter (SD), total diameter 

(TD), calculated as the sum of TCC and SD, number of cell layers in the cortical cylinder (CL-CC) 

and stele (CL-S), and number of cells per unit area in the cortical cylinder (NC-CC) and stele (NC-

S). Furthermore, on the same thin cross-sections, phenolic bodies were detected because they 

appeared colored in dark blue [74]. The presence of phenolic compounds was quantified in terms of 

the number of phenolic bodies per unit area (NPB) (in four areas per section) and the diameter of 

phenolic bodies (DPB) (in 3ï7 phenolic bodies per section). We also checked for the presence of 

abnormal lignification, which could have affected the taste and texture of sprouts grown under the 

light regime, through epi-fluorescence microscopy (BX60, Olympus) with specific settings (Mercury 

lamp, band-pass filter 330ï385 nm, dichromatic mirror 400 nm and above, barrier filter 420 nm and 

above) for the detection of the UV-induced fluorescence of lignin and other phenolic compounds 

[75ï77]. Under such settings, lignin emits light blue fluorescence, suberin produces white-violet 

fluorescence, and simple phenolics (those stained in dark blue with Toluidine blue) appear yellow-

orange fluorescent. Since no abnormal phenomena of either lignification nor suberization were 

detected, we decided to quantify only the content of polyphenols and anthocyanins through 

biochemical assays. 
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2.5.3 Polyphenol and Anthocyanin Content: Both polyphenols and anthocyanins were determined 

spectrophotometrically on each of the five sprouts per condition. For polyphenols determination, the 

procedure reported by Singelton and Rossi [78], modified by Costanzo et al. [79], was used. Briefly, 

200 mg of the fresh sample from each hypocotyl were ground in methanol at 4 °C and then 

centrifuged at 11,000 rpm for 5 min. Pellets were discarded, while supernatants were mixed with 1:1 

(v/v) 10% Folin Ciocâlteu and 1:5 (v/v) 700 mM Na2CO3 solution. Samples were then incubated at 

4 °C for 2 h. The absorbance was determined at 765 nm (Cary 100 UV-VIS, Agilent Technologies, 

Santa Clara, CA, USA) and the concentration was expressed as gallic acid equivalents (GAE mg 

mg-1) using the regression equation between the different concentration of gallic acid standard and 

the absorbance at 765 nm. Anthocyanin levels were determined following Neff and Chory [80], by 

incubating the sprouts overnight in 150 mL of methanol, acidified with 1% HCl. Anthocyanins were 

determined by measuring the absorbance at 530 and 657 nm of the aqueous phase. More 

specifically, anthocyanins were calculated by subtracting one-fourth of the absorbance at 657 nm 

from the absorbance at 530 [81], to take into account the overlapping with chlorophylls whose 

increase in absorbance is different at the two wavelengths when in acidic methanol solution. 

Therefore, the relative amount of anthocyanins per seedling (mg g-1) was calculated as follows 

(Equation (1)): 

Acy = (A 530 ï (0.25 * A 657))* extraction volume (mL)/1000 * g (FW) (1) 

 

2.5.4 FRAP Assay: The antioxidant capacity was evaluated through the Ferric reducing/antioxidant 

power (FRAP) assay on each of the five sprouts per condition, following the procedure reported in 

George et al. [82], modified by Motta et al. [83]: 250 mg of the fresh sample from each hypocotyl 

were ground in liquid nitrogen and treated with methanol/water (60/40, v/v) solution. Samples were 

then centrifuged, and the supernatant was collected for the assay. The assay was carried out by 

adding 2.5 mL of acetate buffer, pH 3.6, 0.25 mL of TPTZ (4,6-tripyridyl-s-triazine, Fluka Chemicals, 

Switzerland) solution (10 mM) in 40 mM HCl, 0.25 mL of FeCl3·6H2O solution (12 mM), and 150 mL 

of the supernatant obtained from the above extraction. After 30 min of incubation at room 

temperature, the absorbance of the formed product (ferrous tripyridyl triazine complex) was read 

spectrophotometrically at 593 nm. Results were expressed as micromoles of Trolox equivalents (TE) 

per mg, obtained from the standard curve between 20 and 800 µM Trolox. 

2.5.5. Soluble Sugar and Starch Quantification: Soluble sugar and starch were extracted from 

each of the five sprouts per condition and quantified following the anthrone method [84]. Briefly, 100 

mg of the fresh sample from each hypocotyl were firstly ground to powder, then sugars were 

extracted in 2.5 N HCl and their concentration was determined by the anthrone reaction (ACS 

reagent 97%, SigmaïAldrich, Saint Louis, USA) and sulfuric acid. When anthrone reacts with 

carbohydrates, in a hot bath, a green-colored product emerges. Its absorbance was read 
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spectrophotometrically at 630 nm. Once sugars suspended in the supernatant were removed and 

analyzed, pellets were evaporated to dryness and used for starch extraction by means of perchloric 

acid solution. In hot acidic medium, starch is hydrolyzed to glucose and dehydrated to hydroxymethyl 

furfural. Subsequently, a standard curve with different glucose concentrations was prepared, and 

results were expressed as µmol glucose equivalent gī1. For starch concentration, the value obtained 

from the standard curve was multiplied for 0.9, as 0.9 g of starch yield as 1 g of glucose on hydrolysis 

[85,86]. 

2.5.6. Statistical Analysis: Results were subjected to statistical analysis using SPSS® statistical 

software (SPSS, Chicago, IL, USA). The influence of the two different categorical independent 

factors (i.e., relative humidity, RH ï 2; light regimes, LR ï 2), and their possible interaction, on each 

of the continuous dependent variables were studied by applying two-way analysis of variance 

(ANOVA). In the case of rejection of the null hypothesis, the Duncan and StudentïNewmanïKeuls 

(SNK) post-hoc tests were used (p Ò 0.05). Whenever the interaction between RH and LR was 

significant, data were subjected to one-way ANOVA and multiple comparison tests were performed 

with Duncan and SNK coefficients, considering as significant level of probability p Ò 0.05. The 

KolmogorovïSmirnov and ShapiroïWilk tests were performed to check for normality and a Leveneôs 

test of homogeneity was used to determine if samples had equal variance. Finally, to check for 

correlations among anthocyanins, polyphenols, and FRAP assay, a Pearson rank correlation 

coefficient was calculated. 
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Chapter 3  

Leaf morpho-anatomical traits in Vigna radiata L. affect plant 

photosynthetic acclimation to changing vapor pressure deficit 

 

 

Published version: https://doi.org/10.1016/j.envexpbot.2021.104453 

3.1 Abstract: Plants adaptation to environmental constraints such as high VPD, involve long-term 

and transitory changes in photosynthesis, transpiration, and stomatal conductance. The exposure to 

different VPDs is also recognized to induce structural changes in leaves; nevertheless, the functional 

interlinks between different leaf anatomical development and plant acclimation to changing 

environmental conditions, have not been completely understood. The present work aims to unravel 

whether plants developed under different conditions of vapour pressure deficit show different ability 

to adapt to short-term changes in the VPD levels. Vigna radiata L. plants were cultivated in growth 

chambers under low and high VPD conditions up to the adult stage, characterized by the presence 

of at least 4 trifoliate leaves. Then, part of the plants was transferred to the opposite VPD condition. 

Completely life span compound leaves were subjected to anatomical, eco-physiological and 

biochemical analyses to quantify parameters linked with hydraulic conductivity and photosynthetic 

efficiency. Results showed that plants developed in low VPD after the transplanting under high VPD 

conditions, although presenting a coordination in stomata and vein density, which is considered still 

inadequate for the acclimation under the increased evaporative demand, showed a certain extent of 

plasticity. Therefore, they managed to adapt to the new environmental condition, probability due to 

the presence of smaller stomata and higher VLA (leaf vein density). Whereas, after the transplant, 

plant developed under high VPD, did not show the same plasticity in adaptation, due to their less 

https://doi.org/10.1016/j.envexpbot.2021.104453
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efficient anatomical structure, in terms of stomata number and density, mesophyll composition and 

vein density. These results highlight the key role of leaf anatomical structure in photosynthetic 

apparatus acclimation to air VPD. 

Keywords: leaf anatomy, leaf vein density, long/short-term acclimation, mesophyll resistance, plant 

hydraulics, photosynthesis, relative humidity, stomatal conductance, stomata chloroplasts, stomatal 

size, and density. 

 

3.2 Introduction: One of the major challenges for plant development is to invest resources to 

construct leaves capable of enhancing photosynthetic carbon gain, thus efficiently converting carbon 

into biomass. At the same time, however, leaves should be able to provide enough water in order to 

supply evapo-transpiration losses (Murphy et al., 2014). Hence, any plant makes a compromise 

between photosynthetic rates and the efficiency of water use. A central role to achieve this 

compromise is played by the balance among different components of leaf anatomy: chloroplasts in 

palisade parenchyma cells, headquarter of photosynthesis; stomatal size and density in the 

epidermis, which control the intake of carbon dioxide as well as the amount of water loss (Fanourakis 

et al., 2014); the percentage of intercellular spaces, recognized as sites of major resistance to water 

flows (Buckley et al., 2015; Sack et al., 2015) and leaf vein density and architecture, which are critical 

for water and nutrient transport (Scoffoni et al., 2015). Across plants species and evolutionary 

lineages, leaves are enormously diverse in size, shape and in their anatomy (Sack et al., 2015). 

Although it is not already ascertained if structure is the bottleneck of function or the other way around, 

it is certain that sink and source activities cannot be decoupled (Dingkuhn et al., 2007; Korner et al., 

2015). Indeed, differences in leaf anatomy reflect changes in function in term of net-CO2 

assimilation, yield and water transport (liquid and vapour). For instance, the efficiency of water 

transport in leaves (leaf hydraulic conductance; Kleaf) depends on the complexity of the whole leaf 

conductance and resistance that water faces during its way from the xylem trough the mesophyll to 

the site of evapotranspiration (stomata) (Xiong et al., 2017). Eventually, Kleaf, Mesophyll 

conductance (gm) and stomatal conductance (gs) are strictly constrained by leaf vein density, 

chloroplasts distribution in cells (Tosens et al., 2015) and stomatal size and density, anatomical traits 

which often develop in harmony. Indeed, the number and density of vessels (transport system) and 

stomata (evaporative site) allow the maintenance of a balance between water use, carbon gain and 

evaporation under different environmental conditions (Brodribb & Jordan 2011). The extent to which 

all these anatomical parameters constraint plant function, severely depends on the species and 

sometimes this variation is poorly understood. Although leaf structure is responsible for a 

considerable portion of the whole conductance and resistance of water in plants, environmental 

conditions, and in particular the Vapour Pressure Deficit (VPD), establish the whole rate of 

transpiration (Carins Murphy et al., 2014). Plants grown under low VPD (high air relative humidity, 
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RH) usually exhibit high rates of photosynthesis as well as enhanced stomatal and mesophyll 

conductance (Amitrano et al., 2019). Conversely, high VPD (low RH) exposed-plants, subjected to 

high evaporative demand, are less efficient from a physiological point of view and this limitation 

depends on both stomatal and non-stomatal factors (Shibuya et al., 2017). Recently, several 

publications have described VPD effects on plant growth and development, and it is now recognized 

that VPD can induce changes in stomatal size and density, mesophyll anatomy and vein density 

(Bongi and Loreto 1989; Fanourakis et al. 2013; Du et al., 2019). Therefore, changes in leaf 

anatomical traits may account for changes in the photosynthetic response. However, a certain 

amount of intra-species variation due to environmental pressure is often observed (Carins Murphy 

et al., 2014) and over time inconsistent results have also been found. For instance, in a recent paper, 

smaller stomata and lower density were found in Arabidopsis thaliana (Lake & Woodward 2008) 

plants exposed to high VPD compared to low-VPD, whereas Torre et al. (2003) found in Rosa, under 

a similar environmental condition, smaller stomata but a higher density. Furthermore, Fanourakis et 

al. (2012) did not observe in Rosa hybrida L. a relation between xylem anatomy and the plant 

response to air humidity, while they discovered a correlation between stomata anatomical features 

and sensitivity to RH. Giday et al. (2013) confirmed this correlation, showing that stomata traits, and 

in particular their size, contribute to determine their function. In the field, VPD increase linearly with 

the evaporative demand and follows a daily cycle, being lower at sunrise and higher (exciding 2 kPa) 

during the hottest hours (Fletcher et al., 2007; Leonardi et al., 2000). Currently, changes in climate 

are enhancing temperature, provoking periods of high VPD (Will et al., 2013). In arid and semi-arid 

environments, where extreme weather conditions hamper agro-forestry development, temperature 

rise represents a big issue. Moreover, climate change will very likely lead to extreme weather events 

and shifts in seasonal cycles (Mann et al., 1996; Regonda et al., 2005). In this context, understanding 

crop anatomical development and its plasticity in stress adaptation under VPD gradients will be 

important to cope with those changing conditions. To date, there are no clear indications on 

morphological or physiological traits that could be strengthened, in a sort of plant ñhardening offò, to 

ameliorate plant growth under climate changing conditions. This can be attributed to a missing 

knowledge in the links between morphological development and physiological responses (Barbieri 

et al., 2012). 

Our paper deals with the effects of long- and short-term exposure to high and low VPD in controlled 

environment on plant structure and function. Our main goal was to test the adaptive plasticity showed 

by Vigna radiata L. plants, which developed in a growth chamber under low and high VPD condition, 

after transplanting under the opposite VPD conditions. We hypothesised that plants grown under 

high VPD, were limited by their leaf anatomical structure, thus their ability to adapt after the 

transplanting would be impaired. To do so, we analysed leaf functional and anatomical traits 

(parenchyma, stomata, and veins) as well as the performance of photosynthetic apparatus 

(photochemistry, gas exchanges, sugar and starch content), before and after the transplanting. Our 
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findings could help supporting the idea that leaf anatomical structure plays a key role in 

photosynthetic apparatus acclimation to air VPD. 

 

3.3 Materials and methods  

3.3.1 Experimental design and plant material: Two experimental growth chambers were 

simultaneously used and set up with the same environmental condition namely, air temperature 23 

± 0.03 °C, Photosynthetic Photon Flux Density (PPFD) at the top of the canopy 200 ± 20 ɛmol 

photons m-2 s-1 ,16h photoperiod, but contrasting VPD: a VPD of 0.57 kPa (RH 80.96 ± 0.11), serving 

as the Low VPD condition; and a VPD of 1.46 kPa (RH 48.15 ± 0.15), serving as the High VPD 

condition. T and RH were monitored by mini-sensors (Testo 174H, Testo, Germany) placed in the 

center of each chamber and installed at approximately 30 cm above the ground. VPD was calculated 

from the corresponding instantaneous T and RH values sampled every 15 minutes and recorded in 

the data-logger included in the sensors. The species tested in the study was Vigna radiata L. Wilczek, 

a short-duration legume crop commonly known as ñgreen azukiò. Azuki seeds were germinated to 

primary roots on wet filter paper for five days in the dark at 25°C. Soon after the germination, 20 

seedlings per VPD condition were transferred on standard gardening soil into 10 cm diameter pots 

and irrigated at field capacity for 30 days until the plants reached the adult stage with at least 4 

trifoliate leaves. Afterwards, ten plants for condition were transferred to the opposite growth chamber 

and kept under the opposite VPD up to 4 days. The transplants from low to high VPD is referred in 

the text and figures as High VPD tr.; whereas from high to low VPD as Low VPD tr. Before the 

transplanting, growth measurements in terms of plant height, leaf number and length of leaflets were 

recorded every 5 days; while morpho-anatomical characterization of completely life span trifoliate 

leaves (concerning stomata, leaf lamina and leaf vessels) as well as eco-physiological analyses (gas 

exchange and photochemistry), soluble sugar and starch content, were analyzed before and after 

the transplanting. Morpho-anatomical analyses reported in the text refer to those performed before 

the transplanting because the leaves were already at a mature stage and no lamina expansion 

occurred after transplanting.  

 

3.3.2 Leaf traits: Leaf functional traits were evaluated following Cornelissen et al. (2003) on 6 

leaflets per VPD condition. Initially, leaf area (LA) was calculated from pictures of leaves by means 

of an image analysis software (imageJ; Rasband, W.S., U.S. NIH, Bethesda, Maryland, USA, 1997-

2012). Then, fresh weight (FW) was recorded, and leaves were promptly Saturated submerging the 

petiole of leaf blades in distilled water for 48 h in the dark and re-weighted (SW); while Dry weight 

(DW) was obtained by oven-drying leaves at 75 °C for 48 h. These parameters were used to 

evaluate: the water status of the leaves, measured as relative water content (RWC%) and expressed 
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as percentage of [(FW/DW)/(SW/DW)]; the leaf dry matter content (LDMC) considered a substitute 

for leaf tissue density (Ryser & Urbas 2000) and expressed as (DW/SW) in gg-1; and specific leaf 

area (SLA), calculated as the ratio between LA and DW (cm2 g-1) which is the inverse of leaf specific 

mass and used as proxy for sclerophylly (Witkosky & Lamont 1991). 

 

3.3.3 Leaf lamina: To accomplished morpho-anatomical analyses of leaf lamina, leaflets were 

sampled from 6 plants and promptly fixed in FAA solution (40% formaldehyde, glacial acetic acid, 

50% ethanol, 5:5:90 by volume). Each leaf was dissected in order to obtain sub-samples of about 

5x5 mm, dehydrated in a series of ethanol up to 95% and then embedded in the acrylic resin (JB4, 

Polysciences, Germany). Resin-embedded leaves were cut in thin cross-sections of about 5 µm by 

means of a rotary microtome, and stained with 0.5% Toluidine blue in water, as reported in Feder & 

OôBrien 1968. The sections were observed under a light microscope (BX60; Olympus), imaged 

through a camera (CAMEDIA C4040, Olympus) and analyzed using the imaging software AnalySIS 

3.2 in order to characterized leaf lamina by measuring the thickness of upper and lower epidermis 

as well as the thickness of palisade and spongy parenchyma and the density of both parenchyma in 

terms of quantity of intercellular spaces. All measurements were performed in three positions per 

cross-section, being careful to avoid veins or any other form of interference. 

 

3.3.4 Leaf venation: To determine vein traits, 6 leaflets per condition were chemically cleared with 

5% NaOH in aqueous solution and bleached in EtOH dilution series, following Berlyn and Miksche 

(1976). In order to highlight even the smallest veins, cleared leaves were covered in 1% safranin in 

EtOH and gently rinsed with 100% EtOH before being covered in 1% fast green and rinsed again. 

Firstly, whole leaves were imaged for the measurements of the whole leaf area (cm2), perimeter 

(cm), length (cm), width (cm) and major VLA (major Leaf vein density per unit area) (cm cm-2), also 

known as Vein density. Secondly, using a light microscope (BX60; Olympus) top, middle and bottom 

thirds of each leaf were captured and imaged as reported for leaf lamina. From those pictures, minor 

VLA (mm mm-2), total VLA (mm mm-2), number of secondary veins (number per mm2) and free vein 

endings per area (number per mm2) were measured using image J software (National Institutes of 

Health, Bethesda, MD, USA), following the standard procedure as reported in Sack and Scoffon 

(2013).  

 

3.3.5 Stomatal traits: Stomatal traits were determined on lamina abaxial peels, taken centrally in 

each leaflet avoiding the midrib as well as the margin. For each leaflet (6 per VPD conditions), 

measurements were averaged from 5 measurements obtained from 3 different peels. Stomatal 

number as well as size in terms of length and width (µm) of guard cells were recorded. Furthermore, 
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both stomatal density (number per µm2) and stomatal index were calculated. Stomatal index (%) was 

calculated using the following formula: [(S/S+E) 100], where S is the number of stomata and E the 

number of epidermal cells in microscopic view filed (Paul et al., 2017). From the same peels, 30 

stomata per condition were selected for the identification of chloroplasts in stomata guard cells. This 

analysis was performed in order to obtain a strong correlation of leaf structure to function, and in 

particular to correlate the number of chloroplasts in guard cells to stomatal conductance and thus, 

to the entire photosynthetic performance (Zeiger et al., 2001; Lawson et al., 2009). For each stomata, 

guard cell area was identified and data were reported as density of chloroplasts for the surface of 

guard cell. Soon after, peels on the slides were stained with Lugolôs dye solution, an iodine solution 

which reacts with starch, producing a deep dark colour. In this way it was possible to detect and 

count starch masses still present in stomata guard cells.  

 

3.3.6 Gas exchanges: Leaf gas exchange rates were measured before and after the transplanting, 

by means of an infrared gas analyzer (IRGA) from Qubit Systems Inc. (Kingston, Ontario, Canada). 

The Qubit Systems S151 IRGA CO2 analyzer have a non-dispersive infrared technology (NDIR) to 

measure CO2 levels in a flowing gas stream. Furthermore, other environmental parameters such as 

T and RH were strictly monitored and recorded by sensors in the systems. 3 leaflets per plant were 

sealed into the chamber and exposed to a LED light with a fluence of 800 ɛmol m-2 s-1. This PPFD 

was light-saturating for the genotype and it was controlled using a portable pulse amplitude 

modulated fluorometer, equipped with a light sensor (Fluorpen, FP 100 max). Values of 

photosynthesis (AN), were expressed in µmol m-2 s-1, as rates of CO2 exchange per unit time per unit 

leaf area. Moreover, total conductance to H2O (gH2O) and to CO2 (gCO2) were measured as derived 

parameters and expressed as mol m-2 s-1, while the photosynthetic Water Use Efficiency (pWUE) 

was expressed as the ratio of water used for plant metabolism to water lost through transpiration 

(AN/ E).  

 

3.3.7 Photochemistry: Soon after gas exchanges measurements, chlorophyll ñaò fluorescence 

analysis was carried out by means of a portable pulse amplitude modulated fluorimeter (Fluorpen, 

FP 100 max), to allow a non-invasive evaluation of plants photosynthetic performance. 

Measurements were performed under growth environmental condition, taking care of obscuring 

leaves for at least 30 minutes in order to allow a complete re-oxidation of the PSII reaction centers 

and to measure the maximal PSII photochemical efficiency (Fv/Fm), expressed following Kitajima 

and Butler (1975). For measurements in the light ūPSII (the PSII quantum yield) was calculated 

according to Genty et al. (1989) and later used to deduce ETR (electron transport rate) following the 

method of Krall and Edwards (1992). Furthermore, non-photochemical quenching, a value which 
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express the dissipation of the excess of absorbed light was calculated according to Bilger and 

Bjorkman (1990). 

 

3.3.8 Sugar and starch quantification: Once eco-physiological analyses were performed, soluble 

sugar and starch were extracted and quantified in the same leaflets, following the anthrone method 

(Marshall, 1986). Soluble sugars were first extracted with aqueous ethanol, using anthrone reagent 

(ACS reagent 97%, Sigma-Aldrich) dissolved in sulfuric acid. Anthrone reacts with carbohydrates 

giving a green-colored product, whose absorbance was read spectrophotometrically at 630 nm. 

Once sugars were removed, pellets were evaporated to dryness and used for starch extraction, 

performed with a perchloric acid solution. In hot acidic medium, starch is hydrolyzed to glucose and 

dehydrated to hydroxymethyl furfural. This compound reacts with anthrone forming the green 

coloured product. A standard curve with increasing glucose concentration was prepared and results 

were expressed as: µmol glucose equivalent g-1. For starch concentration, the value obtained from 

the standard curve was multiplied for 0.9, as 0.9 g of starch yield as 1 g of glucose on hydrolysis 

(Sharma and Sangha, 2009; Katoch, 2011) 

 

3.3.9 Statistical analysis: Data collected before the transplant were assessed by comparing the 

relative changes between plants grown under low and high VPD with unpaired t-tests, performed 

with SPSS 13 statistical package (SPSS, Chicago, IL, USA). The KolmogorovïSmirnov and 

ShapiroïWilk tests were performed to check for normality. Concerning data collected before and 

after the transplant (gas exchange and photochemistry measurements, as well as soluble sugars 

and starch), to test the effects of VPD, transplant (TR) and their interaction, a two-way ANOVA was 

performed. Correlation and regression analysis were performed with SPSS 13. Finally, a multivariate 

analysis such as: principal component analysis (PCA) and a hierarchical cluster analysis (HCA), 

were performed using Past3 statistical software. PCA was used as a method to find trends among 

variables, transforming the original set of variables in a multiple-variable system where 2 Principal 

components (PCs) which carry the maximum information were recognized (Yu, 2005). Whereas the 

aim of the clustering process was to group a set of data into clusters, so that data within the same 

group are as similar as possible. For HCA, the paired group (UPGMA) and Euclidean distances were 

used for clustering. Results of HCA were displayed as a tree-shaped dendrogram, where the 

horizontal distance between clusters represented data dissimilarities. Variables used as input for 

both types of multivariate analyses were standardised to zero mean and unit variance, as suggested 

in Iezzoni and Pritts (1991).   
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3.4 Results  

3.4.1 Growth: Figure 1 shows the time course of plant growth, recorded every 5 days during the 

whole experimental trial. Statistically significant differences were found in growth between Low and 

High VPD plants. Since 5 DAS, in fact, plants in High VPD environment were shorter than Low VPD 

plants (Fig.1, a). This significant difference (p < 0.05) was not present at 15 DAS, where High VPD 

plants managed to reach the same height of Low VPD, to promptly derive again later. Indeed, after 

this point (15 DAS), also leaf length and number of leaves (Fig. 1 b,c) of the two treatments begin to 

be different, until they stabilized up to the final values. In the end, Low VPD plants showed the 

highest height, number of leaves and leaf expansion. These data are in agreement with the total leaf 

area (LA) showed in table 1, which resulted more expanded in Low VPD plants. 

 

Figure 1. Evolution of whole-plant growth (plant height (a), leaf length (b) and number of leaves (c)) of Vigna 
radiata L. plants at 5, 10,15,20,25 and 30 Days After Sowing (DAS). Each point in the curve represents mean 
± standard error. Different letters correspond to statistically significant differences between treatments of each 
DAS (p <0.05). 
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3.4.2 Morpho-anatomical analyses: Substantial variation was found between treatments in leaf 

traits, tissue anatomy, leaf venation as well as stomatal traits. Averaging values for each condition 

across the two VPDs, High VPD leaves resulted less expanded with a variation of LA by 3.25-fold 

and an RWC% by 4.51-fold (Table 1). These leaves also appeared less branched with lower values 

of total, major and minor VLA (Table 1) and with a variation in number of free endings vein by 6.8-

fold. Concerning leaf tissue anatomical traits, except for epidermis (both lower and upper) and 

palisade thickness which were statistically similar between condition, the thickness of the spongy 

parenchyma and the percentage of intercellular spaces in both parenchyma, followed the same trend 

resulting higher in the High VPD condition. In addition, High-VPD-grown-plants presented a lower 

P/S ratio, fewer but bigger stomata (lower length and width) and a lower stomata density and index, 

compared to Low VPD (Table 2). Furthermore, in stomata guard cells of High VPD plants, a lower 

number of chloroplasts but a higher number of starch masses were found.  

  

 

Figure 2. Diversity in leaf morphology of Vigna radiata L. plants grown under Low and High VPD, emphasizing 
leaf lamina (thickness of mesophyll and intercellular space density) (a,b), number and dimensions of stomata 
as well as chloroplasts (c,d) and number of starch per guard cell (e), vein traits (number of vein orders, vein 
length per unit area, VLA) (e,f). Images (a,b,g,h) are at the same magnification; scale bar = 50 µm and images 
(c,d,e,f) are at the same magnification; scale bar= 20 µm.  
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Table 1.  Mean, standard error (se) and significant difference (s) of Leaf functional and vessel traits of plants 
grown under Low and High VPD. In parentheses, the unit of measure of each parameter is given. 

  

 Low VPD High VPD 
 mean ± se s mean ± se s 

LA (cm2) 10.02 ± 0.48 a 6.77    ± 0.20 b 
SLA (cm2) 512.37 ± 29.58 a 457.48  ± 28.19 b 
RWC (%) 90.88 ± 2.42 a 86.37  ± 0.68 b 
LDMC (gg-1) 0.087 ± 0.01 a 0.074  ± 0.01 b 
Leaf Perimeter (cm) 18.00 ± 1.11 a 19.58  ± 2.53 a 
Leaf Length (cm) 6.80   ± 1.01 a 5.39    ± 0.26 b 
Major VLA (cm cm-2) 422.22 ± 32.93 a 126.08 ± 8.32 b 
Minor VLA (mm mm-2) 1.48   ± 0.29 a 0.26    ± 0.04 b 
Total VLA (mm mm-2) 4.57   ± 0.14 a 0.71    ± 0.03 b 
Free vein endings per area (n mm-2) 8.58   ± 0.27 a 1.78    ± 0.37 b 

 

 

Table 2. morpho-anatomical traits of leaf lamina of Low and High VPD plants. Mean, standard errors (se) and 
significant differences (s) are reported. In parentheses, the unit of measure of each parameter is given.  

  

 

 

 

 

 

Table 3. stomatal 
traits of plants grown under Low and High VPD.  For each parameter, mean, standard error (se) and 
significant differences (s) are given. In parenthesis the unit of measure of each parameter is given. 

 

3.4.3 Eco-physiological analyses: As reported in table 4 and 5, gas exchange and photochemistry 

measured parameters were influenced by VPD and transplant (TR) as main factors, as well as by 

their interaction (VPD x TR). However, their interaction had only a slight effect (P< 0.05). More 

 Low VPD  High VPD  
 mean ± se s mean ± se s 

Spongy thickness (µm)  90.88 ± 3.31 b 105.48 ± 2.25 a 
Palisade thickness (µm) 107.14± 3.27 a 102.31 ± 3.14 a 

P/S thickness ratio      1.23 ± 0.063 a       0.98 ± 0.035 b 
Upper Epidermis thickness (µm) 21.53 ± 0.79 a   23.84 ± 1.00 a 
Lower Epidermis thickness (µm) 24.66 ± 0.75 a 24.067 ± 1.14 a 
Spongy intercellular spaces (%) 37.93 ± 1.76 b  50.71 ±1.08 a 
Palisade intercellular spaces (%) 22.38 ± 1.81 b 33.69   ± 2.67 a 

             Low VPD           High VPD 
 mean ± se s mean ± se s 

Stomatal number (µm) 41.60 ± 1.27 a 36.00 ± 0.66 b 
Stomatal lenght (µm) 23.96 ± 0.27 b 28.28 ± 0.35 a 
Stomatal width (µm) 14.28 ± 0.22 b 17.73 ± 0.25 a 
Stomatal density (µm2)       0.11 ± 0.0032 a       0.09 ± 0.0017 b 
Stomatal index (%) 45.38 ± 0.96 a 42.44 ± 0.51 b 
Chloroplasts per guard cell (%) 63.65 ± 0.06 a 29.57 ± 0.02 b 
Starch masses per guard cell (n µm-2) 5.28   ± 1.29 b 11.98 ± 0.56 a 
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specifically, leaf gas exchanges measured on High VPD plants showed that net photosynthetic rates 

(AN), stomatal conductance and instantaneous WUE (table 4) decreased significantly (P<0.01) 

compared to the opposite condition. Moreover, all photochemical parameters measured, exception 

made for the thermal dissipation (NPQ), resulted lowered in Low-VPD-exposed plants (table 5). After 

4 days of transplanting, when Low VPD plants were moved into a High VPD environment (High VPD 

tr.) they changed their behavior, beginning to act exactly like high VPD plants before transplanting 

(High VPD). Indeed, they showed a reduced photosynthesis and conductance as well as WUE and 

photochemical parameters, except for NPQ (table 5). Conversely, High VPD plants moved to Low 

VPD environment (Low VPD Tr.) did not change their behavior, maintaining photosynthetic and 

photochemical rates similar to those before the transplant (table 4,5). 

Table 4. Eco-physiological analysis in terms of gas exchange of plant grown under low and high VPD before 
and after the transplanting. Data are shown as means ± standard error. Different letters within the same column 
denote statistically significant differences between treatments. A two-way ANOVA was performed to test the 
effects of VPD, transplant (TR) and their interaction (VPD x TR). (***P<0.001, **P<0.01, *P<0.05, NS non 
significant). 

  

 

 

 

 

 

 

 

 

 

Table 5. Eco-physiological analysis in terms of photochemistry of plant grown under low and high VPD before 
and after the transplanting. Data are shown as means ± standard error. Different letters within the same column 
denote statistically significant differences between treatments. A two-way ANOVA was performed to test the 

 AN 
(µmol m-2 s-1) 

E 
(mmol  m-2 s-1) 

gH2O 
(mol  m-2 s-1) 

gCO2 
(mol  m-2 s-1) 

pWUE (AN/E) 

VPD      
Low 9.63 ± 0.31a 1.51 ± 0.46b 0.15 ± 0.04 a 0.90 ± 0.25a 5.70 ± 0.14a 
High 6.48 ± 0.81b 1.62 ± 0.26a 0.98 ± 0.20 b 0.61 ± 0.13b 4.92 ± 0.11b 
TR      

presence 6.71 ± 0.87b 1.47 ± 0. 53b 0.12 ± 0.02a 0.78 ± 0.17a 5.83 ±0.13a 
absence 9.17 ± 0.34a 1.69 ± 0.022a 0.12 ± 0.05a 0.72 ± 0.32a 4.39 ±0.18b 

      
Low VPD 12.02 ± 0.77a 1.52 ± 0.06b 0.15 ± 0.043a 0.093 ± 0.0026a 6.82 ± 0.59a 
High VPD 6.33  ± 0.23b 1.84 ± 0.07a 0.10 ± 0.037b 0.064 ± 0.0023b 4.84 ± 1.14b 

High VPD Tr 6.77  ± 0.25b 1.42 ± 1.28b 0.09 ± 0.008b 0.087 ± 0.012a   5.00 ± 0.34ab 
Low VPD Tr 6.66  ± 0.30b   1.55 ± 2.87ab 0.10 ± 0.018b 0.057 ± 0.006b     4.58 ±1.92b 

      
VPD *** ** *** *** *** 
TR *** * NS NS * 

VPD x TR *** * * * * 
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effects of VPD, transplant (TR) and their interaction (VPD x TR). (***P<0.001, **P<0.01, *P<0.05, NS non 
significant). 

 

 

 

   

 

 

 

 

 

 

3.4.4 Sugar ad Starch content: Similarly, soluble sugar and starch content before and after 

transplanting were influenced by VPD, TR and their interaction (VPD x TR) (Table 6). VPD alone, 

enhanced the soluble sugars content, while did not elicit significant changes on starch content. 

Conversely, the effect of transplant positively influenced the soluble sugars content and negatively 

the presence of starch (table 6). In figure 3 is evident how azuki plants inverted their values before 

and after the transplanting. For instance, High VPD plants presented a lower amount of soluble 

sugars but more starch before transplanting (Fig. 3 a,b) and more sugar and a lower content of 

starch when moved to the opposite VPD condition (Fig. 3 c,d). However, after the transplanting levels 

of sugar and starch decreased in both VPD condition, never reaching initial values presented before 

transplanting.  

 Fv/Fm Qy ETR NPQ 

VPD     
Low 0.77 ±0.19a 0.32 ± 0.17a 107.52 ± 5.77a 2.63 ± 0.48b 
High 0.74 ± 0.29b 0.23 ± 0.03b 80.08 ± 10.47b 3.14 ± 1.05a 
TR     

presence 0.75 ± 0.27a 0.27 ± 0.047a 91.00 ± 16.06b 2.55 ± 0.56b 
absence 0.76 ± 0.3a 

 
0.28 ± 0.048a 96.60 ± 16.16a 3.23 ± 0.96a 

     
Low VPD 0.78 ± 0.0039a 0.33 ± 0.0058a 110.32 ± 1.97a 2.80 ± 0.11b 
High VPD 0.74 ± 0.0087b 0.25 ± 0.0081b 82.88 ± 2.72b 3.64 ± 0.34a 

High VPD Tr 0.76 ± 0.0030ab 0.23 ± 0.0095b 77.28 ± 11.09b 2.64 ± 0.17b 
Low VPD Tr 0.74 ± 0.0061b 0.26 ± 0.0069b 99.72 ± 2.41ab 2.45 ± 0.15b 

     
VPD *** *** *** * 
TR NS * * ** 

VPD x TR * * * * 
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Figure 3. Comparison of soluble sugar and starch content in Vigna radiata L.  plants grown under Low and 
High VPD before (a,b) and after (c,d) the transplanting. Values represent mean ± standard error. Different 
letters correspond to statistically significant differences between treatments (p <0.05). 

 

3.4.5 Correlation and regression analyses: Correlation and linear regression analyses were used 

to investigate relationships between anatomical traits of Vigna radiata L. plants developed under low 

and high VPDs. The purpose of correlation analysis was to examine the strength and the direction 

of the relationships, whereas the regression analysis was used to evaluate the relative impact on the 

predictor variable on the outcome. Pearson correlation coefficient and R2 were calculated for all 

relationships. Our data (Fig. 4) revealed a striking positive correlation under all VPD conditions, 

exception made for stomata length and number (Low VPD Pearson correlation coefficient: 0.73, R2: 

0.58, P:0.01; High VPD Pearson correlation coefficient: 0.76, R2:0.53, P:0.01). More specifically, 

Stomatal density and VLA showed a positive correlation in both Low (Pearson correlation coefficient: 

0.95, R2: 0.90, p:0.01) and High VPD (Pearson correlation coefficient: 0.96, R2: 0.93, p:0.001). The 

same positive correlation was found between the number of free vein endings and VLA: Low VPD 

(Pearson correlation coefficient: 0.93, R2: 0.87, p: 0.01) and High VPD (Pearson correlation 

coefficient: 0.90 R2:0.81, p:0.01) and between the number of mesophyll cells and stomata: Low VPD 

(Pearson correlation coefficient: 0.95, R2: 0.91, p: 0.01) High VPD (Pearson correlation 

coefficient:0.94 R2:0.89, p:0.01). Notwithstanding the positive correlation, High VPD plants always 
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showed reduced values of stomata density and number, VLA, free vein endings but bigger stomata 

compared to Low VPD. 

  

 

Figure 4. Relationships between Stomatal density and VLA (a), number of free vein endings and VLA (b), 
Stomatal length and number (c), and mesophyll cell and stomata number (d). in Vigna radiata L. plants grown 
under Low (grey squares) and High (black circles) VPD. Regression lines and r2 values are shown. 

 

3.4.6 Principal component analysis and Cluster analysis: Multivariate analysis (PCA) was 

applied to physiological traits (gas exchange and photochemistry) of Vigna radiata L. plants grown 

under high and low VPD, before and after the transplant. The PCs were associated with Eigen values 

of 8.34 and explained a cumulatively 92.72% of total variance, with PC1 accounting for 65.01 % and 

PC2 for 27.71 % (Fig. 5,a). PC1 was highly positively correlated with WUE, AN, Qy, ETR, NPQ, gH20, 

gCO2, Fv/Fm; while PC2 positively correlated with E, and NPQ. The PCA scatter-plot clearly 

separate the High and Low VPD treatments, in the first and second quadrant respectively. 

Furthermore, the matrix revealed a strong clustering of plant grown in high VPD before and after 

(Low VPD tr.) the transplant, also confirmed by the HCA (Fig. 5,b). Cutting the dendrogram at the 

distance value of 4.5, according to the agglomeration schedule, 2 clusters appeared: the first one on 

the right containing Low VPD alone and another for both High VPD and the two transplants. 

However, cutting the dendrogram at distance 3, identified only 2 main clusters: Low VPD, clearly 
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separated from High VPD tr., and a single cluster for plant subjected to High VPD, before and after 

(Low VPD tr.) the transplant. 

 

Table 6. Soluble sugars and starch two-way ANOVA for the effects of VPD, Transplant (TR) and their 
interaction (VPD x TR). (***P<0.001, **P<0.01, *P<0.05, NS non-significant). 

  

 

 

 

 

 

  

 

Figure 5. Principal component analysis (PCA) loading plot and scores and hierarchical cluster analysis (HCA) 
of physiological traits (gas exchange and photochemistry) in Vigna radiata L. plants grown under Low and High 
VPD before and after the transplanting. 

 

3.5 Discussion: Our study proves that the exposure to different air VPD induced, in the same 

species, an opposite leaf anatomical development, regarding stomata, leaf vein and mesophyll 

structure. Changes in leaf anatomy have a key role in the photosynthetic response to long-term VPD, 

particularly influencing CO2 exchange rate and stomatal conductance. Furthermore, we observed its 

role under short-term VPD exposure and the extent to which plant structure established the limits of 

plants physiological acclimation to changes in the VPD environment. Indeed, plants face 

environmental changing by the simultaneous interaction of both anatomical and physiological traits 

 Soluble sugars 
(µmol[glucose]Eq.g-1) 

Starch 
(µmol[glucose]Eq.g-1) 

VPD   
Low 0.32 ± 0.028 a 0.091 ± 0.017 a 
High 0.24 ± 0.046 b 0.094 ± 0.026 a 
TR   

presence 0.30 ± 0.010 a 0.078 ± 0.025 b 
absence 0.28 ± 0.012 b 0.11 ± 0.023 a 

VPD *** NS 
TR *** * 

VPD x TR *** * 



 

56 
 

(De Micco et al., 2019), but plasticity in plant physiological adaption cannot exceed plasticity in plant 

anatomy (Brodribb 2009; Xiong et al., 2017). From our results, it is evident how plants exposed to 

high VPD developed a less efficient anatomical leaf structure which reflects a less efficient 

physiological performance. Changes in VPD during growth have been shown to affect water 

available for plants, thus impacting leaf morphology as well as biomass allocation (Giday et al., 

2013). In our study, plant at High VPD decreased LA, SLA and RWC % (Table 1), whereas biomass 

partitioning to the leaves was not affected. A lower leaf area is known to decrease the transpiration 

rate during growth, also preventing a good nutrient uptake and water distributions. Furthermore, in 

these plants the entire leaf anatomical structure has developed in the sense of a greater resistance 

to water flow. Indeed, the significant increment of spongy tissue and intercellular spaces (in both 

spongy and palisade parenchyma) as well as a significant reduction of the P/S ratio (Table 2), are 

evidence of a decreased water flux through the tissues and can therefore be used as proxies of 

mesophyll resistance. Spongy parenchyma and intercellular spaces are indeed recognized as the 

sites of highest resistance to water flows in leaves, due to the major presence of airspaces and the 

lowest cell connection, which decrease the fluxes of water in tissues (Amitrano et al., 2019). In our 

study, plants at High VPD also appeared less branched, with a lower number of free vein endings, 

compared to Low VPD-grown plants (Table 1). Leaf vein density has a critical role in water supply 

(Sack and Frole, 2006; Brodribb et al. 2007) and it is also fundamental in determining the balance 

between water supply and evaporation through stomata (Liu et al., 2015; Brodribb and McAdam 

2017). For this reason, the density of leaf veins and stomata have been considered ñcoordinatedò 

during leaves development. According to this statement, Du et al. (2019) found in two tomato 

cultivars (Zhongza and Jinpeng) grown under high VPD a different coordination of vein and stomatal 

density. Zhongza, under long-term high VPD maintained proportional decreases in stomata and vein 

density also reducing gs; whereas Jinpeng did not change vein density while reducing the stomatal 

density, maintaining a higher gs. A coupled coordination among stomata and vein density has been 

hypothesized not to be able of maintaining water balance and at the same time accommodate the 

increased evaporative demand under high VPD (Sack and Holbrook 2006; Carins Murhpy et al., 

2014, 2017). Our results showed that in Vigna radiata L. plants the exposure to long-term High and 

Low VPD resulted in a positive correlation between stomatal density and vein density (VLA) and also 

in the number of free endings vein and VLA (Fig. 4). More specifically, under high evaporative 

demand, plants presented not only a smaller number of vein and vein density but also a reduced 

stomata density, but bigger stomata. This phenomenon could be attributed to smaller leaf sizes 

and/or to cell enlargement. However, although synchronized changes to both epidermal and 

mesophyll cell size are required to coordinate vein and stomatal density (Du et al., 2019), the 

decreased stomatal index in high VPD plants (Table 3) and the coordination among mesophyll cell 

and stomata numbers, are sign that any changes are due to morpho-anatomical and physiological 

adaption to environmental condition and not to cell sizes. When plants were transplanted to the 
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opposite chamber, those that developed in Low VPD when exposed to High VPD (High VPD tr.), as 

expected, reduced their photosynthetic performance, showing lowered values of AN, gs, pWUE, 

Fv/Fm etc... compared to those before the transplant but not compared to High VPD plants (Table 

4). Indeed, under high VPD, these plants were subjected to a high evaporative demand, although 

having a coupled positive coordination between stomatal and vein density which can cause a 

reduction in leaf water content, due to the excessive evaporative demand, changed their behaviour 

and carried out several adjustments like stomata closing to counteract dehydration. This could be 

attributed to the presence of several and smaller stomata which could react faster to any change in 

the surrounding environmental conditions. Indeed, the regulation of plant gas-exchanges and 

particularly of stomatal aperture to any short-term variation in VPD, is limited by leaf structural traits 

(Liu et al. 2015; Brodribb et al., 2017). The occurrence of smaller stomata in leaves can allow a 

better control of gas exchange (De Micco et al., 2019) and it has also been associated with a better 

adaptation to water stress (Wilmer and Fricker 1996). Furthermore, smaller stomata, due to the 

greater area of their membrane surface compared to their total volume, have faster response times 

compared with larger stomata. Moreover, in combination with a higher stomatal density, the 

presence of smaller stomata may allow leaves to adapt rapidly under favourable conditions 

(enhancing their stomatal conductance), and to faster reduce conductance when conditions become 

unfavourable (Drake et al., 2013; de Boer et al., 2016). Another explanation of their prompt 

adaptation could be the presence of more chloroplasts per guard cell in their stomata. Several 

studies have been carried out on these organelles. Besides being involved in blue-light signalling 

and response (Frechilla et al., 1999; Zeiger, 2000), starch storage  (either produced from carbon 

assimilated in the guard cell chloroplasts, or imported from the mesophyll) and production of 

osmotically active sugars; chloroplasts play a role in detecting external drought conditions and 

therefore in activating stomata closure by interacting with the hormonal system, thus functioning as 

a control points of water flow through leaves (Tallman & Zeiger, 1988; Talbott & Zeiger, 1993, 1998; 

Zeiger et al., 2002). In our study, the major presence of chloroplasts could have activated a more 

rapid response of stomata closing, either by photosynthesis or by a conversion of starch into soluble 

carbohydrates. In this way guard cell chloroplasts may cause the osmotic potential to become more 

negative and therefore increase their turgor by osmosis (Meidner & Mansfield, 1968). Indeed, 

anatomical analyses on Low VPD plants confirmed that these leaves present fewer starch masses 

in their guard cell. On the contrary, Low VPD tr. plants, even though transplanted in a chamber under 

more favourable environmental conditions, showed a lower plasticity in their adaption. Being unable 

to adapt to the new surrounding environment, their photosynthetic performances remained basically 

unchanged compared to those before the transplant. The cluster division that occurs in figure 5 

supports this statement, from both PCA and HCA analyses is clear how High VPD and Low VPD tr. 

plants were always group together, clustering together.   These results show that leaves water flow 

and gas-exchange are strictly constrained by anatomical traits such as: leaf vein density, 
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chloroplasts distribution, stomatal size and density, un the end being modulated by climate. Scoffoni 

et al. (2016) demonstrated that a strong coordination occurs between hydraulic and photosynthetic 

performance in related species of rain forests and that this coordination is strictly connected to leaf 

anatomical development and especially vein architecture. The leaf hydraulic conductance KLeaf is 

known to be a major bottleneck in the whole plant water transport pathway and cannot disregard 

changes in leaves structure. These changes in turn influence photosynthesis and carbon allocation 

(Sack et al., 2006; Sack et al., 2016). In our study, Low VPD plants presented a higher level of 

soluble carbohydrates, which sharply decrease after the transplant (High VPD tr.). This is consistent 

with the gas-exchange data and could primarily be attributed to a decrease in AN after the transplant 

and/or to the degradation of starch. High VPD is also known to cause reduction in rubisco activity, 

affecting carboxylation efficiency and provoking reductions in sucrose content (Lawlor and Fock, 

1977).  Indeed, in our experiment soluble sugars are always reduced under high VPD conditions 

(High VPD and High VPD tr.; fig. 3a,c). Concerning starch content, Zrenner and Stitt (1999) stated 

that short-term high VPD effects are similar to those reported for long duration of water stress, 

indicating that in leaves at RWC <80% the decreased cell volume leads to an increased metabolic 

pool of phosphate which is available for phosphorolytic starch degradation. Afterwards, another 

study showed a decline in starch content of P. juliflora when its leaves were exposed to VPD > 3kPa, 

indicating that high VPD affects starch mobilization (Shirke et al., 2004). Our results are consistent 

with these studies; under short-term High VPD conditions (Low VPD tr.; fig. 3d) plants showed a 

consistent decline in leaves starch content. These results may offer a further prove of the 

involvement of high VPD to photosynthetic carbon metabolism. Indeed, these plants also presented 

a reduced AN whose inhibition, triggered by high VPD, could lead to the down-regulation of carbon 

metabolism and the export of soluble carbohydrates. 

 

3.6 Conclusions: The present study emphasized the fundamental role of plasticity in leaf anatomical 

traits in photosynthetic response to changing VPD. From our results is evident how after the 

transplanting, High VPD tr. Showed a certain extent of plasticity and managed to adapt to the new 

environmental condition. Whereas Low VPD tr., although placed in a chamber subjected to ñbetterò 

environmental conditions (compared to those in which they developed), could not adapt due to their 

impaired and less efficient anatomical structure. In this study we confirmed our hypostasis that plants 

grown under high VPD, were limited by their leaf anatomical structure, thus their ability to adapt after 

the transplanting would be impaired, and we underlined the key role of leaf anatomical structure in 

photosynthetic apparatus acclimation to air VPD. Finally, different leaf anatomical structures become 

fundamental in the present climate-change scenario due to their role in the adaptation process under 

changing environmental conditions. 
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Chapter 4:  

Reducing the Evaporative Demand Improves Photosynthesis 

and Water Use Efficiency of Indoor Cultivated Lettuce 

 

4.1 Abstract: Nowadays, climate change is impacting considerably the availability of freshwater for 

agriculture, increasing the need for the optimization of crop water-use efficiency. Attempts to use 

VPD modulation to reduce water consumption have been made. However, the effects of VPD (Vapor 

Pressure Deficit) on leaf stomatal and hydraulic traits, and on possible trade-offs between 

photosynthetic carbon gain and transpiration, are rarely reported. We analyzed photosynthesis (gas-

exchange, photochemistry) stomatal and hydraulic-related traits of green (G) and red (R) butterhead 

lettuce (Lactuca sativa L.) grown under low and high VPD (LV, HV) in controlled environment. Our 

results showed that plants developed a higher number of small stomata under LV, allowing a better 

regulation over opening/closing mechanisms thus increasing net-photosynthesis by 18%. LV plants 

also achieved a better performance of the photosystem II and a more efficient water use (increments 

in ūPSII and iWUE by 3% and 49%), resulting in an enhanced plant growth and a reduced need for 

irrigation. Significant differences between G and R plants were limited to few traits and the 

physiological response under the two VPDs did not show cultivar-specific response. We discussed 

the role of VPD management as necessary to maximize crop water-use by harmonizing 

photosynthesis and transpiration. 
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Keywords: Lactuca sativa L. capitata, indoor agriculture, mean transpiration rate, net assimilation 

rate, photochemistry, photosynthetic light curves, stomatal traits, vapor pressure deficit (VPD).  

 

4.2 Introduction: Plant transpiration rate is driven by changes in atmospheric conditions and 

especially by changes in vapor pressure deficit (VPD) [1,2]. High VPD (high evaporative demand) is 

a major cause for enhanced transpiration rate and can provoke excessive water consumption and 

photosynthetic limitation in agriculture, which is particularly critical under arid and semi-arid climate 

[3]. Normally, VPD values beyond 1 kPa are potentially stressful for crops, determining reduced 

stomatal conductance, impairing plant photosynthesis, and causing plant water deficit, even when 

roots are well irrigated [4]. Indeed, under high VPD the transpiration rate increases provoking water 

stress; thus, plants typically close their stomata to reduce the water loss and avoid tension on the 

xylem, resulting in reduced conductance and photosynthesis [5].  

Leaf anatomy has a central role in photosynthetic dynamic acclimation to the environment. Indeed, 

the pathways for both CO2 uptake and water loss pass through different anatomical tissues, 

characterized by different resistance and conductance to water and gas diffusion [6-8]. Within leaf 

anatomical traits, stomata are considered the ñgatekeepersò of gas exchanges and impose the 

greatest resistance on gas- and water-flows responding to environmental stimuli by changing the 

rates of both flows. [9,10]. As already mentioned, stomatal closure can prevent the excessive 

transpiration and therefore the uncontrolled water deficit under high evaporative demand, thus 

maintaining plant water balance [11,12]. However, the degree of stomatal responsiveness cannot 

overcome the limits imposed by their anatomical structure [7]. Recent research has pointed out that 

under long-term exposure to different air VPDs, leaves of the same species (Rosa hybrida L.) can 

develop a different morpho-anatomical structure [13]. For example, concerning stomatal traits, small 

stomata, often associated with high frequency, have been found in Vicia faba L. subjected to high 

evaporative demand [14]. Whereas in Vigna radiata L., low frequency of big stomata was found 

under high evaporative demand [15]. Recently, other research has demonstrated that in C. ruber 

and B. spectabilis smaller stomata close faster, thus providing a strategy in case of environmental 

stressors [16,17]. Since it is known that stomata with different size, morphology and frequency 

present a changed opening/closing pattern, it follows that especially under high VPD, stomatal 

anatomy plays a central role in the acclimation to environmental changes and in regulating crop 

water-use and water-balance [6,18,19]. More specifically, increases in VPD reduce crop yield and 

productivity and this effect can be partially mediated by stomata acclimation, depending on their 

traits [20]. Since VPD mediates stomatal anatomical development influencing their opening/closing, 

optimal water and CO2 flow rates inside the leaves can be achieved by modulating its level; hence, 

different VPD levels during cultivation modify the whole carbon gain-WUE (water use efficiency) 

relationship [3].  
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WUE is recognized as one of the most important traits influencing crop yield and productivity, 

especially in water-limited environments [16,21]. Improving crop WUE is fundamental in agriculture 

since crop production has been threatened by water shortage for centuries and nowadays water is 

always a more limited resource. In this context, a few studies have shown that precise VPD control 

can improve crop yield and production in controlled environment agriculture while saving, at the 

same time, irrigation water [21,22]. For instance, Zhang et al. [22], alleviated the heat stress and the 

high VPD in greenhouse tomato production during summer by lowering the VPD with a micro-fog 

system. The treatment significantly enhanced biomass and photosynthesis resulting in 12 % 

increments in the marketability of tomato and reducing the overall water-use [22]. Moreover, a recent 

study highlighted that apart the average of daily VPD, the extent of the fluctuations in VPD during 

the day influences the lettuce physiological performance [23]. More specifically, the authors showed 

that with the same daily average VPD, drastic fluctuations in VPD determine decreases in stomatal 

conductance and CO2 net-assimilation rates. On the opposite, moderate fluctuations do not cause 

reduction of the above-mentioned parameters, also leading to increased leaf lamina expansion and 

plant growth. Thus, the fine regulation of environmental parameters to achieve stable VPD values 

becomes crucial to control plant growth.  

The development of agricultural technologies, allowing the cultivation in indoor environments has 

been fundamental to study the effects of VPD levels and duration on crop with the aim to extend 

crop growing season, maximizing the productivity and quality and minimizing the input (i.e. water 

resource) [24]. In the last decade, the role of VPD in reducing plant water demand has been explored 

further, but it is not completely understood. It is clear that research on VPD regulation cannot 

disregard the investigations on structure-mediated control of gas- and water- exchange through the 

plant. Attempts to identify different morpho-anatomical development driven by atmospheric VPD, 

and its effect on photosynthetic carbon gain and WUE have been seldom reported in few species 

(Solanum lycopersicum L.; Rosa hybrida L.) [25,26]. Moreover, the coordinated effects of leaf 

anatomical development and changing VPD on WUE, also incorporating the trade-off between 

photosynthetic carbon gain versus transpiration, are rarely reported. 

  

The aim of this paper was to identify the mechanisms linking VPD modulation to evaporative demand 

and photosynthetic capacity from a morpho-physiological perspective. Lettuce is one of the most 

widely cultivated leafy vegetables in controlled environment agriculture. Therefore, a growth 

chamber experiment was performed growing green and red butterhead lettuces (Lactuca sativa L. 

var. capitata) under controlled conditions with two different VPD levels to evaluate plant response in 

terms of plant biomass, photosynthesis, morpho-anatomical development, transpiration, and 

stomatal regulation. Three questions were addressed: (1) Is stomata differentiation influenced by 

VPD? (2) Are photosynthetic CO2 uptake, stomatal conductance, plant growth and yield influenced 
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by VPD and how such possible variation is linked to stomatal traits? (3) Does VPD affect the trade-

off between plant carbon gain and cumulative water transpired? 

 

4.3 Materials and Methods 

4.3.1 Plant Material and Growth Chamber Conditions: The experiment was conducted in March-

May 2019 at the Department of Agricultural Science of the University of Naples ñFederico IIò on 

butterhead green (G) and red (R) Salanova® lettuce (Lactuca sativa L. var. capitata) cultivars. Plants 

were taken from a local provider (Azienda Agricola Punzi; https://www.punzi.it/?lang=en) at the stage 

of 4 true-leaves and transplanted into a growth chamber (KBP-6395F, Termaks, Bergen, Norway). 

Two consecutive trials in the same growth chamber were performed on 18 lettuce plants (9 green 

and 9 red Salanova) grown into 10 cm (diameter) trays. The two cycles were identical for 

environmental conditions and agricultural practices but were conducted at two different VPD levels. 

More specifically, light was provided by an RGB LED panel (K5 XL750 series, Santa Rosa, 

California, United States) set to dispense a PPFD of 315 µmol m-2 s-1 at the canopy level, which 

under 12h photoperiod, resulted in 13.6 daily light integral (DLI). Temperature was set at 24 C̄ and 

relative humidity was changed to achieve a VPD of 0.7 kPa (Low VPD; LV) for the first trial and 1.7 

kPa (High VPD; HV) for the second, following Amitrano et al., [15]. VPDs were calculated from the 

T and RH values recorded every 15 minutes by two mini data loggers (Testo174H Testo, Germany) 

(Figure S1). Pots were covered with white polyethylene film to minimize evaporation losses from the 

substrate (1:1, peat:perlite) and were watered till holding capacity and weighted every day to replace 

the water loss according to Latha and Reddy [21](see paragraph 2.4). Moreover, to improve the 

uniformity of light intensity and humidity at the canopy level, pots were daily rotated on the chamber 

shelf. In both cultivation trials, all the analyses and sample collection were carried out following the 

same procedures in terms of days after transplanting, time of the day and replicates.  

 

4.3.2 Determination of Plant Growth Parameters: Daily, from transplant to harvest, a picture from 

the top of each plant was captured and images were used to measure the total plant area (PA) 

through digital image analysis using the color threshold in RGB channel (ImageJ; Rasband, W.S., 

ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 

1997-2018). The morphological parameters (fresh and dry biomass) were determined at harvesting, 

namely 23 days after transplanting (DAT). The dry biomass was measured after oven-drying the 

samples at 60 °C for at least 3 days, up to constant weight. These measurements were used to 

reconstruct the daily growth curves in terms of fresh weight (FW) and dry weight (DW) as: Wd = Ad 

WH / AH , where Wd is the weight of the day, Ad is the plant area of the day and WH and AH are the 

weight and area at harvesting [27]. 

https://www.punzi.it/?lang=en
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4.3.3 Stomatal Traits Analysis: At 23 DAT, one fully expanded leaf was collected from 6 plants, 

having care of selecting homogeneous leaves. The median region of the lamina was dissected and 

three peels per leaf were gently stripped from the abaxial surface with soft tip tweezers. For each 

peel, 5 fields were observed under a light microscope (BX60, Olympus) at 20x magnification (field 

area 0.237 mm2) and the number of stomata was counted. Stomatal frequency was expressed as 

the number of stomata per mm2. Stomatal index was computed using the following formula: (SN/SN 

+ EN) x 100 , where SN is the number of stomata and EN the number of epidermal cells in the 

microscopic field [28].The size of 10 stomata per field was measured at 40x magnification, 

considering both the guard cell major (pole to pole) and minor axes to calculate the area of an 

imaginary ellipse following Sorrentino et al. [29] as: ˊ a b, where a is the semi-major axis and b is 

the semi-minor axis.  

4.3.4 Determination of Gravimetric Indexes: Plant transpiration was measured by a standardized 

gravimetric approach of daily pot weighing with an electronic balance, as described by previous 

research [21]. Weight of all pots was recorded at the same time every day. Daily plant transpiration 

was estimated as the difference of pot weightings. Daily water loss due to transpiration was 

completely replenished. Irrigation amount during the whole growing period was estimated from the 

sum of the daily transpiration. From these data the following indexes were calculated as described 

by Latha and Reddy [21]: 1) the cumulative water transpired (CWT), as the amount of water added 

daily to each pot after bringing back to 100% of substrate holding capacity (mL); 2) the leaf area 

duration (LAD), as [(A1+A2)/2 × 23], where A1 and A2 were the initial and final total plant area and 

the number 23 refers to the duration of the experiments in days (cm2 day-1); 3) the mean transpiration 

rate (MTR), as the ratio of CWT and LAD, expressed as mL cm-2 day-1 ; 4) the net assimilation rate 

(NAR), as the ratio of dry biomass (DB) and LAD, expressed as g cm-2 day-1 and 5) the water use 

efficiency (gWUE), as the ratio of the dry matter accumulation over 23 DAT and the total water 

transpired over the same period.  

 

4.3.5 Leaf Gas Exchanges: Leaf gas exchanges were measured at the end of the cultivation cycle 

(23 DAT), before harvesting, with a portable photosynthesis system (LCA 4; ADC BioScientific Ltd., 

Hoddesdon, UK) equipped with a broadleaf chamber (cuvette window area, 6.25 cm2). 

Measurements were performed from 10 am to 2 pm on a fully expanded leaf from all plants, after 

steady state and equilibration. All the measurements were conducted at ambient CO2 concentration 

(about 400 µmol) and constant temperature (about 23°C), at ambient RH, in order to avoid any 

external perturbation in VPD. VPD was monitored but not controlled during the gas-exchanges so 

that any differences in transpiration and conductance were due to VPD during plant growth. From 

gas-exchange measurement the following instantaneous parameters were measured: net-

photosynthesis (iPN; µmol CO2 mī2 sī1), transpiration (iTr; mmol H2O mī2 sī1), stomatal conductance 
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(igs; mmol H2O mī2 sī1) and intrinsic water use efficiency (iWUE), calculated as the amount of carbon 

gain in photosynthesis rate (iPN) per unit of transpiration rate (iTr) [30]. Light response curves (PN-I 

curves) were also determined on 5 plants per cultivar, to describe the net CO2 assimilation by a plant 

leaf (PN) as a function of an increase in the photosynthetic photon flux density (I) from the total 

absence of light to a high level of light, e.g. 2,000 ɛmol (photon) mï2sï1. After 10 minutes exposure 

to darkness, the PPFD was increased by 0, 50, 200, 400, 800, 1000, 1500, 2000 ɛmol m-2 s-1, under 

ambient CO2 concentration and constant conditions in the leaf chamber. Leaves were exposed to 

each irradiance until the photosynthetic rate was stable for more than 90s, as reported in Hermann 

et al. [31] A maximum radiation intensity of 2000 ɛmol m-2 s-1 was chosen following Tsormpatsidis et 

al. [32], and this intensity was high enough to achieve PNmax. A complete light response curve per 

plant was created in approximately 20 min. From light response curves, Imax, defined as the point 

beyond which no significant change in PN occurs, and Icomp, the light compensation point defined 

as the point at which CO2 uptake balances CO2 released by respiration, were calculated following 

the model described by Lobo et al. [33]. Imax and Icomp are considered more appropriate and 

realistic parameters to compared Isat or Isat(n) and Pgmax, for representing the photosynthetic 

potential of plants since their magnitude is always between the range of real measurements. Indeed, 

in other model Pgmax is used to define the point beyond which there is no significant change in PN, 

but Pgmax is obtained when I is infinite; thus Pgmax is an abstraction, which forces the existence of 

Isat or better Isat(n) (light saturation point at a specific percentile), which is also an abstraction 

[33,34]. 

4.3.6 Measurements of Chlorophyll ñaò Fluorescence: Fluorescence emission measurements 

were performed the same day of gas-exchanges on the same leaves. A portable Opti-Sciences 

fluorometer (ADC Bioscientific Ltd., Hoddesdon, UK), was used for the measurements. Leaf discs 

regions were dark-adapted with clips for 30 min, prior to fluorescence measurements. To assess the 

status/efficiency of photosystem II, measurements were conducted in the light and the following 

parameters were calculated: i) overall photochemical quantum yield of the PSII (ūPSII) was 

evaluated according to Genty et al. [35]; ii) electron transport rate (ETR) according to Krall and 

Edwards [36]; iii) non-photochemical quenching (NPQ) according to Bilger and Bjorkman [37]. 

Fluorescence analyses were conducted at a steady-state photosynthesis under a light intensity of 

about 400 µmol mī2 sī1, with a saturation pulse duration of 0.8 s, by keeping the orientation of the 

leaf relative to the actinic light source when taking ūPSII measurements. 

4.3.7 Statistics: The statistical analyses were all carried out using the software IBM SPSS Statistics 

(SPSS, Chicago, IL, USA). The influence of the two different independent factors (VPD and cultivar) 

on the dependent variables was tested by applying a two-way analysis of variance (ANOVA) and 

data are reported in supplemental materials. Data were then subjected to one-way analysis of 

variance (ANOVA), and mean values were separated according to Tukey test with p Ò 0.05.  
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4.4  Results 

4.4.1 Growth Curves: Biomass production (both fresh and dry weight) and total plant area varied 

significantly among the treatments (Figures 1,2). During the early growth stages (up to 15 DAT) no 

significant changes were detected in PA and FW among the four conditions (LVG, LVR, HVG, HVR) 

(Figure 2 a, b). At 15 DAT, PA and FW were significantly higher for LVR and LVG than HVR and 

HVG (P<0.05) (Figure 2 a, b). Thus, 15 days can be recognized as a threshold after which the plants 

begin to develop differently depending on the VPD. At harvest (23 DAT), PA and FW were 

significantly higher for LVR than LVG, HVR and HVG (p < 0.05). The same trend was found for DW 

(figure 2c); however here the threshold after which plants begin to develop differently depending on 

the VPD starts at 9 DAT, were highest values were found in LVG followed by LVR which was higher 

than HVG and lowest values in HVR (p < 0.05). At 23 DAT the dry weight was the highest in both 

LVR and LVG, followed by HVG and was the lowest in HVR (p < 0.05). 

 

 

Figure 1: The phenotype of a representative green (G) and red (R) plant from low (LV) and high (HV) VPD 
condition during the growth cycle.  
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Figure 2: Growth curves of green (G) and red (R) lettuces under low (LV) and high (HV) VPD in terms of plant 
area (a), fresh weight (b) and dry weight (c). Mean values (n = 9) ± standard errors are shown. Different letters 
corresponded to significantly different values, among treatments within date, according to Tukeyôs HSD (p 
Ò0.05). 

 

 

4.4.2 Stomatal Features: The general structure of the stomata was not damaged (Figure 3), 

however significant changes in quantitative traits were found among treatments (Table 1). 

Concerning stomatal frequency, LVR plants showed more frequent stomata than LVG which in turn 

had significantly higher values than HVG and HVR (p < 0.05). Whereas stomatal size showed 
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significant differences among all treatments. More specifically, the smallest stomata were detected 

in LVR plants which showed significantly higher values than LVG followed by HVR and HVG (p < 

0.05). Stomatal index was higher in LV plants and lower in HV plants with no differences among 

cultivars. Overall, under low VPD SF and SI were enhanced by 32 % and % 71 and SS reduced by 

22 % compared to high VPD (Table S1).   

 

Figure 3 Lettuce stomatal morphology of LVG at 20x (a) and 40x (b), LVR at 20x (c) and 40x (d), HVG at 20x 
(e) and 40x (f), HVR at 20x (g) and 40x (h). See paragraph 2.3 for further details. In the table (i) stomatal 
frequency (SF) and size (SS) among treatments are shown. Values are reported as means ± SE (n = 9). 
Significant differences were compared using Tukey test. Images and related details are at the same 
magnification in the different treatments; bars = 20 micron. 

Table 1. Effect of VPD (LV and HV) on stomatal traits of green (G) and red (R) plants: stomatal frequency (SF) 
stomatal size (SS) and stomatal index (SI) are shown. Mean values (n = 9) ± standard errors are shown. 
Different letters corresponded to significantly different values, among treatments within date, according to 
Tukeyôs HSD (p Ò0.05). 

Treatments 
SF SS SI 

(n mm2) (µ2) (%) 

LVG 86.01 ± 4.50 b 179.3 ± 7.52 c 12.65 ± 0.67 a 

LVR 93.72 ± 3.93 a 148.8 ± 6.08 d 13.67 ± 0.50 a 

HVG 64.19 ± 2.99 c 208.3 ± 3.86 a  7.68 ± 0.33 b 

HVR 71.89 ± 3.20 c 192.8 ± 4.71 b  7.64 ± 0.31 b 

 

4.4.3 Daily Transpiration and hydraulic-related traits: As reported in figure 4, gravimetric indexes 

showed significant differences among treatments. The gravimetric transpiration (gTr) (Figure 4a) 
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presented highest values in HVG and HVR and lowest in LVG and LVR (p < 0.05). CWT (Figure 4b) 

presented highest values in HVG and HVR followed by LVR and lowest values in LVG (p < 0.05). 

gWUE (Figure 4c) presented highest values in LVG, followed by LVR and lowest values in both HVG 

and HVR (p < 0.05). LAD (Figure 4d) presented highest values in LVG and LVR and lowest in HVG 

and HVR (p < 0.05). MTR (Figure 4e) presented highest values in HVG, followed by HVR which in 

turn presented higher values than LVR and lowest values in LVG (p < 0.05). NAR (Figure 4f) 

presented highest values in LVG and LVR and lowest values in HVG and HVR (p < 0.05).  

Overall, plant daily transpiration was reduced by 50 % under low VPD, cumulative water transpired 

by 33 %, and mean transpiration rate by 48 %. Differently, gravimetric water use efficiency, leaf area 

duration and net assimilation rate were enhanced by 64, 10 and 50 % under low VPD (Table S2). 

 

Figure 4: Gravimetric indexes of green (G) and red (R) lettuces under low (LV) and high (HV) VPD: 
transpiration (gTr; a), cumulative water transpired (CWT;b), water use efficiency (gWUE;c), leaf area duration 
(LAD;d), mean transpiration rate (MTR;e), net assimilation rate (NAR;f). Mean values (n = 9) ± standard errors 
are shown. Different letters corresponded to significantly different values, among treatments within date, 
according to Tukeyôs HSD (p Ò0.05). 

 

4.4.4 Leaf Gas-Exchange, Chlorophyll Fluorescence and Photosynthetic Light Curves: 

Physiological parameters showed high variation among treatments, as reported in table 2. More 

specifically, concerning the chlorophyll fluorescence analysis, ūPSII was the highest in LVR followed 

by LVG, which in turn was higher than HVR. Lowest ūPSII values were found in HVG (p < 0.05). 
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NPQ was the highest in HVG, followed by HVR, which in turn was higher than LVG. Lowest NPQ 

values were found in LVR (p < 0.05). ETR was the highest in LVG, followed by all the other conditions 

where no significant differences were detected. Overall, under low VPD ūPSII and ETR were 

enhanced by 2.9% and 12 %, whereas NPQ was reduced by 9 % (Table S3). Concerning gas-

exchange analysis, iPN, igs and iWUE were enhanced in LVG and LVR compared to HVG and HVR 

with no cultivar-specific differences (p < 0.05). Conversely, iTr was enhanced in HVG and HVR 

compared to LVG and LVR, with no differences between cultivars. 

Overall, under low VPD iPN, igs and iWUE were enhanced by 22, 63, and 49 %, whereas an opposite 

trend was recorded for iTr with a reduction of 26 % (Table S3).  

 

 

Table 2. Effect of VPD (LV and HV) on physiological parameters of green (G) and red (R) plants: Quantum 

yield of PSII (ūPSII), non-photochemical quenching (NPQ), electron transport rate (ETR), instantaneous 

values of gas-exchange: Net photosynthesis (iPN), stomatal conductance (igs), transpiration (iTr), water use 

efficiency (iWUE). Mean values (n = 9) ± standard errors are shown. Different letters corresponded to 

significantly different values, among treatments within date, according to Tukeyôs HSD (p Ò0.05). 

 

Photosynthetic light curves, showed in figure 5, increased till a saturating light intensity of about 1000 

ɛmol m-2 s-1 in both VPD conditions. Leaf PN was higher under low VPD compared to high VPD 

plants at all light intensities above 250 ɛmol m-2 s-1. No differences among cultivar were detected. 

Moreover, figure 5 shows how low VPD plants presented a lower Imax and a higher Icomp, compared 

to high VPD with no differences among cultivars. 

 
ʊt{LL NPQ ETR iPN igs iWUE iTr 

   (µmol CO2 mҍ2sҍ1) (mmol H2O mҍ2sҍ1) (iPN/iTr) (mmol H2O mҍ2sҍ1) 

LVG 0.70 ± 0.007 b 1.18 ± 0.48 c 55.96 ± 2.81 a 7.43 ± 0.64 a 0.18 ± 0.006 a 5.11 ± 0.79 a 1.59 ± 0.1 b 

LVR 0.71 ± 0.003 a 0.79 ± 0.48 d 45.17 ± 0.69 b 7.74 ± 0.27 a 0.20 ± 0.005 a 4.55 ± 0.30 a 1.68 ± 0.07 b 

HVG 0.67 ± 0.002 d 1.46 ± 0.58 a 45.67 ± 3.90 b 5.89 ± 0.14 b 0.07 ± 0.004 b 2.87 ± 0.24 b 2.15 ± 0.18 a 

HVR 0.68 ± 0.009 c 1.28 ± 0.52 b 43.72 ± 0.44 b 6.50 ± 0.28 b 0.08 ± 0.004 b 3.52 ± 0.32 b 1.99 ± 0.14 a 
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Figure 6: Effect of VPD (LV and HV) on green (G) and red (R) lettuce photosynthetic light curves: a) LVG 
(black triangles) and LVR (grey circles); b) HVG (black triangles) and HVR (grey circles) and c) derived 
parameters (Icomp, Imax, c), according to the model by Lobo et al. [27]. Mean values (n = 9) ± standard errors 
are shown. Different letters corresponded to significantly different values, among treatments within date, 
according to Tukeyôs HSD (p Ò0.05). 

 

 

4.5 Discussion 

4.5.1 VPD Changes Stomatal Traits Influencing Crop Physiology: In the present study, we found 

differences in stomatal traits between the two VPD environments (LV and HV). More specifically, LV 

lettuces developed a higher stomatal frequency but a smaller stomatal size (Figure 3). A higher 

frequency of the pores under low VPD has been found in different species (tomatoes, rose), almost 

always leading to enhanced stomatal conductance and photosynthesis [38,39]. Indeed, leaves with 

high stomatal frequency allow a better control over their opening and closing mechanism [8,40,41]. 

Furthermore, small stomatal size is known to facilitate the pore aperture, allowing a faster ion fluxes, 

leading to rapid increase in the guard cell turgor, thus improving stomatal conductance [42]. For 

example, Lawson and Blatt [9] found that bean plants with smaller and more frequent stomata per 

unit area, open and close their stomata more rapidly while maintaining unchanged their 

photosynthesis. Likely, the same mechanism can be used to explain why LVG and LVR plants, which 

developed a more efficient stomata structure, were able to maintain a better physiological and 

hydraulic performance, compared to HVG and HVR plants, also allowing a higher stomatal 

conductance. Indeed, excessive transpiration due to high air VPD, determines water loss from the 

leaves. Under this condition, stomata passively close responding to a reduced leaf water content 

and turgor, leading to a reduced pore conductivity and photosynthetic rates [43,44]. This probably 

happened in HV Salanova lettuces since the high evaporative demand increased transpiration from 

the whole leaf tissue while stomatal conductance and the net-photosynthesis were reduced (Figure 

3, Table 1). The high transpiration and low stomatal conductance in HV plants was indeed attributed 
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to stomatal closure acting as a safety mechanism in HV leaves with less efficient stomata traits (lower 

frequency of bigger stomata). Since CO2 enters the leaves through the stomata, stomatal closure or 

a reduction in stomatal conductance will also decrease the availability of CO2 in the plant, 

consequently reducing photosynthesis [45,46]. According to our results, other studies conducted on 

tomatoes in controlled environment agriculture, have found differences in stomatal conductance 

under the same light intensity but different air VPD, due to different relative humidity [10,22]. For 

example, Li et al. [10] explored the coordinated effect of soil moisture and VPD on greenhouse 

growing tomatoes. In this research they found that the low-VPD condition reduced the water stress 

by mitigating the force driving the water movements and by preventing the loss of turgor; these 

mechanisms maintained the stomata opened and enhanced at the same time the CO2 uptake with 

increments in photosynthetic rates, as happened here for LV Salanova plants. Differently, in a study 

on T. virginiana it has been observed that a prolonged exposure to a low VPD make the stomata 

insensitive to closing stimuli like desiccation, high VPD, darkness and especially the abscisic acid 

(ABA); and this happened also when the prolonged low-VPD was maintained around a single leaf of 

the plant during growth [47]. ABA is a phytohormone playing a fundamental role in reducing 

transpiration by provoking stomatal closure [48], however its participation in stomata response to 

VPD is still under debate [49].  

In the present study, it is interesting to notice that LVR plants significantly increased their stomatal 

frequency compared to LVG (Figure 3), however no changes in photosynthesis or conductance were 

detected between the two genotypes (G, R). Carin Murphy et al. [13,26] proposed that under high 

VPD stomata in leaves were ñdilutedò with leaf expansion, so that a higher leaf area would bring to 

a lower frequency of stomata. However, here the highest plant area was found in LVR compared to 

LVG (Figure 1,2). Indeed, so far, contrasting results in stomatal frequency with leaf expansion have 

been found in different species and cultivars exposed to different environmental conditions [13]. 

Moreover, the reduced stomatal index in HV plants suggest that these plants developed smaller 

leaves with more epidermal cell number compared to LV, at the same time reducing the frequency 

of its stomata. The lack of differences in photosynthesis and conductance between G and R lettuces 

may be due to the fact that they do not represent different varietal types, only differing in pigmentation 

[50]. Previous studies have demonstrated that the most remarkable difference between these 

differently pigmentated lettuces lies on the phytochemical content [51]. 

4.5.2 The Trade-off Between Water Transpired and Plant Carbon Gain: In our study WUE (both 

iWUE and gWUE) was enhanced in LV plants together with NAR (net assimiliation rate). Usually, 

NAR is associated to variations in stomatal and mesophyll conductance, which influence WUE and 

the overall plant growth [21]. The current study clearly demonstrated that LV plants presented a 

morphology of their stomata bringing to a higher conductance, thus positively influencing plant 
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photosynthesis, NAR and plant growth (Figure 2,4; Table1). However, variation in stomatal traits 

between G and R cultivars did not influence NAR.  

Differently, all the traits associated with transpiration, both physiological (iTR) and gravimetric (gTr, 

MTR and CWT), were reduced in LV plants. The reduction of these traits is a positive outcome for 

lettuce indicating that LV plants were able to reduce the water requirement, and thus enhancing the 

WUE [52]. Recent genetic studies are trying to develop ñtrait-basedò breeding utilizing WUE. Under 

a favorable environment, plants increase WUE either by enhancing photosynthetic carbon gain or 

reducing transpiration; the first strategy is adopted by plants referred to as ñcapacity typeò and the 

second as ñconductance typeò [52,53]. In our study, the wide difference between LV and HV net-

photosynthesis (Table 1, Figure 5) suggests that both tested genotypes probably belong to the 

ñcapacity typeò. However, fluxes of CO2 and H2O through the mesophyll are tightly linked, usually 

allowing a balance between carbon gain and water loss, balance which is influenced by 

environmental factors and especially by VPD [54,55]. Moreover, from the analysis of photosynthetic-

light curves it is possible to understand the adaptive mechanisms of the species under different 

environment, plant stress resistance and productivity [34]. Following the model by Lobo et al. [33], 

the photosynthetic light-curves showed a remarkable difference between LV and HV lettuces, 

indicating a higher photosynthetic capacity in LV plants. In fact, under low VPD, lettuce net-

photosynthesis was always higher above the light intensity of 250 ɛmol m-2 s-1. Similar results have 

been reported in a recent paper by Jiao et al., (2019) [56], where the photosynthetic capacity of 

tomato plants under low VPD, already higher compared to tomato plant grown under high VPD, were 

enhanced even more adding CO2 to the cultivation. In our study, the different photosynthetic levels 

of the two VPD-grown-lettuces were related to a difference in photochemistry. Indeed, fluorescence 

emission analysis highlighted a better performance of the photosynthetic apparatus under low VPD, 

with differences in the quantum yield and electron transport rate, indicating a better condition of the 

photosystem II and probably a higher capability of converting light energy at the reaction centers. 

Indeed, in absence of strong physiological disorders, ūPSII is ubiquitously considered a good 

indicator of plant health status [57,58]. However, the PSII is also a delicate component of the 

photosynthetic apparatus and environmental stresses like drought, high irradiance or heat have been 

correlated to reductions in the PSII efficiency [59]. ūPSII often declines together with PN under water 

stress, suggesting that the mechanisms of CO2 uptake and the electron transport chain are tuned 

[60]. Conversely, the same species under moderate-drought did not show any impairment in PSII 

and the photosynthetic performance was mainly regulated by the stomata [61]. Direct correlation of 

PSII status with different VPDs is not explored much in literature, however in our study, ūPSII was 

reduced in HVG and HVR plants together with reduction in net-photosynthesis and stomatal 

conductance while NPQ was enhanced. The increase in NPQ indicate the occurrence of 

photoprotective mechanisms in HV lettuces, probably trying to counteract the negative effect of high 

evaporative demand. Indeed, NPQ is an important mechanism for plants to protect the photosystem 
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and optimize plant growth and survival [62]. In both L and H VPD plants ūPSI was higher in R cultivar 

compared to G one, conversely NPQ was reduced in R compared to G (Table 1). Once again, these 

differences between the two cultivars did not reflect any changes in photosynthesis (Table 1; Figure 

6) but may indicate a better status of the photosystem II in R plants. Moreover, R Salanova achieved 

a higher fresh biomass under L VPD and a higher dry biomass under H VPD, compared to their G 

counterparts (Figure 2 b,c). Similar results were found by El-Nakhel et al. [63] where red Salanova 

increased the biomass by 22 % compared to green one, showing that red Salanova reached maturity 

earlier than the green one. Considering the significant increments in biomass and ūPSI but not in 

photosynthesis in R plants, it may be possible that once again the development of R and G plants 

was different even if all the plant were of the same age.  

 

4.6 Conclusions: The present study suggested that stomatal features, photosynthesis, 

transpiration, and water use efficiency are strictly interconnected and are influenced by different 

atmospheric VPDs. High VPD levels significantly constrained plant growth and stomatal 

development, therefore photosynthesis and water use efficiency decreased. Lowering the VPD 

values offsets the negative effects on plant growth and physiology and maximizes water use 

efficiency, probably as a result of two processes: (1) Low VPD moderates plant water stress, by 

reducing the excessive transpiration faced under high VPD conditions. (2) Under low VPD, lettuce 

leaves develop stomatal traits allowing a better regulation of gas-exchanges, ultimately influencing 

the whole plant growth and yield. Even though in previous study these two cultivars (G and R) 

showed differences in growth and phytochemicals [42], here only differences in a few traits, including 

growth, were detected and the physiological response under L and H VPD did not show cultivar-

specific response. In this study, reducing the atmospheric VPD copious reduction in plant water 

requirements together with improvements in plant productivity were achieved. Thus, improving the 

VPD for coupling water transport and carbon dioxide acquisition represents a potential to reduce 

irrigation demand and improve photosynthetic performance, regulating the whole evaporative 

demand of the cultivation in protected environment. The regulation of VPD in controlled environment 

agriculture is therefore necessary to maximize crop water use efficiency by harmonizing the 

photosynthetic improvements and the transpired water savings. However, a recent study by Inoue 

et al. [23] showed that the range of VPD fluctuations during the day, due to control systems 

(fogging/fan-and-pad systems) in controlled environment, can change photosynthetic and growth 

performance. Such a phenomenon should be taken into account to evaluate the effect of different 

managements of control systems in order to reduce VPD range of fluctuation, as a mean to 

counteract the negative effects of high VPD levels. Further studies would be desirable to analyze 

the relations between crop anatomical traits and physiological acclimation when plants are subjected 

to different VPD fluctuations and high and low VPDs. Understanding such mechanisms would help 
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designing a strategy of VPD control based on the minimization of fluctuations with the final goal to 

achieve an efficient agricultural production in controlled environment.  
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Chapter 5:  

Crop Management in Controlled Environment Agriculture 

(CEA) Systems Using Predictive Mathematical Models  

 

Published version: https://doi.org/10.3390/s20113110 

5.1 Abstract: Proximal sensors in controlled environment agriculture (CEA) are used to monitor 

plant growth, yield, and water consumption with non-destructive technologies. Rapid and continuous 

monitoring of environmental and crop parameters may be used to develop mathematical models to 

predict crop response to microclimatic changes. Here, we applied the energy cascade model (MEC) 

on green- and red-leaf butterhead lettuce (Lactuca sativa L. var. capitata). We tooled up the model 

to describe the changing leaf functional efficiency during the growing period. We validated the model 

on an independent dataset with two different vapor pressure deficit (VPD) levels, corresponding to 

nominal (low VPD) and off-nominal (high VPD) conditions. Under low VPD, the modified model 

accurately predicted the transpiration rate (RMSE = 0.10 Lmī2), edible biomass (RMSE = 6.87 g 

mī2), net-photosynthesis (rBIAS = 34%), and stomatal conductance (rBIAS = 39%). Under high VPD, 

the model overestimated photosynthesis and stomatal conductance (rBIAS = 76ï68%). This 
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inconsistency is likely due to the empirical nature of the original model, which was designed for 

nominal conditions. Here, applications of the modified model are discussed, and possible 

improvements are suggested based on plant morpho-physiological changes occurring in sub-optimal 

scenarios.  

Keywords: crop modelling; energy cascade model (MEC); Lactuca sativa L. var. capitata; controlled 

environment agriculture (CEA); precision horticulture  

  

5.2 Introduction: Environmental control is a key factor to increase plant productivity in controlled 

environment agriculture (CEA) [1]. Recently, increased interest has been directed towards plant 

production in closed facilities (e.g., plant factories, vertical farms, indoor-growing modules) [2ï4]. 

However, with the introduction of advanced monitoring and control technologies, it becomes 

necessary to properly discern plant/microclimate interaction, modulate environmental parameters, 

and manage cultivation factors. Indeed, in protected agriculture, environmental factors and plant 

responses are strictly interconnected: alteration of the microclimate can induce modifications in 

plants (both at morphological and physiological levels), affecting plant behavior especially in terms 

of transpiration and CO2/O2 exchanges, which in turn re-modify the surrounding environment [5]. 

Recently, a technological ñrevolutionò in agriculture is on-going, pushed by advances in sophisticated 

technologies such as robots, aerial/proximal sensors and more broadly by the internet of the things 

(IoT) [6]. This ñrevolutionò, based on the automation of processes and the remote monitoring of 

systems, would allow the realization of smart farming, with a more lucrative, efficient, and sustainable 

production [7]. Remote sensing technologies allow the early monitoring of plant responses to 

environmental stresses such as: drought, salinity, and heat due to high temperature or excessive 

solar radiation. Currently, the remote sensing of plant physiological behavior is often based on 

reflectance indices, including photochemical reflectance index (PRI), normalized difference 

vegetation index (NDVI), leaf area index (LAI), and water index (WI) [8ï10]. However, these indexes 

are mostly used in the field and their use for the remote monitoring of the photosynthetic process 

under controlled conditions is still limited. Indeed, in protected cultivations, crop monitoring mostly 

relies on sensors controlling environmental parameters, and on plant gas-exchange and 

fluorescence analyses [10].  As we progress in adopting technological advancement, issues related 

to sensor loss of control or breakage may be experienced. Such phenomena would be responsible 

for modifications occurring at the plant level during the cultivation cycle, such as alterations in plant 

growth, morphogenesis, and development. In this context, mathematical models, which mimic the 

behavior of real systems, can be adopted to monitor, simulate, predict, control, and facilitate the 

understanding of crop behavior in protected cultivation under both nominal (optimal) and off-nominal 

(sub-optimal) conditions [11]. Until now, most of the controlling tasks in CEA have been designed to 

maintain specific set-points, neglecting the effects of environmental perturbations on crops [12]. 
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However, evaluating crop status especially under off-nominal conditions represents an added value 

to forecast possible growth reductions and prevent yield losses by a real-time fine-tuning of 

environmental control and water management (irrigation schedule), according to different plant 

phenological stages. The aerial (moist/dry) control and, more specifically, the Vapor Pressure Deficit 

(VPD) regulation is listed amongst the main critical issues for crop production in CEA [13]. Indeed, 

VPD is one of the main drivers for plant transpiration: it affects crops during growth, changing plant 

morpho-physiological development, especially impacting water fluxes in the soilïplantïatmosphere 

continuum (SPAC), and thus the availability of water during the cultivation [14]. Given that plant 

transpiration is recognized to be a convenient indicator of its water status, real-time sensor 

information is a fundamental pre-requisite for the precision irrigation management of crops [15]. 

Furthermore, in small-indoor-growing modules, like those used for cultivation in Space, the regulation 

of plant water fluxes can be easily disrupted due to difficulties in the control of VPD in limited 

volumes. Therefore, a proper irrigation management is even more recommended. These difficulties 

in VPD control in protected cultivation can determine a rise in air temperature and consequently in 

evapotranspiration, which impact crop production, also resulting in decreasing stomatal conductance 

and photosynthetic rates [16]. Transpiration in plants is influenced by environmental conditions and 

regulated by stomatal opening/closing [17]. High VPD values (1.7ï2 kPa) intensify plant 

physiological stress, especially under water shortage, by increasing plant water loss and decreasing 

carbon fixation, thus negatively influencing crop growth and productivity, which represents a major 

issue for production in CEA [18]. Furthermore, together with increasing VPD and water stress, ABA 

hormone tends to accumulate in leaves and its concentration is negatively correlated with the 

stomatal conductance, further exacerbating leaf transpiration [19]. Nowadays, there are numerous 

models which simulate different photosynthetic and plant productivity processes, often focusing on 

very specific aspects of plant physiology, such as: protection of photosynthetic apparatus through 

the non-photochemical quenching, mesophyll conductance to CO2, genotype-environment 

interactions [20ï23]. Among these models, the energy cascade model (MEC) has already been 

tested to implement crop growth in small prototypes for bioregenerative life support systems (BLSSs) 

studies and in a lunar/Martian greenhouse [12,24]. This ñexplanatoryò model is therefore considered 

suitable to predict both biomass, photosynthesis, transpiration, and energy balance in closed 

systems. Moreover, such a model could easily be applied by stakeholders operating in controlled 

agriculture facilities for food production. Indeed, the model, requiring just a few environmental and 

cultivation parameters as inputs, can help forecasting changes happening during the cultivation after 

the modification of environmental factors, thus being possibly implemented as decision support 

system.  

In the present study, we report an application of the MEC model on butterhead lettuce (Lactuca 

sativa L. var. capitate) cultivated under controlled conditions, also presenting a modification to the 

original model. More specifically, we introduced additional components to include the variation of 
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canopy quantum yield of PSII (CQY) and carbon use efficiency (CUE) during leaf development. Such 

parameters, which represent respectively the moles of carbon fixed per mole of photons absorbed 

and the ratio of net carbon gain to gross carbon assimilation during growth, are critical to the model 

for the calculation of the net photosynthesis and the biomass production. Furthermore, we applied 

the modified version of the model on green- and red-leaf lettuce grown in a climatic chamber under 

two VPD scenarios, namely low and high VPD, corresponding to nominal and off-nominal conditions, 

respectively. This latter trial allowed the portrayal of the model parameters for nominal and off-

nominal scenarios for green- and red-leaf plants, since non-identical behavior often occurs for 

different cultivars/varieties even under the same growth conditions.   

5.3 Materials and Methods  

5.3.1 The Original MEC Model: The original energy cascade model was developed for wheat by 

Volk et al. [25] and then calibrated for other crops like lettuce, rice, soybean, sweet potato and tomato 

[26]. It is an explanatory model, composed by multivariate equations whose coefficients have been 

determined through curve fitting of experimental data [27]. The input variables of the first version of 

the model were the light intensity (photosynthetic photon flux density; PPFD) and the photoperiod. 

All the model outputs, which mostly concerned the biomass and the growth rate, were function of 

these two parameters.   

The original MEC model was based on an ñenergy cascadeò with three fundamental steps:   

 the absorption of PPFD by the canopy;   

 the absorbed energy (A) used in the photosynthetic process to convert carbon into sucrose;   

 the conversion of sucrose into biomass.   

Such a simple model required only three crop parameters, namely (i) the time of canopy closure (tA), 

(ii) the time of senescence onset (tQ), and (iii) the time of harvesting (tM). Eventually, the model was 

modified to add the following climatic parameters: air temperature, relative humidity, carbon dioxide 

concentration, dark period, and plant density, in order to improve the accuracy and robustness of 

the model [16]. In 2012, Boscheri et al. [12] implemented a modified version of the MEC model, for 

a multi-crop Lunar greenhouse prototype. The version modified by Boscheri et al. [12] also included 

a crop transpiration component, used to predict water and plant nutrient consumption.   

The main model algorithm components were arranged according to twelve equations, sequentially 

computed at each time step to calculate the key variables as listed below.  

The canopy quantum yield (CQY, molī1) is defined by an empirical equation as function of the time 

t, expressed in days after emergence:  

CQY = CQYMAX                                                                      for t Ò tQ  
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CQY = CQYMAX ī (CQYMAX ī CQYMIN) (t ī tQ)/(tM ī tQ)  for tQ < t Ò tM  (1)  

where CQYMAX and CQYMIN are crop-specific parameters, while tQ and tM are time of the onset 

of senescence and time of harvesting, respectively.   

The carbon use efficiency (CUE), is expressed similarly to CQY, according to the following relation:  

CUE = CUEMAX                                                               for t Ò tQ 

              CUE = CUEMAX ī (CUEMAX ī CUEMIN) (t ī tQ)/(tM ī tQ)   for tQ < t Ò tM  (2) 

where CUEMAX and CUEMIN are crop specific parameters, although CUE has been often assumed to 

be constant for most crops (i.e., CUEMAX = CUEMIN), tQ and tM are time of the onset of senescence 

and time of harvesting, respectively.  

The parameter A is the fraction of PPFD absorbed by the top of the canopy and is assumed to 

increase with time t according to a power law equation, up to a maximum value AMAX at time t = tA, 

when canopy closure is established:  

A = AMAXĿ(t/tA)n                                  for t Ò tA 

      A = AMAX                                             for t > tA  (3) 

where tA is the time of canopy closure and n is a crop dependent exponent, which is considered to 

be equal to 2.5 for lettuce [27].  

The daily carbon gain (DCG, mol C mī2 dī1) is computed as follows:   

DGC = 0.0036 H·Ŭ·PPFD    (4) 

where H is the photoperiod, Ŭ = CUE·A·CQY, and 0.0036 is a constant used to convert µmol to mol 

and hours to seconds.  

The daily oxygen production (DOP, mol O2 mī2 dī1) is then given by a fraction (oxygen production 

fraction, OPF) of DGC:  

DOP = OPF · DGC             (5)  

where OPF is expressed in mol O2 molī1 C and is a crop-specific parameter.  

The crop growth rate (CGR, g mī2 dī1) is given by:  

CGR = MWc·DCG/BCF       (6) 

where MWc = 12 g molī1 is the carbon molecular weight, while BCF is a crop specific parameter 

representing the biomass carbon fraction.  
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Thus, the total edible biomass (TEB), expressed as specific dry weight (g mī2), was calculated by 

integrating the crop growth rate, multiplied by the fraction of CGR allocated to edible biomass 

(XFRT):  

 

(7)  

where tM is the time of harvesting, tE is the time of the onset of edible biomass formation and XFRT 

represents a partitioning coefficient for the edible biomass, which combines the effects of 

determinacy and temperature on storage organ growth rates [26].   

The gross photosynthesis (PG, ɛmol CO2 mī2 sī1) is computed as follows   

PG = ɓ·PPFD  (8) 

where ɓ = A·CQY and PPFD is the photosynthetic photon flux density (ɛmol mī2 sī1).  

The net photosynthesis (PN, ɛmol CO2 mī2 sī1) is computed by accounting for the carbon use 

efficiency in the photoperiod:  

PN = [H·Ŭ/24 + ɓ (24 ī H)/24]ĿPPFD  (9) 

where H is the photoperiod, Ŭ = CUE·A·CQY, ɓ = A·CQY and PPFD is the photosynthetic photon 

flux density (ɛmol mī2 sī1).  

The stomatal conductance (gS, mol mī2 sī1) for planophile-type canopies (such as lettuce) is 

calculated according to Monje et al. [28]   

gS = (1.717ĿT ī 19.96 ī 10.54ĿVPD)ĿPN/[CO2]  (10) 

where T (°C) is the mean air temperature during light cycle and [CO2] is the air carbon dioxide 

concentration expressed as ɛmol CO2 molī1.  

The canopy surface conductance for water vapor (gc, mol mī2 sī1) is defined as follows:  

gc = gA·gS/(gA + gS)  (11) 

where gA = 2.5 mol mī2 sī1 is the aerodynamic conductance and gs the stomatal conductance.   

The daily canopy transpiration (DTR, L mī2 dī1) is also calculated as follows:  

DTR = 3600·H·(MWW/ɟW)·gc·(VPD/PATM)  (12) 

TEB= XFRT Ͻ CGR Ͻ dt
ὸὓ

ὸὉ

 1 
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where 3600 is a conversion constant from second to hours, MWW = 18 g molī1 is the molecular 

weight of water, ɟW = 100 g Lī1 is the water density, and PATM (kPa) is the total atmospheric 

pressure, which was used to convert vapor pressure to mole fraction.  

 

5.3.2 Limitations of the Original MEC Model Formulation: According to Equations (1)ï(12), the 

original energy cascade model, used for advanced life support systems (ALSs) studies, predicted 

the biomass production and the photosynthetic rate based on three parameters: (i) the canopy light 

absorption (A), (ii) the crop quantum yield of PSII (CQY), and (iii) the carbon use efficiency (CUE). 

The physical and biological trends of these parameters were: a linear increase in PPFD absorption 

till the canopy closure; a constant CQY until the onset of senescence, followed by a linear decrease 

till the end of the cycle, and a constant CUE throughout the life cycle (Figure1, orange lines). 

However, for lettuce and a few other crops like sweet potato, which are harvested before the 

occurrence of senescence (tQ), the CQY, as the CUE, were assumed to be constant during the 

entire growth cycle prior harvesting (Figure 1, blue lines).   

 

 

Figure 1. Original MEC model time profile of CQY (a) and CUE (b) for lettuce (blue lines), which was 
considered to be constant throughout the whole crop cycle; and for other crops (orange lines), in which CQY 
(a) was considered to be constant until the onset of senescence (tQ), to linearly decrease till the time of 
harvesting (tM), while CUE (b) was considered to be constant.  

 

5.3.3 Experiments to Retrieve CQY Temporal Pattern: The canopy quantum yield (CQY) 

represents the moles of carbon fixed per mole of photons absorbed [29ï31] and can be assessed in 

different ways such as:   

 Dividing the daily PG (mol C m2·dï1) by the total absorbed photons (mol m2·dï1) [32,33];  

 From the initial slope of saturation-photosynthetic curves [29];  
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 By means of a fluorimeter, an instrument which measures the proportion of the light absorbed 

by the chlorophyll associated with the photosystem II (PSII), thus indicating the efficiency of the 

carbon fixation and of the overall photosynthesis [34].   

In this study, we designed a calibration experiment for assessing the CQY temporal pattern in 

butterhead óSalanovaô lettuce (Lactuca sativa L. var. capitata), by means of a fluorimeter. The 

experiment was performed from 10 July 2019 to 6 August 2019, at the Department of Agricultural 

Sciences (University of Naples Federico II). Two weeks after sowing, the plants of butterhead lettuce 

cultivars, green- and red-leaf Salanova® (Rijk Zwaan, Der Lier, The Netherlands) were transplanted 

into 10 cm pots filled with a peat:soil mixture (1:1 volume ratio) and exposed to solar light. Air 

temperature (T) was kept at 23 °C and plants were irrigated at 2-day intervals in order to reach the 

container capacity (till the beginning of drainage). Chlorophyll ñaò fluorescence analyses were 

performed by means of a portable fluorimeter (ADC Bioscientific) on 3 expanded leaves per 4 green- 

and 4 red-lettuce plants every day, in order to highlight the leaf-age-driven variations in CQY, 

according to Genty et al. (1989) [35]. Fluorescence analyses were conducted at steady-state 

photosynthesis under a light intensity of about 400 µmol mī2 sī1, with a saturation pulse duration of 

0.8 s, by keeping the orientation of the leaf relative to the actinic light source when taking CQY 

measurements. The leaves were chosen from three different positions within the lettuce head (top-

t, medium-m, and bottom-b) in order to gain representative data for retrieving the general temporal 

pattern of CQY throughout the canopy.  

5.3.4 Experiments in a Controlled Environment Growth Chamber to Validate the Model: Nine 

green- and nine red-leaf Salanova lettuce plants were grown in a controlled environment growth 

chamber (KBP-6395F, Termaks, Bergen, Norvegia) (Figure 2), in two consecutive trials. In the first 

trial, 1-week old plants were transplanted into 10 cm pots filled with peat:perlite substrate (1:1 volume 

ratio) and incubated with an average VPD of 0.69 kPa, corresponding to nominal conditions of Low 

VPD. In the second trial, 9 green- and 9 red-leaf lettuce plants were incubated with an average VPD 

of 1.76 kPa, corresponding to off-nominal conditions of High VPD. The two different VPDs were 

achieved by keeping air temperature (T) constant at 24 °C, while changing the relative humidity (RH) 

accordingly. Temperature and RH were monitored and recorded every 10 min by means of mini 

sensors equipped with a data logger (Testo 174H). All other microclimate parameters and 

agricultural practices were the same in the two consecutive experiments. The lighting system was 

an RGB LED panel, with a light intensity of 315 PPFD µmol mī2 sī1 at the canopy level (12 h 

photoperiod; 13.6 daily light integral, DLI). Daily rotation of the trays was performed to ensure 

homogenous light and humidity across the shelf surface. Plants were daily weighted to assess the 

loss of water by transpiration (DTR) and were re-watered to field-capacity. Evaporation losses from 

the substrate were minimized by covering the substrate with a plastic film. Plant growth was 

assessed by imaging, measuring canopy total area every day, and counting the number of leaves. 
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Furthermore, dry weight was recorded at the beginning and at the end of both trials. These 

measurements were used to reconstruct the daily total edible biomass (TEB). Changes in leaf 

temperature were monitored with an infrared thermometer on three leaves per plant (H-1020; 

Helect). These measurements were averaged and used instead of T in Equation (10) of the MEC 

model, to obtain more precise information of the leaf-to-air VPD which influences stomata 

conductance the most. After 23 days, on fully developed leaves, eco-physiological analyses in terms 

of gas exchanges (LCA 4; ADC BioScientific Ltd., Hoddesdon, UK) and chlorophyll ñaò fluorescence 

(through the above-reported portable fluorimeter), were performed. Gas-exchange analyses were 

carried out on fully expanded leaves, using 9 replicates per condition to assess plants physiological 

behavior (PN and gs) in response to different VPD conditions. During the measurements PAR, RH 

and carbon dioxide concentrations were set at ambient value and the flow rate of air was set to 400 

mL sī1. PN and gs values were averaged and also used to evaluate the corresponding model 

prediction performances.  

  

 

Figure 2. Climatic growth chamber with sensors used for the two cultivation trials (Low and High VPD) of green 
and red-leaf lettuce.  

 

5.3.5 Model Structure and Parameter Identification: The results of the experiments conducted to 

retrieve CQY temporal pattern suggested the opportunity to redesign the MEC model by modifying 

the temporal variability of some key parameters, without increasing the model complexity. Indeed, 

fundamental model outputs like TEB and PN, directly depend on these key parameters, which 

temporal patterns are influenced by the VPDs levels (nominal and off-nominal) and often result to 

be cultivar-specific [13]. Based on Equations (1)ï(12), the three variables A, CQY, and CUE were 

reduced to the variable Ŭ = CUE·A·CQY and ɓ = A·CQY. The developmental stages observed for 

CQY were then assumed to be valid also for Ŭ and ɓ, i.e., under the assumption of functional 

similarity between the variables involved, as also suggested by other studies [36ï39]. The key 

temporal parameters, explaining the different development for Ŭ and ɓ, were set equal to those 
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observed for CQY. The other parameters, identifying the minimum and maximum values for Ŭ and 

ɓ, were calibrated by minimizing the root mean square error (RMSE) of the predicted DTR with 

respect to the corresponding observations over the entire simulation period, with the generalized 

reduced gradient optimization algorithm. The calibrated model was then validated against TEB 

measured over the entire simulation period. Simulated and modelled gs and PN were also compared 

on day 23 after transplanting (DAT), the day of the experiment when gas exchange analyses were 

performed to experimentally determine PN and gs. Calibration and validation were performed for 

each of the four examined scenarios: green lettuce under nominal VPD conditions (G-N); green 

lettuce under off-nominal conditions (G-ON); red lettuce under nominal VPD conditions (R-N); red 

lettuce under off-nominal conditions (R-ON).   

The statistical performance indices for CQY, DTR and TEB were the linear correlation between 

predictions and observations (r), the average difference between prediction and observation (BIAS), 

the root mean square error (RMSE) and the ratio of performance to deviation (RPD). BIAS and 

RMSE were computed as follows:  

  

(13) 

 (14) 

where N is the number of simulation days considered for the computation of the performance 

index, XὴȟὮ is the prediction on the j-th day, ὢo,j is the observation day on the j-th day, averaged among 

the 9 sample plants for each examined scenario. Meanwhile, the RPD was calculated as the ratio of 

the standard deviation of the experimental data to the standard error of the model predictions. 

Although considered redundant by some authors [40], it has been suggested that RPD > 3 are good 

for screening purpose, RPD > 5 are suitable for quality control and RPD values > 8 are considered 

optimal for every kind of analytical application [41]. The model performance for PN and gs were 

assessed by the relative BIAS, i.e., the BIAS normalized by the corresponding average measured 

value on the 23rd DAT.  

5.4 Results   

5.4.1 Model Equations and Parameters: Results from fluorescence analyses on green- and red-

leaf lettuce plants are reported in Figure 3. In both cultivars, top leaves always presented the highest 

values followed by medium leaves, while the lowest values were recorded in the bottom leaves. 

ὄὍὃὛ=
В Xὴ,Ὦ-ὢo,j
ὔ
Ὦ= 1

ὔ
 1 

RMSE=
В Xὴ,Ὦ-ὢo,j

2ὔ
Ὦ= 1

ὔ
 1 
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Based on the analyzed experimental data, in green-leaf plants, we distinguished three stages in 

CQY temporal patterns:  

A period of CQY monotonically increasing, starting from the initial leaf lamina development till the 

beginning of the maturity stage (tMi).  

A period of stationary CQY, during plant maturity.  

A period of CQY monotonically decreasing, during senescence.  

Furthermore, for the red-pigmented lettuce, the first phase was preceded by a period of stationary 

CQY.   

In the light of these considerations, instead of Equation (1), we designed a new mathematical relation 

to analytically describe the temporal evolution of CQY, consistently with the experimental data. The 

first stage was modelled by a linear equation, that fits the observed data between the initial time of 

development (tD) and maturity (tMi). The second stage was modelled by constant value, with CQY 

= CQYMAX, from tMi till end of maturity (tM). The third stage was modelled by a linear decreasing 

equation, between tMi and the time tS, corresponding to the end of the senescence period, with CQY 

= CQYS. The third stage is not relevant from a practical perspective, since it is beyond the time of 

harvesting, which coincides with tM. Moreover, for the red-leaf cultivar, the initial period of stationary 

CQY was modelled by a constant value, with CQY = CQYMIN, from the first day after transplanting till 

tD. This stage is only relevant for the red lettuce, with tD = 8 days, since green lettuce does not 

present this ñadaptationò period (i.e., tD = 1). As illustrated in Figure 3, the other relevant times tMi 

and tM resulted to be equal to 16 and 23 for all examined scenarios and leaves.   
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Figure 3. Profiles of CQY for top (a,d), medium (b,e) and bottom (c,f) leaves in the green- (aïc) and red-leaf 
(dïf) lettuce cultivars; model simulations (line) and experimental data (dots) are reported. Three different 
phases are identified: (1) a linear increasing; (2) a constant maturity; (3) a decreasing senescence plus an 
initial phase of stationary CQY for red-leaf plants. All data referred to 30 days after transplanting (DAT).  

As shown in Table 1, predicted CQY BIAS was close to zero, while RMSE varied from 0.028 to 0.072 

for green- and 0.020ï0.021 for red-leaf lettuce. However, the linear correlation between observed 

and predicted CQY was high in all conditions, always being larger than 0.92. Furthermore, the values 

for RPD always showed values around 5, indicating the robustness and reliability of CQY prediction 

model.   

Table 1. BIAS, root mean square error (RMSE), linear correlation (r) and ratio of performance to deviation 
(RPD) for CQY of PSII of green- (G) and red-leaf (R) lettuce cultivars for top-t, medium-m, and bottom-b leaves.  

    

  BIAS  RMSE  r  RPD  

G-t  ī0.029  0.072  0.93  5.60  

G-m  ī0.027  0.065  0.96  5.61  

G-b  ī0.03  0.028  0.99  5.32  

R-t  ī0.05  0.021  0.99  5.44  

R-m  ī0.05  0.021  0.99  5.43  

R-b  ī0.05  0.020  0.99  5.23  
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In accordance with the assumptions stated in Section 2.5, variables Ŭ and ɓ were modelled to change 

in time according to the following relation:   

ɉ = ɢMIN     for t Ò tD  

ɢ = ɢMIN + (ɢMAX ī ɢMIN) (t ī tD)/(tMi ī tD)  for tD Ò t < tMi   

ɢ = ɢMAX      for tMi Ò t < tM  (15)  

where ɢ denotes the generic variable (either Ŭ or ɓ), while ɢMIN and ɢMAX the corresponding 

minimum and maximum values. Parameters Ŭmin, Ŭmax, ɓmin and ɓmax were derived from 

experimental gas-exchange and chlorophyll ñaò fluorescence measurements performed in the growth 

chamber experiment. These parameters were therefore differentiated for the nominal and off-

nominal scenarios and for green and red lettuce cultivars, since these cultivars showed different 

behaviors under the same growth conditions. Afterwards, these parameters were calibrated by 

minimizing the RMSE with respect to the measured DTR values. Table 2 presents the complete list 

of model parameters, including: parameters defined by the experimental setting (E), those set 

according to literature data (L1 and L2), those calibrated by means of the CQY experiments (C1), 

and those calibrated by means of the DTR measurements during the chamber growth experiments 

(C2).  

Table 2. Parameters used to validate the modified MEC model.  

Parameter  Definition  Value  Source  
H  Photoperiod (hours)  12  E  
PPFD  Photosynthetic photon flux  315  E  
BCF  Biomass carbon fraction  0.4  L1  
XFRT  Fraction of DCG allocated to edible biomass  0.95  L1  
OPF  Oxygen production fraction (mol O2) (mol C)ī1  1.08  L1  
gA  Aerodynamic conductance for water vapor transfer  2.5  L2  
tD  Red lettuce initial time of development (days)  8  C1  
tMi  Initial time of maturity (days)  16  C1  
tM  Time of harvesting (days)  23  C1  

Ŭmin  

G-N  0.007  C2  
R-N  0.007  C2  
G-ON  0.003  C2  
R-ON  0.003  C2  

Ŭmax   

G-N  0.017  C2  
R-N  0.021  C2  
G-ON  0.010  C2  
R-ON  0.011  C2  

ɓmin   

G-N  0  C2  
R-N  0.022  C2  
G-ON  0.049  C2  
R-ON  0.036  C2  

ɓmax  

G-N  0.045  C2  
R-N  0.028  C2  
G-ON  0.056  C2  
R-ON  0.060  C2  
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In the source column: C1 = calibrated with CQY experiments as illustrated in Section 2.3, C2 = calibrated with 
chamber growth experiment as illustrated in Section 2.4; E = experimental setting, L1 from [15], and L2 from 
[13].  

5.4.2 Model Performance: From our results, it is evident how DTR, TEB, gS, and PN followed similar 

trends in green- and red-leaf lettuce cultivars grown under both nominal and off-nominal conditions, 

but with different absolute values and magnitude of changes during the cultivation cycles. Figure 4 

shows the observed and predicted DTR values after model calibrations. The irregular pattern of DTR 

with time, is due to high sensitivity of DTR to slight perturbations in VPD levels during the diurnal 

hours of experiment. This sensitivity was higher under off-nominal conditions. Indeed, the model was 

able to reproduce the observed DTR under nominal conditions better than under off-nominal 

conditions. As reported in Table 3, under nominal conditions, predicted DTR BIAS was almost null, 

while RMSE was 0.09 L mī2 and 0.10 L mī2 for green- and red- leaf lettuce, respectively, i.e., less 

than 20% of the average DTR observed during the entire experiment. Under off-nominal condition, 

DTR BIAS was still low (max 0.04 L mī2 for red-leaf lettuce) but the RMSE increased to 0.21 L mī2 

for the green lettuce and to 0.35 for the red lettuce. These RMSE values were still acceptable, since 

they are below the 30% of the observed DTR. The linear correlation between observed and predicted 

DTR was almost always high (larger than 0.70), except for the R-ON scenario which exhibited a 

linear correlation equal to 0.56. However, the RPD values varied from 5.10 to 6.40 for nominal 

conditions and 5.25 to 5.34 for off-nominal conditions. Being always higher than 5, the RPD overall 

indicates a good quality of the model predictions.  
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Figure 4. Profiles of DTR (Daily transpiration) for green- (G) (a,b) and red-leaf (R) (c,d) plants under nominal 
(N) (a,c) and off-nominal (ON) (b,d) scenarios; model simulations (line) and experimental data (dots) are 
reported.  

Table 3. BIAS, root mean square error (RMSE), linear correlation (r) and ratio of performance to deviation 
(RPD) for Daily Transpiration Rate (DTR) of green- (G) and red-leaf (R) lettuce cultivars grown under nominal 
(N) and off-nominal (ON) conditions.  

  
BIAS  

(L mī2)  

RMSE  

(L mī2)  
  r RPD  

G-N  0.001  0.09  0.95  5.10  

G-ON  ī0.012  0.21  0.71  5.25  

R-N  0.000  0.10  0.74  6.40  

R-ON  ī0.040  0.35  0.56  5.34  

 

    

The calibrated model was validated with the observed total edible biomass (TEB), representative of 

the lettuce daily growth. Total edible biomass was also influenced by VPD conditions: plants under 

nominal condition developed more biomass than those grown under off-nominal scenarios, both in 

green- and red-leaf lettuce cultivars (Figure 5). The temporal evolution of TEB was more regular and 

less sensitive to the perturbations of the experimental settings. The TEB predictions curves fully 

reflected what was expected by lettuce grown under those different VPD conditions, showing an 

almost linear increment in biomass till the time of harvesting (Figure 5). Furthermore, the predicted 

growth curves accurately simulated the lettuce biomass accumulation. In Table 4, BIAS, RMSE, r 

and RPD for the TEB are reported. The linear correlation coefficient (r) was always close to 1, BIAS 

varied in the range 0.19ï1.11 under nominal conditions, and 0.12ï0.40 under off-nominal conditions, 

whereas RMSE and RPD values varied in the range 4.46ï6.87 and 4.87ï5.00 under nominal 

conditions and 2.98ï3.60 and 4.88ï4.96 under off-nominal conditions, indicating a good reliability of 

model predictions. Overall, the results showed that the TEB prediction errors were always below 

10%.  
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Figure 5. Theoretical (line) and experimental (dots) profiles of TEB (Total edible biomass) for green- (G) (a) 
and red-leaf (R) (b) plants under nominal (N) and off-nominal (ON) scenarios; model simulations (line) and 
experimental data (dots) are reported.  

Table 4. BIAS, root mean square error (RMSE), linear correlation (r) and ratio of performance to deviation 
(RPD) for Total Edible Biomass (TEB) of green- (G) and red-leaf (R) lettuce cultivars grown under nominal (N) 
and off-nominal (ON) conditions.  

  
BIAS 

(g mī2) 

RMSE 

(g mī2) 
r RPD 

G-N  0.19  4.46  0.99  4.87  

G-ON  ī0.12  2.98  0.99  4.88  

R-N  1.11  6.87  0.99  5.00  

R-ON  0.40  3.60  0.98  4.96  

 

    

Figure 6 shows the box-plot distribution of the stomatal conductance (gS) as well as of the net 

photosynthesis (PN). Stomatal conductance and PN were significantly higher under nominal 

conditions compared to off-nominal, in both butterhead cultivars. Unfortunately, these data are only 

available for the 23rd DAT, when leaf gas-exchange analyses were actually performed. As illustrated 

in Table 5, gS relative BIAS (rBIAS) was equal to 39% and ī0.1% in green- and red-leaf lettuce, 

respectively; PN relative BIAS (rBIAS) was instead equal to 34.1% and ī10.7%. Under off nominal 

conditions, the predicted gS and PN were much less accurate: rBIAS for gS was 68.2% and 48.6% 
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for green- and red-leaf lettuce respectively, while rBIAS for PN was 75.9% and 70.9%. These larger 

overestimations of gS and PN testifies the limit of some empirical formulations (e.g., Equation (10)) 

adopted by the MEC model to reproduce the impact of off-nominal conditions on the stomatal 

conductance.  

    

 

Figure 6. Box-plot distribution of gs (Stomatal conductance) (a) and of PN (Net-photosynthesis) (b) for green 
(G) and red (R) plants under nominal (N) and off-nominal (ON) scenarios. Experimental data referred to 23 
DAT.  

Table 5. Relative BIAS (rBIAS) and model predictions of stomatal conductance (gs) and net photosynthesis 
(PN), for green- (G) and red-leaf (R) lettuce cultivars grown under nominal (N) and off-nominal (ON) conditions. 
All data are referred to 23 DAT.  

  DAT  rBIAS gs  
Predicted gs  
(mol mī2 sī1)  

rBIAS PN  
Predicted PN  
(µmol CO2 mī2 sī1)  

G-N  23  39.4%  0.26  34.1%  9.80  

G-ON  23  68.2%  0.13  75.9%  10.38  

R-N  23  ī0.1%  0.21  ī10.7%  7.79  

R-ON  23  48.6%  0.13  70.9%  11.12  

 

5.5 Discussion and Conclusions: The proposed version of the MEC model, validated against 

experimental data on green- and red-leaf lettuce cultivars, grown under both nominal (low VPD) and 

off-nominal (high VPD) scenarios, proved to be reliable in predicting crop growth and transpiration 

rate. All previous versions of the MEC model considered CQY and CUE to be constant during plant 

growth [12,24,26,27]. This assumption for CQY and CUE constant behavior is not consistent with 

recent literature in which contrasting results on the topic are reported. For instance, in rice, Xu et al. 

(2019) [39] observed a decline in photosynthetic rate, dark respiration and quantum yield according 

to leaf aging. In the latter study, both parameters rapidly increased to a maximum around 15 days, 

to linearly decline as a response to plant aging. Similar findings were also reported in a study on 
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Rhododendron maximum L., were the decline of CQY during leaf aging was exacerbated by the 

exposure to high light intensity [42]. The issue is even more complex for CUE, since the carbon use 

efficiency has been less characterized for horticultural plants and little information exists for lettuce 

under different environmental conditions [31]. Although many models still rely on a fixed value of 

CUE set around 0.5 [43,44], this topic has been questioned and more studies contrasting this theory 

have been reported. For example, Winzeler et al. (1976) [45] showed that CUE of barley increased 

during the early phases of the growing cycle, while a decrease was reported during the second half 

of the cultivation period. In forest species, Amthor (2000) [46] showed that CUE is reported to vary 

sharply with aging, within and among different species and environmental conditions, due to different 

respiratory needs for growth and maintenance [37,46]. Indeed, it should be noted that CUE 

represents how efficiently a plant incorporates carbon into biomass and can be defined as follows:  

CUE = DCG/PG = (PN ī RD)/(PN + RN)  (16)  

where RD and RN are the daylight and night respiration, respectively.  

Thus, a constant CUE would indicate that plants always present a constant positive respiration rate 

and that changes in photosynthetic activity would determine limited variations in growth and 

respiration, both these scenarios being quite unlikely [36]. Many studies have found that changes in 

the respiration rate during the plant growth cycle are species/cultivar-specific and maintain similar 

trends as net photosynthesis [38,39,47]. Furthermore, the situation can be different for the same 

plant species under different environmental conditions. Plant growth under near-optimal conditions 

have been reported to have smaller changes in CUE than plant grown under limited conditions, 

because the relative growth rate, higher under optimal conditions, would minimize the effect of 

maintenance respiration coefficients on the carbon use efficiency [36]. Given these uncertainties in 

the determination of CUE and the observed variability for CQY, in the present study, we suggested 

a modified version of the MEC model structure, by aggregating the variables A, CUE, CQY into two 

variables (Ŭ and ɓ) and by assuming for these two variables the same temporal patterns observed 

for CQY till maturity, under the assumption of physiological similarity. Thus, the number of model 

parameters to be calibrated was reduced to four. The calibration was performed against the DTR 

data, while the remaining TEB gs and PN experimental data were used for validation. In the present 

study, we proved that in lettuce a temporal pattern exists in CQY changing during plant aging. 

Furthermore, our findings highlighted differences between green- and red-leaf lettuce plants. More 

specifically, a first stage of stationary CQY was observed just for the red óSalanovaô lettuce. This 

period could be attributed to the time required by this red-pigmented cultivar to adapt to the new 

environmental condition after transplanting. Indeed, green and red Salanova lettuce, although 

belonging to the same species, have been proven to have a different behavior even under the same 

environmental conditions. For instance, under both nominal and off-nominal conditions, red-leaf 

lettuce exhibited highest values of net photosynthesis, stomatal conductance, as well as a higher 
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value of edible biomass [13]. Therefore, it was interesting to observe that all leaves of both green 

and red lettuce plants, notwithstanding the position inside the canopy level (top, medium, bottom), 

exhibited the same timing for CQY variation, except for the initial time of development (tD). The time 

tD in red lettuce corresponds with the time of canopy closure (tA), which was also observed to be 

equal to eight days for both green and red Salanova. Thus, it is feasible that the red cultivar requires 

an initial time interval for adapting after the transplant. However, red plants completely recover from 

their initial ñdelayò by reaching CQYMAX at time tMi = 16 days, as it occurs for green-leaf lettuces, 

also showing the highest values of net photosynthesis, stomatal conductance and edible biomass, 

overall suggesting a better physiological performance [48]. In our study, the experimental data and 

particularly TEB, gs and PN assumed the highest values under nominal condition, as a result of the 

lower evaporative demand. Under a high VPD (dry air), the evaporative demand increases, and 

plants try to counteract dehydration by closing their stomata, thus decreasing photosynthetic rates 

and stomatal conductance [5,49,50]. Indeed, under high VPD conditions, transpiration rates were 

enhanced, and a plant might lose water from tissues with negative consequences on the whole 

plantïhydraulic system. Thus, these plants require more water to reach the field-capacity, compared 

to those grown under nominal-conditions. Generally, the cultivation of crops under high VPD results 

in yield drop-off [51] and often in quality loss [52ï55], which are considered major problems for crop 

production. This calibrated model was able to reproduce the observed transpiration and biomass 

growth, under both nominal and off-nominal conditions. This capability of prediction could represent 

an added value for the cultivation management in CEA because it may allow the prediction of any 

yield loss, consequent to sudden changes in the microenvironment. Furthermore, the reliability in 

the model prediction concerning the daily transpiration rates could allow the set-up of a precise 

irrigation schedule, according to changes in the environmental condition, similarly to what is done in 

other agricultural sectors, by developing decision support systems (DSS) based on the optimal 

combination of sensors and prediction models [56]. However, the model tended to overestimate 

stomatal conductance and photosynthesis under off-nominal conditions. A feasible technical 

explanation to these overestimations is that the empirical model was initially calibrated only for 

nominal conditions and that a ñbig leafò approach is used to calibrate the model equations. A plant, 

especially when grown in a sub-optimal environment, triggers a cascade of biological processes 

leading to the development of leaves with different anatomical traits (especially those linked with 

conductance and hydraulics), thus influencing plant photosynthetic performance and the whole 

physiological behavior [57ï60]. Therefore, in this specific case, overestimation of stomatal 

conductance and photosynthesis, while maintaining comparable values of transpiration under off-

nominal conditions compared to nominal ones, can be explained by the lack of consideration of 

structural plasticity (e.g., mesophyll density and vein distribution) which can differentially establish 

the limits of different physiological processes [5]. In light of the above results, by applying this 

implemented version of the model to cultivation trials, it was possible to simulate variations in 
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environmental parameters which can be due to sensor failure, power loss, and other problems 

related to environmental control. The present modified version of the MEC model can simulate crop 

growth, photosynthesis, and transpiration over a different range of environments and is therefore 

suitable to be implemented in decision support systems (DSS) for forecasting variations triggered by 

anomalies in the environmental control. However, the model still has a ñbig-leafò approach and can 

therefore overestimate some processes happening at the crop morpho-physiological level. To 

increase the functionality of the model, a further step could be to modify the relation used to calculate 

gs and PN by considering morpho-physiological modifications that would affect plant gas exchanges 

under off-nominal conditions.  
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Abbreviations 

ALSs  Advanced life support systems  
AMAX  Maximum fraction of PPFD absorbed by the canopy  

BCF  Biomass carbon fraction  
BIAS  Average difference between prediction and observation  
BLSSs  Bioregenerative life support systems  
CEA   Controlled environment agriculture   

CGR  Crop growth rate (g mī2 dī1)  
CO2  Carbon dioxide (ppm)  
CQY  Canopy quantum yield  
CUE  Carbon use efficiency  
DCG  Daily carbon gain (mol C mī2 dī1)  
DLI  Daily light integral   
DOP  Daily oxygen production (mol O2 mī2 dī1)  
DTR  Daily canopy transpiration (mm dī1)  
gA  Aerodynamic conductance (mol mī2 sī1)  
gc  Canopy conductance (mol mī2 sī1)  
gs  stomatal conductance (mol mī2 sī1)  
H  Photoperiod  

IoT  Internet of things  
MEC   Energy cascade model  
MWc   Carbon molecular weight (12 g molī1)  
MWW  Water molecular weight (18 g molī1)  
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O2  Oxygen (ppm)  
PATM  Atmospheric pressure (kPa)  
PG  Gross photosynthesis (ɛmol CO2 mī2 sī1)  
PN   Net photosynthesis (ɛmol CO2 mī2 sī1)  
PPFD  Photosynthetic photon flux density (µmol photon mī2 sī1)  
PSII  Photosystem II  
RD  Day respiration (ɛmol mī2 sī1)  
RH  Relative humidity (%)  
RMSE  Root mean square error  
RN  Night respiration (ɛmol mī2 sī1)  
SPAC  Soil-plant-atmosphere-continuum  
T  Temperature (°C)  
tA  Time at canopy closure  
tD  Initial time of development   

tE  Onset of edible biomass   

TEB  Total edible biomass (g mī2)  

tM  Time of harvesting  
tMi  Initial time of maturity  

tQ  Time of the onset of senescence  

TS  Time of senescence  

VPD  Vapour pressure deficit (kPa)  

XRTF  Partitioning coefficient for the edible biomass  

ɟW  Water density (100 g Lī1)  

Ŭ  product of A, CQY and CUE  

ɓ  product of A and CQY  
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Chapter 6 

Modulating Vapor Pressure Deficit in the Plant Micro-

Environment May Enhance The Bioactive Value of Lettuce 

 

Published Version: http://doi.org/10.3390/horticulturae7020032 

 6.1 Abstract: Growing demand for horticultural products of accentuated sensory, nutritional, and 

functional quality traits has been driven by the turn observed in affluent societies toward a healthy 

and sustainable lifestyle relying principally on plant-based food. Growing plants under protected 

cultivation facilitates more precise and efficient modulation of the plant microenvironment, which is 

essential for improving vegetable quality. Among the environmental parameters that have been 

researched for optimization over the past, air relative humidity has always been in the background 

and it is still unclear if and how it can be modulated to improve plantsô quality. In this respect, two 

differentially pigmented (green and red) Salanova® cultivars (Lactuca sativa L. var. capitata) were 

grown under two different Vapor Pressure Deficits (VPDs; 0.69 and 1.76 kPa) in a controlled 

environment chamber in order to appraise possible changes in mineral and phytochemical 

composition and in antioxidant capacity. Growth and morpho-physiological parameters were also 

analyzed to better understand lettuce development and acclimation mechanisms under these two 

VPD regimes. Results showed that even though Salanova plants grown at low VPD (0.69 kPa) 

increased their biomass, area, number of leaves and enhanced Fv/Fm ratio, plants at high VPD 

increased the levels of phytochemicals, especially in the red cultivar. Based on these results, we 

have discussed the role of high VPD facilitated by controlled environment agriculture as a mild stress 

aimed to enhance the quality of leafy greens.  

Keywords: Air humidity (RH); Lactuca sativa L. var. capitata; Controlled Environment Agriculture 

(CEA); bioactive compounds; leaf gas exchange; minerals profile; genetic material 
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6.2 Introduction: Air humidity (RH), and more specifically the Vapor Pressure Deficit (VPD), is one 

of the most important microclimate factors affecting plant transpiration rate in Controlled Environment 

Agriculture (CEA). Consequently, VPD affects all physiological and biochemical processes 

associated with the transpiration, such as: water balance, cooling, gas-exchange, and ion 

translocation, thus affecting plant growth and productivity [1,2]. It is well established that plants grown 

under a reduced VPD (high RH) enhance carbon gain by opening their stomata, usually improving 

at the same time, dry matter production [3]. Moreover, plants enhance growth under high RH levels, 

as long as the transpiration rate is still enough to support the uptake and distribution of essential 

macronutrients (Ca2+, Mg2+, K+) and phytohormones (auxin, cytokinin) [4]. Furthermore, in lettuce, 

high air humidity, especially during night, appears to prevent Ca2+ deficiency, a common 

physiological disorder known as tipburn, which negatively affects the nutritional quality and 

marketability of the product [5]. Under high VPD levels (low RH), plants try to avoid dehydration and 

water loss by closing their stomata, which negatively affect photosynthetic efficiency, thus 

determining a major reduction in plant growth and yield [6,7]. Nevertheless, high VPD in indoor 

cultivation has proven to enhance vegetable quality, for example increasing ascorbate, lycopene, ɓ-

carotene, rutin, and caffeic acid concentrations in greenhouse tomato, often connected to high 

irradiance during sunny hours when greenhouses are subjected to high VPD [6,8]. In greenhouse 

cherry tomato cv. Naomi, Rosales et al. [9] found an increment in ascorbic acid synthesis in plants 

grown under high VPD levels (2-3 kPa), probably due to the occurrence of oxidative stress [10,11]. 

This is consistent with other ñcontrolledò stress like drought or salinity that, if moderately applied to 

plants, can increase product quality [12,13]. For instance, Favati et al. [14] found improved quality of 

tomato fruit subjected to deficit irrigation, in particular due to the enhancement of ascorbic acid and 

ɓ-carotene. Moreover, controlled drought stress increased the levels of carotenoids in edible organs 

of pepper and carrot as well as the levels of sugars in tomato and cucumber fruits [12]. 

Notwithstanding the positive outcomes of recent research, little is known about the effects of VPD 

modulation on leafy greens nutritional and functional quality. Indeed, humidity is one of the most 

difficult environmental factors to control in CEA (instrumentally and economically), thus often being 

neglected by growers [6]. However, over the past two decades there has been a growing demand 

for high quality horticultural products [13,15], with consumers always looking for fresh and high 

nutritional food [16]. Bioactive compounds, also known as phytochemicals, are already present in 

leafy green vegetables and especially in lettuce, where red-leaved cultivars present very high content 

of vitamin C, polyphenols and antioxidant activities compared to their green counterparts [17,18]. 

Phytochemicals-rich-food are in great demand due to their ability to reduce the risk of cardiovascular 

diseases, some forms of cancer, and stimulate cognitive health against age-related problems [19]. 

Even though the genetic material (i.e., genotype) is the principal factor in determining how much 

phytochemicals a plant will accumulate during its life cycle, the influence of microclimatic factors 

affecting greenhouse and indoor growing modules vegetables, cannot be neglected. Several 
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scientific papers have been published regarding genotype, and microclimate (e.g., air and root zone 

temperature, light quantity, and quality) effects on the quality of controlled environments vegetables 

[20,21], whereas the effects of VPD on leafy greens quality is still poorly explored.  

In light of the foregoing, the aim of the current study was to assess how the modulation of VPD 

influences the nutritional and functional quality of green and red-leaved lettuce (Lactuca sativa L. 

var. capitata). For this purpose, a growth chamber experiment under controlled climatic conditions 

was conducted, growing plants under two different VPDs (0.6 kPa and 1.7 kPa), considered 

respectively low- and high- VPD. The development of lettuces in terms of anatomical structure of the 

leaf lamina, plant growth, as well as some plant physiological responses (Fv/Fm ratio and chlorophyll 

content) were examined. Treatments were compared in terms of leaf colorimetry coordinates, 

antioxidant activity, minerals profile, polyphenols, and total ascorbic acid content.  

6.3 Materials and Methods 

6.3.1 Experimental Design, Lettuce Genotypes, and Controlled Growing Conditions: The 

experiment was carried out on two butterhead Salanova® lettuce cultivars (Lactuca sativa L. var. 

capitata), with green and red leaves. Two-week old transplants were purchased from a local provider 

and grown at the Department of Agricultural Sciences (University of Naples Federico II, Italy) in two 

consecutive cycles, in a growth-chamber (KBP-6395F, Termaks, Bergen, Norwey) equipped with a 

Light-Emitting Diode (LED) panel unit (K5 Series XL750, Kind LED, Santa Rosa, CA, USA), with an 

emission wavelength range of 400ï700 nm. The two cultivation cycles were identical in terms of 

agricultural practices and microclimatic conditions (light intensity, quality, photoperiod, air, and zone 

temperature), except for the VPD levels. More specifically, the first cycle was performed under an 

average VPD of 0.69 kPa and the second under a VPD of 1.76 kPa. The two VPDs were achieved 

keeping air temperature (T) at 24 ± 1° C and changing the RH accordingly. RH and T were controlled 

by the growth chamber and monitored inside the chamber by means of mini-sensors (Testo 174 H), 

equipped with a data-logger which collected data every 15 min. In each cycle, 9 green and 9 red 

Salanova lettuces were transplanted into plastic trays (14 × 19 × 6 cm: W × L × D) on peat:perlite 

substrate (1:1 v/v). Daily rotation of the trays was performed to ensure homogenous light and 

humidity across the shelf surface. Plants were grown for 23 days under a red-green-blue (RGB) light 

of 315 µmol mī2 sī1, 12 h photoperiod (13.6 Daily Light Integral; DLI). All plants were fertigated to 

field capacity with a modified Hoagland solution (8.2 mM N-NO3ī, 2.0 mM S, 2.7 mM K+, 5.8 mM 

Ca2+,1.4 mM Mg2+, 1.0 mM NH4+, 15.0 ɛM Fe, 9.0 ɛM Mn, 0.3ɛM Cu, 1.6 ɛM Zn, 20 ɛM B, and 0.3 

ɛM Mo), resulting in an electrical conductivity of 1.4 dS mī1 and a pH of 5.8. 

6.3.2 Plant Growth Parameters, Biomass Production, and Leaf Colorimetry: Harvesting of all 

experimental units was performed 23 days after transplanting (DAT). Before harvesting, each plant 

was photographed from the top and digital images were used to assess plant total area (PA) through 

ImageJ 1.45 software (U.S. National Institutes of Health, Bethesda, MD, USA). The number of leaves 
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(LN) was counted for all plants, which were then weighted to determine the above-ground fresh 

biomass (FB). For the dry biomass (DB) determination, samples of fresh leaf tissues (about 15 g per 

plant) were oven-dried at 70 °C for 3 days, until they reached a constant weight. On the harvesting 

day, leaf color was measured on the upper part of three representative leaves per plant, using a 

Minolta CR-300 Chroma Meter (Minolta Camera Co. Ltd., Osaka, Japan). The meter was calibrated 

with the standard white plate before measurements. Leaf chromaticity was performed following the 

Commission Internationale de lôEclairage and expressed as: lightness (L*), b* (+b* yellowness) used 

to calculate chroma (C* = (a*2 + b*2)1/2) and Hue angle (H° = arctan (b*/a*)). 

6.3.3 Anatomical Analyses of Leaves: At 23 DAT, one complete life-span leaf per plant was 

collected from the median part of the canopy and promptly stored in F.A.A. fixative solution (40% 

formaldehyde, glacial acetic acid, 50% ethanol, 5: 5: 90 by volume). Each leaf was dissected to 

remove the apical and basal portions, while keeping the median region of the lamina. 5 Ĭ 5 mm 

portions of the leaf lamina were dehydrated in an ethanol series (50, 70, and 95%) and embedded 

in the JB4 acrylic resin (Polysciences, USA). Thin cross sections (5ɛm thick) were cut by means of 

a rotary microtome, stained with 0.025% toluidine blue [22] and mounted with mineral oil for 

microscopy. Sections were analyzed under the BX60 transmitted light microscope (Olympus, 

Germany), and digital images were collected and analyzed through the Olympus AnalySIS software 

(AnalySIS 3.2, Olympus). The following functional anatomical traits were quantified: upper and lower 

epidermis thickness (UET; LET) (ɛm); palisade parenchyma thickness (PT) (ɛm); spongy 

parenchyma thickness (ST) (ɛm); total leaf lamina thickness (LT) (ɛm) and percentage of 

intercellular spaces (IS) (%). All the thickness measurements were taken in 6 positions along the 

lamina, avoiding veins and damaged areas. The IS was measured as percentage of area occupied 

by intercellular spaces over a given surface of parenchyma, in three regions of the leaf lamina, as 

reported in [23].  

6.3.4 Mineral Composition in Leaf Tissue: Dried material was used for the evaluation of mineral 

leaf composition in terms of cations (K+, Mg2+, Ca2+, Na2+), anions (NO3
-, SO4

2ī, PO4
3ī) and acids 

(malate, tartrate, citrate, isocitrate). Dried leaves (0.25 g per replicate) were suspended in 50 mL of 

ultrapure water (Milli-Q, Merk Millipore, Darmstadt, Germany), frozen and then shook for 10 min in 

a water bath (ShakeTemp SW22, Julabo, Seelbach, Germany) at 80 °C. The mixture was then 

centrifuged at 6000 rpm for 10 min (R-10M, Remi Elektrotechnik, India) and the supernatant, was 

filtered to 0.45 Õm, and stored at ī20 ÁC until analysis. Anions and cations were separated and 

quantified by ion chromatography equipped with a conductivity detection (ICP 3000 Dionex, Thermo 

fisher Scientific Inc., MA, USA).  

6.3.5 Extraction and Quantification of Total Ascorbic Acid, Polyphenols, Lipophylic, and 

Hydrophilic Antioxidant Activities: All phytochemical analyses were performed on 9 green and 9 

red Salanova lettuces (one leaf per replicate). Total ascorbic acid (TAA) was assessed 
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spectrophotometrically based on the protocol of Kampfenkel, Montagu, and Inze [24]. The phenolic 

content (PH) was determined using the Folin-Cicolteau procedure [25] using gallic acid (Sigma 

Aldrich Inc, St Louis, MO, USA) as a standard. The hydrophilic antioxidant activity (HAA) was 

measured using N, N-dimethyl-p-phenylenediamine (DMPD) method [26], whereas the lipophilic 

antioxidant activity (LAA) was measured following the ABTS method [27].  

6.3.6 Soil Plant Analysis Development Index and Chlorophyll a Fluorescence Emission: At 12 

and 23 DAT (middle and final point of experiments), the Soil Plant Analysis Development (SPAD) 

index was measured on 9 fully expanded leaves per condition by means of a portable chlorophyll 

meter SPAD-502 (Konica Minolta, Japan), avoiding major veins, leaflet margins, and damaged 

areas. On the same dates, measurements of leaf chlorophyll ñaò fluorescence emission, were 

performed on the same leaves to calculate the maximum quantum efficiency of PSII photochemistry 

(Fv/Fm) on 30ǋ dark-adapted leaves, with a portable fluorometer, equipped with a light sensor (ADC 

BioScientific Ltd., Hoddesdon, United Kingdom).  

6.3.7 Statistics: Data were initially subjected to a two-way analysis of variance (ANOVA). 

Interactions between cultivar and VPD (C x VPD) were further addressed through specific one-way 

ANOVA and treatment means were compared using Duncanôs multiple range test performed at p Ò 

0.05 using the SPSS 20 software package (IBM, Armonk, NY, USA). Moreover, multivariate analysis 

was used to perform an agglomerative hierarchical cluster analysis (HCA) of the data sets. For HCA, 

the paired group (UPGMA) and Euclidean distances were used for clustering. Results of HCA were 

displayed as a tree-shaped dendrogram, where the horizontal distance between clusters 

represented data dissimilarity, and a heat-map, through the web tool (Clustvis; 

https://biit.cs.ut.ee/clustvis/). 

6.4 Results 

6.4.1 Plant Growth Parameters, Biomass Production, and Leaf Colorimetry: As presented in 

Table 1, cultivar and VPD had a significant effect on Salanova plant area (PA), leaves number (LN), 

fresh biomass (FB), dry biomass (DB), as main factors and in interaction. More specifically, red 

cultivar (R) presented higher values of all growth parameters (PA, FB, DB) enhanced by 10, 11, and 

4%, with an exception made for LN. At the same time, 0.69 kPa increased all growth parameters 

(PA, LN, FB, FB) by 17, 12, 15, and 47%, always showing highest values in red cultivar (0.69 R), 

followed by 0.69 G, 1.76 R, and 1.76 G. Leaf colorimetry parameters were also influenced by C and 

VPD as main factors and by their interaction (C × VPD). In this case, b*, leaf brightness (L*) and 

Chroma were higher in G cultivar by 91, 54, and 23% and Hue in R cultivar (82%). Whereas 0.69 

kPa elicited increments in b* Chroma and Hue (41, 83 and 23%), while 1.76 kPa enhanced L* (32%). 

Concerning the interaction, the three colorimetry coordinates had a completely different trends 

among treatment, with increments in L* in 1.76 G followed by 0.69 G, 1.76 R, and 0.69 G. b* and 
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chroma values incremented in 0.69 G followed by 1.76 G, 0.6 R, and 1.76 R; whereas Hue values 

increased in 0.69 R followed by 1.76 R and 0.69 G. 

Table 1. Growth analyses consisting of plant area (PA), leaf number (LN), fresh biomass (FB), dry Biomass 
(DB), and leaf colorimetry coordinates (L*, Chroma and Hue angle) in green (G) and red (R) lettuce plants 
grown under the two Vapor Pressure Deficit (VPD) levels (0.69 and 1.76 kPa). 

  

 
PA 

(cm2 Plantī1) 
LN 

(no. Plantī1) 
FB 

(g Plantī1) 
DB 

(g Plantī1) 
b * L * Chroma Hue 

Cultivar         

G 196 ± 1.02 b 51.9 ± 0.72 a 33.2 ± 0.50 b 3.60 ± 0.03 a 40.3 ± 1.21a 49.4 ± 0.46 a 28.1 ± 0.44 a 107 ± 4.46 b 

R 214 ± 0.37 a 49.3 ± 0.81 b 36.8 ± 0.29 a 3.75 ± 0.02 a 3.62 ± 0.78 b 22.7 ± 0.47 b 21.5 ± 0.45 b 195 ± 3.34 a 

VPD         

0.69 kPa 224 ± 1.01 a 53.9 ± 0.76 a 37.9 ± 0.48 a 4.80 ± 0.06 a 28.8 ± 1.16 a 34.0 ± 0.33 b 42.3 ± 0.62 a 171 ± 3.15 a 

1.76 kPa 186 ± 0.33 b 47.3 ± 0.77 b 32.1 ± 0.31 b 2.55 ± 0.03 b 17.1 ± 0.88 b 38.1 ± 0.34 a 7.24 ± 0.66 b 132 ± 2.02 b 

Int.         

0.69 G 211 ± 0.17 b 53.4 ± 0.24 a 35.6 ± 0.17 b 4.75 ± 0.02 a 44.5 ± 0.81 a 48.5 ± 0.42 b 46.2 ± 0.74 a 106 ± 0.44 c 

0.69 R 237 ± 0.03 a 54.4 ± 0.40 a 40.4 ± 0.22 a 4.85 ± 0.03 a 9.25 ± 0.80 c 19.5 ± 0.31 d 9.84 ± 0.73 c 236 ± 0.88 a 

1.76 G 180 ± 0.20 d 50.4 ± 0.25 b 30.8± 0.23 d 2.46 ± 0.01 b 36.2 ± 0.70 b 50.3 ± 0.77 a 38.3 ± 0.68 b 109 ± 0.28 c 

1.76 R 192 ± 0.21 c 44.2 ± 0.49 c 33.4 ± 0.07 c 2.66 ± 0.01 b -2.00 ± 0.16 d 25.9 ± 0.13 c 4.60 ± 0.11 d 154 ± 2.18 b 

Sig.         

C *** * *** NS *** *** *** *** 

VPD *** *** *** ** *** *** *** *** 

C × VPD *** *** *** *** * *** * *** 

All data are expressed as mean Ñ standard error. ***, **, *, NS refer to p Ò 0.001, 0.01, 0.05 and Non-significant, 
respectively. Lower case letters indicate the significant differences of the interaction. 

 

6.4.2 Morpho-Anatomical Analyses: As shown in Figure 1 the morpho-anatomical structure of the 

leaf lamina was not different among the four different combinations of cultivar and VPD. Cultivar and 

VPD alone showed no significant differences on Salanova lettuces morpho-anatomical parameters, 

with an exception made for LET where G cultivar showed an increment of 13% (Table 2). However, 

their interaction (C × VPD) elicited a significant difference in the upper and lower epidermis thickness 

(UET and LET). More specifically, UET was the highest in 0.69 G and the lowest in 1.76 G, while no 

significant differences were found in R cultivars between 0.69 and 1.76 kPa. Differently, LET was 

the highest in 0.69 R, followed by 0.69 G and was the lowest in 1.76 with no significant differences 

between G and R. 
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Table 2. Morpho-anatomical analyses consisting of upper epidermis thickness (UET), lower epidermis 
thickness (LET), palisade thickness (PT), spongy thickness (ST), lamina thickness (LT) and percentage of 
intercellular spaces (IS) in green (G) and red (R) lettuce plants grown under the two VPD levels (0.69 and 1.76 
kPa). 

 

 
UET  
(µm) 

LET  
(µm) 

PT 
(µm) 

ST 
(µm) 

LT  
(µm) 

IS  
(%) 

Cultivar       
G 23.4 ± 0.66 a 16.7 ± 1.03 a 97.3 ± 4.69 a 148 ± 6.29 a 287 ± 8.86 a 46.2 ± 2.87 a 
R 22.4 ± 1.05 a 14.8 ± 0.65 b 94.2 ± 3.71 a 149 ± 11.8 a 282 ± 11.3 a 45.3 ± 2.05 a 
VPD       
0.69 kPa 22.9 ± 0.64 a 15.4 ± 0.79 a 95.5 ± 5.06 a 146 ± 7.57 a 281 ± 8.76 a 45.6 ± 1.89 a 
1.76 kPa 22.8 ± 1.11 a 16.1 ± 0.74 a 95.9 ± 5.31 a 151 ± 9.15 a 287 ± 13.4 a 46.8 ± 2.50 a 
Int.       
0.69 G 24.2 ± 0.63 a 16.2 ± 0.79 ab 94.5 ± 3.10 a 144 ± 3.56 a  280 ± 4.85 a 44.2 ± 1.96 a 
0.69 R 22.7 ± 0.64 ab 17.2 ± 0.79 a  99.8 ± 3.93 a 152 ± 8.02 a 293 ± 11.73 a 44.9 ± 1.33 a 
1.76 G 21.7 ± 0.70 b 14.6 ± 0.48 b 96.5 ± 3.19 a  147 ± 5.47 a 281 ± 8.02 a 48.1 ± 1.83 a 
1.76 R 23.1 ± 0.82 ab 15.1 ± 0.52 b 92.1 ± 4.24 a 151 ± 7.56 a 282 ± 10.82 a 45.6 ± 1.35 a 
Sig.       
C NS * NS NS NS NS 
VPD NS NS NS NS NS NS 
C × VPD * * NS NS NS NS 

All data are expressed as mean Ñ standard error. ***, **, *, NS refer to p Ò 0.001, 0.01, 0.05, and Non-
significant, respectively. Lower case letters indicate the significant differences of the interaction. 

 

 

Figure 1. Light microscopy views of cross-sections of green (a,b) and red (c,d) leaf lamina of lettuces grown 
under the two VPD levels 1.76 (a,c) and 0.69 (b,d). Bar = 100 µm. 

6.4.3 Mineral Composition: Results from ion chromatography are showed in Table 3. Mineral 

content varied among treatments. More specifically, red cultivar enhanced the content of NO3
ī, 

Ca2+and malate by 22, 24, and 50%, whereas green cultivar enhanced the content of K+, tartrate, 
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and isocitrate by 20, 45, and 26%. No significant differences among cultivar were detected in the 

other minerals and organic acids. Differently 0.69 kPa enhanced the content of PO4
3ī, Ca2+, malate 

and tartrate by 24, 19, 53, and 25%, whereas 1.76 kPa enhanced the content of NO3
ī, SO4

2ī, and 

K+ by 9, 47, and 46%. No significant differences between 0.69 and 1.76 kPa were found in the other 

minerals and organic acids. Concerning the interaction (C x VPD), no significant changes were found 

in Na2+, Malate and Citrate. Whereas NO3
ī, SO4

2ī, and K+ followed the same trend with highest 

values in 1.76 G and no significant differences among the other treatments (0.69 G, 1.76R, 0.69 R). 

Furthermore, PO4
3ī showed highest content under 0.69 both G and R, followed by 1.76 R and 1.76 

G; Ca2+ content increased under 0.69 R, not showing any significant differences among other 

treatments; Mg2+ content increased under 0.69 R, followed by 1.76 G, 1.76 R, and 0.69 G; tartrate 

content was more elevated in 0.69 G, followed by 1.76 G, 1.76 R, and 0.69 R and isocitrate content 

presented highest values in G, with no significant differences between 0.69 and 1.76 kPa, followed 

by 1.76 R and 0.69 R.  
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Table 3. Minerals in leaves of green (G) and red (R) lettuce plants grown under the two VPD levels (0.69 and 1.76 kPa).  

 
NO3

- 
(mg/kg FW) 

PO4
3- 

(g/kg DW) 
SO4

2- 
(g/kg DW) 

K+ 
(g/kg DW) 

Ca2+ 
(g/kg DW) 

Mg2+ 
(g/kg DW) 

Na2+ 
(g/kg DW) 

Malate 
(g/kg DW) 

Tartrate 
(g/kg DW) 

Citrate 
(g/kg DW) 

Isocitrate 
(g/kg DW) 

Cultivar            

G 4013 ± 711 b 6.92 ± 0.73 a 2.01 ± 0.25 a 58.2 ± 2.36 a 14.7 ± 0.86 b 3.46 ± 0.74 a 3.36 ± 0.40 a 56.5 ± 4.82 b 3.64 ± 0.28 a 12.2 ± 1.86 a 0.23 ± 0.03 a 

R 4911 ± 625 a 7.44 ± 0.67a 1.78 ± 0.29 a 46.6 ± 5.54 b 18.3 ± 2.44 a 3.74 ± 0.64 a 4.11 ± 0.98 a 84.8 ± 8.60 a 1.98 ± 0.25 b 14.5 ± 1.31 a 0.17 ± 0.03 b 

VPD            

0.69 kPa 4513 ± 746 b 8.19 ± 0.36 a 1.53 ± 0.21b 42.6 ± 1.56 b 18.3 ± 1.15 a 3.56 ± 0.76 a 3.80 ± 0.56 a 92.6 ± 8.19 a 3.21 ± 0.26 a 13.7 ± 1.41 a 0.18 ± 0.03 a  

1.76 kPa  4911± 553 a 6. 24 ±1.39 b 2.25 ± 0.37a 62.2 ± 7.15 a 14.7 ± 1.87 b 3.64 ± 0.59 a 3.65 ± 0.66 a 43.3 ± 1.86 b 2.41 ± 0.28 b 12.9 ± 2.45 a 0.21 ± 0.03 a 

Int.            

0.69 G 3246 ± 556 d  8.18 ± 0.27 a 1.26 ± 0.13 b 37.5 ± 0.48 b 15.6 ± 0.27 b 3.04 ± 0.64 c 3.09 ± 0.24 a  76.5 ± 4.28 b 4.65 ± 0.22 a 13.4 ± 0.74 a 0.23 ± 0.02 a 

0.69 R 3980 ± 380 c 8.21 ± 0.19 a 1.80 ± 0.15 b 47.7 ± 2.16 b 21.1 ± 1.76 a 4.08 ± 0.25 a  4.52 ± 0.64 a 108.6 ± 7.83 a 1.77 ± 0.08 c 14.2 ± 1.34 a 0.15 ± 0.01 b 

1.76 G 4080 ± 310 b 5.65 ± 0.91 b 2.75 ± 0.23 a 78.9 ± 3.77 a 13.9 ± 1.19 b 3.87 ± 0.21 ab  3.62 ± 0.32 a  31.5 ± 1.09 c 2.62 ± 0.12 b 10.9 ± 1.49 a 0.23 ± 0.01 a 
1.76 R 4942 ± 490 a  6.84 ± 0.96 ab 1.75 ± 0.28 b 45.5 ± 6.77 b 15.6 ± 1.36 b 3.41 ± 0.77 bc 3.69 ± 0.68 a  55.1 ± 1.54 b 2.19 ± 0.33 bc 14.9 ± 1.93 a 0.19 ± 0.03 ab 

Sig.            

C *** NS NS * * NS NS ** *** NS * 

VPD * * ** *** * NS NS *** ** NS NS 

C × VPD *** * ** *** * ** NS NS *** NS * 

 

All data are expressed as mean Ñ standard error. ***, **, *, NS refer to p Ò 0.001, 0.01, 0.05 and Non-significant, respectively. Lower case letters indicate the 
significant differences of the interaction. 
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6.4.4 Antioxidant Activities and Phytochemicals: Antioxidant activity and phytochemical content 

were influenced by C, VPD, and their interaction (Table 4). Cultivar had a significant effect on TAA, 

PH, and LAA, with increments in the red cultivar by 27, 12, and 40% compared to the green one; 

whereas VPD had a significant effect on TAA, PH, and HAA, with increments in the 1.76 kPa plants 

by 22, 47, and 8% compared to the low VPD condition. However, the interaction (C ×VPD) was 

always significant. More specifically, TAA content resulted enhanced in 1.76 R followed by 1.76 G, 

0.69 R, and 0.69 G. Differently, PH and LAA showed a common trend, with highest values in 1.76 R 

and 0.69 R; these values were significantly higher than those detected in 1.76 G which in turn 

showed significantly higher values than 0.69 G. HAA showed highest values once again in 1.76 R 

which was not significantly different from 0.69R; the latter showed intermediate values between 

1.76R and 1.76G, while the lowest values were found in 0.69G that was significantly different from 

all the other conditions.  

Table 4. Total Ascorbic Acid (TAA), Phenols (PH), Hydrophilic antioxidant activity (HAA) and lipophilic 
antioxidant activity (LAA) in leaves of green (G) and red (R) lettuce plants grown under the two VPD levels 
(0.69 and 1.76 kPa). 

 
TAA 

mg100 gī1 FW 

PH 
mg GA eq. 100gī1 

DW 

HAA 
mmol AA eq. 100 

gī1 DW 

LAA 
mmol trolox eq. 100gī1 

DW 

 

Cultivar      
G 76.6 ± 5.22 b 9.21 ± 0.24 b 14.9 ± 0.52 a 30.2 ± 1.73 b  
R 97.7 ± 3.74 a 10.3 ± 0.48 a 16.6 ± 0.36 a 42.3 ± 0.70 a  
VPD      
0.69 kPa 63.7 ± 3.65 b 8.08 ± 0.21 b 10.3 ± 0.57 b 36.1 ± 1.20 a  
1.76 kPa 111 ± 6.86 a 11.9 ± 0.54 a 11.2 ± 0.25 a 36.5 ± 1.77 a  
Int.      
0.69 G 52.5 ± 2.93 d 5.83 ± 0.14 c 9.71 ± 0.41 c 28.9 ± 1.01 c  
0.69 R 75.1 ± 1.44 c 10.3 ± 0.13 a  10.8 ± 0.32 ab 43.3 ± 0.38 a  
1.76 G 101 ± 4.57 b 6.77 ± 0.19 b 10.4 ± 0.21 b 31.5 ± 1.45 b  
1.76 R 120 ± 4.59 a 10.3 ± 0.71 a 11.6 ± 0.09 a 41.4 ± 0.64 a  
Sig.      

C ** *** NS ***  
VPD *** * * *  

C × VPD * * * *  

All data are expressed as mean Ñ standard error. ***, **, *, NS refer to p Ò 0.001, 0.01, 0.05 and Non-significant, 

respectively. Lower case letters indicate the significant differences of the interaction. 

 

6.4.5 Soil Plant Analysis Development Index and Chlorophyll a Fluorescence Emission: 

Results from SPAD and Fv/Fm are showed in Table 5, separated for data (12 and 23 DAT). At 12 

and 23 DAT, C and VPD had a significant effect as main factors and in interaction on SPAD index, 

showing enhanced values in R cultivar (49, 47%) and under 0.69 kPa (17, 4%). Differently, at both 

12 and 23 DAT, cultivar did not elicit significant differences in Fv/Fm, whereas VPD had a significant 

effect with enhanced values under 0.69 kPa (2, 5%). Concerning the interaction, at both 12 and 23 

DAT, SPAD index showed higher values in R cultivar under 0.69 kPa, followed by 1.76 R and 1.76 
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G and 0.69 G, with no differences among them. Differently, Fv/Fm ratio presented significantly higher 

values in 0.69 kPa with no differences between cultivars, followed by 1.76 kPa, again with no 

differences between cultivars. 

  

Table 5. Soil Plant Analysis Development (SPAD) index and Fv/Fm in leaves of green (G) and red (R) lettuce 
plants grown under the two VPD levels (0.69 and 1.76 kPa) at 12 and 23 DAT (days after transplanting). 

  

 SPAD Index  Fv/Fm 
 12 DAT 23 DAT  12 DAT 23 DAT 

Cultivar      
G 28.07 ± 0.74 b 27.9 ± 1.46 b  0.77 ± 0.10 a 0.80 ± 0.07a 
R 41.85 ± 0.91 a 41.1 ± 1.17 a  0.77 ± 0.30 a 0.80 ± 0.12a 
VPD      
0.69 kPa 36.70 ± 0.85 a 35.2 ± 1.00 a  0.78 ± 0.11 a 0.82 ± 0.12a 
1.76 kPa 30.51 ± 0.69 b 33.8 ± 1.63 b  0.76 ± 0.20 b 0.78 ± 0.13b 
Int.      
0.69 G 28.5 ± 0.57 c 28.5 ± 0.54 c  0.79 ± 0.06 a 0.82 ± 0.02 a 
0.69 R 44.9 ± 0.57 a 41.8 ± 0.46 a  0.78 ± 0.06 a 0.82 ± 0.01 a 
1.76 G 27.6 ± 0.35 c 27.3 ± 0.92 c  0.75 ± 0.13 b 0.79 ± 0.06 b 
1.76 R 38.2 ± 0.69 b 33.4 ± 0.71 b  0.77 ± 0.07 ab 0.78 ± 0.07 b 
Sig.      

C *** *  NS NS 
VPD *** ***  * *** 

C × VPD *** *  * * 

 

All data are expressed as mean Ñ standard error. ***, **, *, NS refer to p Ò 0.001, 0.01, 0.05 and Non-significant, 
respectively. Lower case letters indicate the significant differences of the interaction. 

 

6.4.6 Hierarchical Clustering of Functional and Nutritional Aspects of Green and Red 

Salanova: A heat map providing an integrated overview of the effects of cultivar and VPD on the 

physiological and qualitative traits of Salanova lettuce is displayed in Figure 2. In the left dendrogram, 

the heat map identified two main clusters, separated by the different cultivar (0.69G and 1.76G on 

one cluster and 0.69R and 1.76R on the other); furthermore, as visible in the upper dendrogram also 

variables grouped together. More specifically, our results indicated that 0.69 R separated from the 

other treatments because of its highest positive relation with the cations content (Na2+, Ca2+), Hue 

and malate content, and negative relation with isocitrate content and L*. Whereas, 1.76 R separated 

from the other treatments mainly due to its antioxidant content, especially NO3
ī, HF, TAA, and its 

negative relation with chroma. Differently, 0.69 G presented a higher positive variation of tartrate, 

isocitrate and the colorimetry parameter chroma. Finally, 1.76 G separated from the others because 

of its higher accumulation of SO4
2- and K+ and negative variation of citrate. 
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Figure 2. Heat map of qualitative and physiological aspects of green (G) and red (R) lettuce plants grown 
under the two VPD levels (0.69 and 1.76 kPa). 

6.5 Discussion: Modulating the microclimate in indoor module-cultivation can positively affect crop 

morpho-physiological development, also leading to differences in appearance and in product quality, 

especially influencing the content of plant secondary metabolites [1,13,28]. In general, high VPD can 

limit plant growth and dry matter accumulation, reducing yield and photosynthesis, which are major 

constrains for crop production [29]. Our results are consistent with this general statement, always 

showing a lower biomass, number of leaves and canopy area in plants exposed to 1.76 kPa. 

Moreover, lettuce developed under a low-VPD environment (0.69 kPa), apart from increased growth 

and biomass, also presented a higher Fv/Fm and chlorophyll content (SPAD index) both at 12 and 

23 DAS, overall suggesting a better performance of the photosynthetic apparatus. Indeed, a high 

content of photosynthetic pigments in plants is often associated with high Fv/Fm values [30] and 

even small increases in the photosynthetic rates are known to cause wide improvements in crop 

biomass and yield [31,32]. In low-VPD-exposed S. lycopersicum plants, a higher photosynthesis, 

mostly due to a better regulation of stomatal closure, and consequently high values of Fv/Fm, have 

been found in correlation with improved yield and biomass [29]. Fv/Fm values lower than 0.8, which 

is a threshold level for unstressed plants, are common in plants facing the onset of photodamage 

[33]. Indeed, the chlorophyll ñaò fluorescence parameter Fv/Fm reflects the PSII (photosystem II) 
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maximum quantum efficiency and consequently has been widely used as a screening for early stress 

detection in plants and for improvements in crop production in CEA [34,35]. For example, several 

research found a decrease in Fv/Fm in different tomato [36] cultivars subjected to heat stress or a 

combination of heat and drought stresses [37]. In the present study, plants at 1.76 kPa always 

presented values lower than 0.8, suggesting that plants may sense the dry air, characteristic of high 

VPD as a mild-stress, similarly to what happens in conditions of heat stress or drought. However, 

microscopy observation in lettuce samples did not evidence VPD-induced differences in lamina 

thickness and intercellular spaces patterns. It is known that VPD levels can bring to a different 

morpho-anatomical development of leaf lamina, changing the whole mesophyll structure, thus 

changing the resistance/conductance to water vapor and CO2 within the leaf [38,39]. From these 

different morpho-anatomical characteristics depend on the photosynthetic rates and the whole plant 

physiological behavior. Indeed, although some intra- and inter- species variation is observed, 

physiological responses cannot overcome plant morpho-anatomical structure [40]. In the present 

study, the reductions in Fv/Fm, photosynthetic pigments, yield, and biomass were not due to VPD-

driven changes in morpho-anatomical structure of leaf lamina probably because the microclimate 

around the developing leaves under the two VPD treatments was not enough different to induce any 

differential cell differentiation leading to different mesophyll structure. Therefore, the observed 

reductions in growth and photosynthetic traits were likely linked with the oxidative stress which 

typically occurs under unfavorable environmental conditions, and which can change crop quality [41]. 

Several authors have demonstrated that mild to moderate stress stresses could produce higher 

quality products, especially crop rich in phytochemicals, depending on: the type of stress 

(environmental, nutritional, etc.), the time of exposure, the intensity of application, as well as the crop 

species/cultivars [12]. For instance, Da Ge et al. [42], found in maize grains subjected to water stress, 

increments in Ca2+, Mg2+, Cu2+, and Zn2+. Additionally, El-Nakhel et al. [43] reported that mineral 

eustress (half strength nutrient solution) was able to boost the phenolic and carotenoids profile in 

butterhead Salanova in particular in the red-pigmented ones. Minerals are essential elements in 

human diet, necessary as co-factors for several enzyme activities [44], and leafy greens are among 

the prime sources of these nutrients [45]. In our study, 1.76 kPa incremented the concentration of 

K+, which is involved as a carrier ion, transporting solutes and hormones in xylem and phloem, other 

than be involved in enzyme activation, osmotic potential, and synthesis of protein [46]. However, 

Salanova lettuces at high VPD also presented a high nitrate content, especially in red cultivar. Since 

leafy greens are usually harvested at vegetative growth stages, and the edible parts can accumulate 

relatively large amounts of nitrate, these crops have been found to be the major source of nitrate 

uptake by humans. In the present study, however, nitrate concentration in both Salanova cultivars, 

were inferior to the European Commission regulation No 1258/2011 [47] which set the NO3 content 

for protected-grown lettuce at 5000 mg NO3 kgī1 per fresh weight [48]. The lower concentration of 

nitrates has been associated with yellowish leaves characterized by a decreased hue angle and 
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increased L*, b*, and chroma [49]. In our study, although presenting a higher content of nitrates, 

1.76 VPD lettuces decreased b* and L* producing fewer dark leaves but with vivid colors (increased 

chroma). The analysis of color is an important consideration for edible food, since the most common 

property to measure quality of any material is its appearance and consumers can easily be 

influenced by a fruit or vegetable color which they consider inappropriate [50]. Furthermore, different 

research also reported similar relationships between total N/NO3 concentrations, chlorophyll content 

and chromaticity parameters (especially L*), so much to suggest the use of colorimeter reader or 

SPAD meter to predict the total content of chlorophyll and nitrate in a time-saving non-destructive 

analytical method [51]. Our results did not show such correlation with L*, however red cultivar 

presented an enhanced SPAD index as well as a highest nitrate content (Tables 3 and 4), compared 

to green one. The highest chlorophyll concentration (SPAD index) of red lettuces might seem odd 

and could be explained by the highest content of nitrates in this cultivar. Moreover, red lettuces also 

showed a highest content of phytochemicals, compared to green cultivar, especially under 1.76 VPD 

(Table 5). Many studies have demonstrated that red-pigmented-leafy-green-cultivars contained 

highest amounts of metabolites compared to their green counterparts [52]. Just to mention a few, El-

Nakhel et al. [43] found in red Salanova lettuces higher quantities of phenolic compounds compared 

to green Salanova plants. Other studies also found an enhanced quantity of ascorbic acid in red-

pigmented lettuce leaves [52,53]. Both phenolic compounds and ascorbic acid are potent 

antioxidants which confers valuable nutritional properties to vegetables [52,54]. Ascorbic acid, like 

other vitamins, cannot be synthesized by humans endogenously, so it represents an essential dietary 

component [55]; thus, ascorbic acid-rich-lettuces could represent an added value for the 

marketability of the products. It is interesting that increments in ascorbate, polyphenols, and 

antioxidant capacity were reported in lettuce grown under various types of stress. For instance, in 

lettuces subjected to moderate stress (heat shock, chilling, high light intensity), Oh et al. [56] found 

a two/three-fold increase in the total phenolic content and a significant increase in the antioxidant 

capacity, with no adverse effects on the general plant growth. In our study, lettuces exposed to high 

VPD always enhanced their phytochemical content, compared to those exposed to low VPD, 

probably sensing the surrounding environment as a mild stress not able to induce permanent 

structural changes neither cell shrinkage, but still enough to modulate chlorophyll content, Fv/Fm 

ratio and biomass which resulted reduced under the 1.76 kPa treatment. Levels of antioxidant 

molecules, such as ascorbate metabolites, phenolic compounds, and Ŭ-tocopherol, higher in high 

VPD, can indicate a defense against oxidative stress [41]. In this study, we examined the total 

amount of phenolic compounds in leaves; however, as a future perspective it would be valuable to 

focus on individual phenolic components to have a more comprehensive idea of plant 

phytochemicalôs synthesis in response to VPD. The most common effect of low humidity rates on 

crops is to induce leaf water stress, since under this environmental condition the uptake of water 

from the soil is not enough to cope with the high transpiration rates [6,57]. Indeed, when subjected 
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to high VPD, plants begin to dehydrate and start to physically translocate a larger volume of soil 

water through the plant system, which can also exacerbate the stress if in interaction with other 

adverse environmental conditions like high EC rates, bringing to the accumulation of additional salts 

within the plant [58]. Still, the use of these mild-stress during cultivation techniques has proven to 

increase tomato fruit dry matter content [59], which is an important parameter in improving yield and 

nutritional quality [60] also increasing sugar content, the ratio of sugar:acids [61], and the synthesis 

of secondary metabolites and antioxidants [9,62]. There is evidence that many antioxidants play a 

key role in plant adaptation to abiotic and biotic stresses [56,63]. Additionally, a significant part of 

antioxidants produced by plants in response to stress is secondary metabolites, including some 

simple and complex phenolic compounds derived primarily via the phenylpropanoid pathway [64]. 

As a number of these are phytochemicals with health-promoting qualities in the human diet, in the 

light of the above results, it would be feasible to use VPD, among other mild environmental stresses, 

to enhance the phytochemical content of lettuce or other common leafy vegetable. To date there are 

no clear indications on how to use high VPD levels, in a sort of plant ñhardening offò, to ameliorate 

the nutraceutical value of leafy greens. A next step could be to grow plants under optimal conditions 

and then subject them to short periods of high VPD to promptly increase their antioxidant levels, 

without reducing plant photosynthesis and consequently crop production.  
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Chapter 7 

Vapour pressure deficit drives the balance of hydraulic-

related anatomical traits in lettuce leaves 

 
 

7.1 Introduction: Plant traits are the morpho-anatomical, physiological, phenological and 

biochemical characteristics which can be measured at the single-organism level (Kattge et al., 2020). 

These traits depend on the genetic properties of the species, reflecting their evolutionary lineage, 

and are influenced by the surrounding environment (Valladares F, 2007; Violle et al., 2007). 

Recently, plant traits have been used in ecology studies and vegetation modelling since they can act 

as proxies to predict how plants will perform when subjected to different environmental stimuli, how 

they will affect other trophic levels, and how they will influence the entire ecosystem (Garnier and 

Navas, 2012; Wright et al., 2017). Among plant traits, leaf size has a central role in plant acclimation 

to environmental conditions (Conesa et al., 2020; Ramírez-Valiente et al., 2010; Yates et al., 2010). 

Variation in leaf size has been found along climatic gradients, often with increments in lamina 

expansion in humid habitats (Niinemets et al., 2007; Royer et al., 2005). Differently, small leaves are 

more easily found in dry environments, since they can react to high irradiance reducing transpiration 

costs (Sack and Scoffoni, 2013). Indeed, the thickness of the boundary layer increases with leaf 

size, so it would be difficult for bigger leaves to reduce the heat loss in a dry environment (Wang et 

al., 2020). Therefore, irradiance during plant growth and the evaporative demand (expressed as the 

air vapour pressure deficit; VPD) to which plant are subjected, are strictly connected, affecting not 

only the whole plant-water-relationships, but also the development of leaf size and other plant 

anatomical traits (Scoffoni et al., 2015). For these reasons, leaves under high light may suffer from 

risks caused by high VPD and dehydration, and the plasticity of their leaf water-related traits can 

contribute to maintain an efficient photosynthesis under limiting environmental conditions (Wang et 

al., 2020). Furthermore, developing small leaves in dry environment optimize the whole plant 

resources allocation. Narrower leaves save ñconstructional costsò attributed to more expanded 

vascular and cell-wall fractions, with competitive advantage in harsh environments where carbon 

and water availability are already inadequate (Carins Murphy et al., 2012; Niinemets et al., 2007). 

Furthermore, over the years, leaf size has been positively or negatively correlated with other leaf 

morpho-anatomical traits linked to plant hydraulics, such as: stomatal density and vein density, often 

with controversial results. Just to mention a few studies, Gupta (1961a) was one among the firsts to 

show that in five Solanaceae plants, the average number of stomata per unit area as well as vein 
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density were negatively correlated to the leaf area (Gupta, 1961b). Carins Murphy et al. (2012) 

proposed that in species with high leaf plasticity, which promptly adapt to changes in environmental 

conditions, stomatal and vein density should be ñdilutedò during leaf expansion, thus allowing 

coordinated changes in vein and stomatal densities. These coordinated changes would allow the 

maintenance of a high physiological efficiency (photosynthesis, conductance, water use efficiency) 

of the species under sub-optimal environmental conditions (Brodribb et al., 2007). However, with 

regard to the relations among leaf size, vein and stomatal density showed variations at high and low 

VPDs. Carins Murphy et al. (2014) found that leaf anatomical traits of Toona ciliata were independent 

from leaf size under high and low VPD, while other researches evidenced an enhanced stomatal 

density but reduced vein density in Rosa hybrida under high VPD (Torre et al., 2003) or reduced 

stomatal and vein densities coordinated with a reduced leaf area in Vigna radiata under high VPD 

(Amitrano et al., 2021). Differences were even found in different cultivar of Solanum lycopersicum 

with reduced stomatal density and leaf area and no differences in vein density in Jinpeg cv., and 

reduced stomatal density, enhanced vein density and no differences in leaf area in Zhongza cv. (Du 

et al., 2019).   

Generally, besides some intra- and inter-species variation, leaf morpho-anatomical traits are 

different in sun and shade leaves, usually with the following general pattern under favorable 

environmental conditions: leaves developed under sun have less expanded but thicker lamina, 

higher stomatal density and a well-structured palisade tissue, often showing thin grana stacks in their 

chloroplasts, compared to shade leaves (Martins et al., 2014; Mathur et al., 2018). Although vein 

density has been much less studied so far than other traits, there is evidence that sun leaves evolve 

higher vein density than shade leaves (Uhl and Mosbrugger, 1999; Brodribb et al., 2007; Carins 

Murphy et al., 2012;).  

All these traits, however, have been poorly explored in crops, where only a few studies can be found, 

mostly in greenhouse trials of tomato (Du et al., 2019; Zhang et al., 2018) and little is known about 

lettuce morpho-anatomical development under different environmental conditions. In this study we 

compare the leaf plasticity in size, density of stomata and vein of 2 butterhead lettuces with green 

and red leaves (Lactuca sativa L. var. capitata) grown under different VPDs. Furthermore, after 

developing the first two leaves, lettuce begins to form the rosette pattern that it grows in, creating in 

the same leaf, shade and sun areas subjected to a different boundary layer, relative humidity and 

overall, to different microclimatic condition, till developing into a compact head. Thus, we 

hypothesised that if humidity was the main factor in triggering stomatal and vein density, the highest 

density should be found in the shaded parts of the leaf, vice versa if light was the main factor, the 

highest density should be found in the light-exposed parts. 

In the light of the above, the main objectives of this study were to: i) understand if vein and stomatal 

densities are diluted with leaf size in lettuce, ii) explore if, in the same leaf, the areas subjected to 

different microclimate and sun/shade conditions will prime the development of different patterns of 
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morpho-anatomical traits, iii) to gain insight and data to be further applied into a developmental 

model. Assessing the impact of different air humidity and irradiances on leaf anatomical 

characteristics and hydraulic-related traits, will be an important starting point to evaluate the species 

capacity to acclimate to the ongoing climate change conditions.  

 

 

7.2 Materials and methods  

7.2.1 Plant material and growth under controlled conditions: The study was conducted on 2 

butterhead Salanova® lettuces (Lactuca sativa L. var. capitata) with green and red leaves. Lettuce 

was chosen because it is the most common leafy green crops in controlled environment and to our 

knowledge, no studies have investigated the development of leaf-anatomical traits in correlation to 

micro-enviromental conditions before. Seeds were provided by Rijk Zwaan (Rijk Zwaan, Der Lier, 

The Netherland) and showed 100 % germination. The experiment was carried out in a growth 

chamber (KBP-6395F, Termaks, Bergen, Norwey) under a photoperiod of 12h. Light was provided 

by and RGB LED panel with an intensity of 315 PPFD µmol mī2 s ī1 at the canopy level. 18 lettuces 

were grown for 23 days in two different trials under the same temperature (T) of 24/19 ǓC (day/night) 

but different air relative humidity (RH), resulting in two different VPDs. The first trial at an average 

VPD of 0.69 kPa (Low VPD) and the second trial at an average VPD of 1.76 kPa (High VPD). 

Temperature and humidity were monitored for the duration of the experiment using small sensors 

equipped with a data logger (Testo 174H). Daily rotation of the trays was performed to ensure 

homogenous light and humidity conditions across the shelf surface. Plants were daily watered to 

field capacity. All the analyses were carried out on 10 leaves per each VPD condition. A list of all the 

measured traits is reported in table 1.  

 

7.2.2 Leaf size and other leaf functional traits: Leaf functional traits were evaluated following 

Cornelissen et al. (2003). Firstly, leaves were scanned to calculate Leaf Size (LS; lamina area in 

mm2) using ImageJ software (national Institutes of Health, Bethesda, Maryland, USA). Then, the 

Fresh Weight (FW) of each leaf was recorded and the leaf petiole was submerged in distilled water 

in the dark for 48h and then re-weighted to calculate the Saturation Weight (SW); Dry weight (DW) 

was obtained by oven-drying leaves at 60 °C for 72 h, until they reached a constant weight. These 

parameters were used to evaluate: the water status of the leaves, measured as relative water content 

(RWC %) and expressed as percentage of (FW-DW)/(SW-DW); the leaf dry matter content (LDMC) 

considered a proxy for leaf tissue density (Ryser and Urbas, 2000) and expressed as (DW/SW) in 

gg-1; Leaf Mass per Area (LMA), calculated as the ratio between DW and LS (g mm-2) which is used 

as proxy for sclerophylly (Witkowski and Lamont, 1991); and the hypothetical thickness of a single 

layer of H2O on the leaf area, Equivalent Water thickness (EWT), calculated as (FW-DW)/LS and 

expressed in mg mm-2 (Elsherif et al., 2019). 



 

129 
 

 

 

7.2.3 Leaf vein traits: To accomplish morpho-anatomical analyses on the entire leaves, each leaf 

was visually divided into three parts called bottom, b; middle, m; apex, a (Figure 1). To determine 

vein traits, the entire leaves were chemically cleared with 5% NaOH in aqueous solution and 

bleached in EtOH dilution series, following Miksche and Berlyn (1976). In order to highlight even the 

smallest veins, cleared leaves were covered in 1% safranin in EtOH for 10 minutes and gently rinsed 

with 100% EtOH before being covered in 1% fast green in ETOH for a few seconds and rinsed again 

with 100% EtOH. By means of a light microscope (BX51; Olympus) equipped with a camera (EP50; 

Olympus), bottom, middle and apex of each leaf was imaged in 5 fields of view at a magnification of 

4x (image area 24 mm2). From those pictures, vein density (VLA) and free vein endings per area 

(FEV) were calculated using image J software, as follow (Sack and Scoffoni, 2013): VLA as the ratio 

of the sum of vein lengths of 4° veins and higher and the difference between the area of the image 

and  the area occupied by the 2° veins, expressed in mm mm-2 per leaf size; FEV  as the ratio of the 

number of free vein endings and the difference between the area of the image and the area occupied 

by the 2° veins, expressed in mm2 as number per leaf size. 

 

 

7.2.4 Stomatal traits: Stomata traits were determined by microscopic measurements of leaf abaxial 

peels, taken centrally in each region of the leaf avoiding the midrib as well as the margin. For each 

leaf, measurements were averaged from 5 measurements obtained from 3 different peels of the 

apex, middle and bottom (a, m, b) region of each leaf. Each field view was set at 20x magnification 

(field area of 0. 95 mm2) Stomatal density (SD) was measured as number of stomata per leaf size 

expressed in mm2 using ImageJ. Stomatal length (SL) was determined considering the guard cell 

length (pole-to-pole) (µm), of 5 stomata per field, at a magnification of 40x (filed area of 0. 15 mm2). 

Moreover, density of epidermal cells (ED) was quantified at 20x magnification. ED was expressed 

as n mm2 and then multiplied per leaf size. All the measurements were performed in three fields per 

5 leaf samples, being careful to avoid main veins or tissue defects. Vein, stomatal and epidermal cell 

densities were quantified by multiplying the density of veins, stomata, and epidermal cells (mm2) by 

leaf size as reported in Carins Murphy et al., 2014. Nevertheless, their densities per mm2 is also 

reported in table 4 and Figure S1.  

 

7.2.5 Relationships between leaf size and leaf hydraulic-related traits: The coordination 

between leaf size and leaf hydraulic-related traits (stomatal and vein density) was assessed by 

plotting the stomatal density against 1/leaf size and vein density against 1/ãleaf size as reported in 

Carins Murphy et al. 2014 (i.e. quantified as the deviation from a proportional deviation). The 

coordination between the epidermal cell density per leaf and leaf size was tested for proportionality 
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in the same way. Furthermore, correlations between vein and stomatal density were also calculated: 

firstly, the correlations between vein density and stomatal density were reported for green and red 

plants grown under low and high VPD. Secondly, within the single leaf, correlations among vein and 

stomatal densities were also calculated in the three different positions (a, m, b).  

 

7.2.6 Statistical analysis: Leaf morpho-anatomical traits data of green and red Salanova plants 

grown at low and high VPD were assessed by a two-way analysis of variance (anova) considering 

the VPD and the cultivar as main factors. A three-way anova was performed on stomata and vein 

traits reported in Table 4, considering VPD, cultivar and position within the leaf (a, apex; m, medium; 

b, bottom) as main factors. The KolmogorovïSmirnov and ShapiroïWilk tests were performed to 

check for normality and Tukey post-hoc test was used for means separation (p < 0.05). All statistical 

analyses were performed with SPSS 13 statistical package (SPSS, Chicago, IL, USA). 

 

Table 1. A list of measured traits and their measurement unit.  

Trait Acronym Measurement unit 

Leaf size  LS mm2 
Leaf mass per area  LMA g mmï2 
Leaf dry matter content  LDMC gg-1 
Relative water content  RWC % 
Equivalent water thickness  EWT g mmï2 
Stomatal density  SD n mmï2  
Stomatal length  SL µm 
Stomatal width SW µm 
Epidermal cell density ED n mmï2  
Vein density  VLA mm mmï2  
Free Vein Endings  FEV n mm-2 
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Figure 1. Schematic representation of leaf division into three portions: bottom, middle and apex, from a 
representative plant grown under (a) high and (b) low VPD. Representative micrographs of leaf veins for both 
conditions are shown. Scale bars: 500 µm.  

 

7.3 Results  

 

7.3.1 Variation in VPD influence leaf size and other leaf functional traits of green and red 

Salanova: VPD had a substantial effect on LS, LMA, LDMC and RWC (p < 0.001) as main factor (p 

< 0.001) (Table 2). Differently, the cultivar and the interaction between main factors (VPD x C) had 

a significant effect only on RWC (p < 0.05, p < 0.01, respectively) (Table 2). More specifically, leaves 

from plants grown under low VPD were 22% more expanded of those grown under HV (Figure 2a; 

Table 2). These leaves also presented increased LMA LDMC and RWC (51%, 53%, and 59 % more 

than HV respectively). Concerning the RWC, significant differences were also found between G and 

R cultivar, with increments in R by 9%. No significant differences were detected among treatments 

concerning EWT.  

 

Table 2. Leaf traits in terms of leaf size (LS), leaf mass per area (LMA), leaf dry matter content (LDMC), relative 
water content (RWC), equivalent water thickness (EWT) of green and red Salanova plants grown under low 
and high VPD, with no differences within the leaf parts. All data are reported as mean ± se of 9 replicates. 
Different letters correspond to statistically significant differences according to Tukey test (p < 0.05).  
 

 LS  
(mm2) 

LMA 
(mg mm-2) 

LDMC 
(mg mg-1) 

RWC 
(%) 

EWT 
(mg mm-2) 

VPD (V)      

LV 316.79 ± 7.75 a 0.51 ± 0.03 a 0.13 ± 0.008 a 12.28 ± 0.48 a 3.06 ± 0.13 a 

HV 247.47 ± 2.48 b 0.25 ± 0.01 b 0.06 ± 0.002 b   4.96 ± 0.35 b 3.55 ± 0.09 a  

Cultivar (C)      

G 278.99 ± 6.08 a 0.38 ± 0.02 a 0.09 ± 0.006 a 8.22 ± 0.42 b 3.26 ± 0.10 a 

R 285.17 ± 4.15 a 0.37 ± 0.02 a 0.09 ± 0.006 a 9.02 ± 0.41 a 3. 35 ± 0.12 a 
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Interaction      

LVG 310.07 ± 8.86a 0.52 ± 0.03a 0.13 ± 0.007a 10.74 ± 0.52b 3.15 ± 0.13a 

LVR 323.51 ± 6.64a 0.51 ± 0.03a 0.13 ± 0.009a 13.82 ± 0.44a 2.98 ± 0.12a 

HVG 247.91 ± 3.29 b 0.25 ± 0.01b 0.06 ± 0.002b   5.72 ± 0.32c 3.38 ± 0.07a 

HVR 247.04 ± 1.66 b 0.25 ± 0.01b 0.06 ± 0.002b   4.99 ± 0.37c 3.72 ± 0.11a 

Significance      

VPD *** *** *** *** NS 

C NS NS NS * NS 

VPD x C NS NS NS ** NS 

 

 

7.3.2 Variation in VPD influence leaf stomatal and vein traits of green and red Salanova: VPD 

had a significant effect on stomata and vein traits influencing SD, SL, ED, VLA and FEV as main 

factor (p < 0.001) (Table 3). Differently, the cultivar and the interaction between main factors (VPD 

x C) had a significant effect on SD, SL, FEV (p < 0.05) and VLA (p < 0.01). LV plants presented 

more stomata and veins per unit area, with values 38 and 36 % higher than HV, respectively (Figure 

2b,c; Table 3). LV also elicited the development of more FEV and ED (10 and 50 % more than HV) 

but smaller stomata (11 % reduction in length of guard cells compared to HV). Concerning SD, SL, 

VLA and FEV, significant differences were also found between G and R cultivar, with higher values 

in R cultivar SD by 2 %. Differently, SL, VLA and FEV were higher in G cultivar by 6, 27 and 24 % 

compared to R one. No significant differences were detected among treatments concerning SW. 

 

 

Table 3. Stomata and vein traits in terms of stomatal density (SD), stomatal length (SL), stomatal width (SW), 

Epidermal cell density (ED), Vein density (VLA), free vein endings (FEV) of green and red Salanova plants 

grown under low and high VPD, with no differences within the leaf parts. All data are reported as mean ± se 

of 9 replicates. Different letters correspond to statistically significant differences according to Tukey test (p < 

0.05).  

 

 

 

 

 SD 
(n mm-2 ) 

SL 
(µm) 

SW 
(µm) 

ED 
(n mm-2) 

VLA 
(mm mm-2) 

FEV 
(n mm-2) 

VPD (V)       

LV 126641 ± 607a 20.28 ± 0.63 b  15.91 ± 0.40 a 1.93E08 ± 9.84 E06a 980.50 ± 10 a  5932.94 ± 46 a  

HV 77963 ± 349b 22.55 ± 0.59 a  15.93 ± 0.17 a 1.71E08 ±5.15 E06b 617.87 ± 19 b  2913.53 ± 16b 

Cultivar (C)       

G 111253± 486 b  22.11 ± 0.42 a  16.03 ± 0.37 a 1.71E08 ± 5.87 E06a 894.93 ± 29 a  5047.78 ± 35a 
R 113325 ± 471 a  20.72 ± 0.38 b 15.92 ± 0.21 a  1.82E08 ± 5.77 E06a  703.44 ± 34 b  3798.68 ±27b 

Interaction       
LVG 123269 ± 635 b 20.31±0.43b  16.15 ± 0.56a  1.94 E08±6.69E06a 1112.66 ± 40 a  6752.63±3a  
LVR 140130 ± 580 a 19.76 ± 0.40c  15.73 ± 0.24a  1.92 E08±6.30E06a    848.34 ± 24 b 5113.25 ± 40b 

HVG   73550 ± 338 c 22.06 ± 0.41a 15.91 ± 0.18a  1.71 E08± 5.06E06b   677.21 ± 19 c  3342.93 ± 17c 
HVR   82376 ± 361 c 21.27 ± 0.36a  15.91 ± 0.17a  1.71 E08± 5.25E06b   558.54 ± 20 c 2484.12 ± 15c  

Significance       
VPD *** *** NS *** *** *** 

C * * NS NS ** * 
VPD x C * * NS NS ** * 
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Figure 2. (a) Leaf size, (b) stomatal density and (c) vein density of green and red Salanova lettuces grown 

under low and high VPD. Mean values ± standard errors are shown. Different letters correspond to statistically 

significant differences according to Tukey test (p < 0.05).   

 

 

7.3.3 Relationships between leaf morpho-anatomical traits: As presented in figure 3 (a, b) both 

vein and stomatal densities values plotted against leaf size deviate from the proportional 

relationships (broken line). Only the Epidermal cells density maintained a proportional relationship 

with leaf size in all the conditions (LVG, LVR, HVG, HVR) (Figure 3c). Moreover, there was a strong 

positive relationship between vein and stomatal density in all the conditions (Figure 4). At low VPD 

a significant correlation between vein and stomata in both G and R plants (R2= 0.96, and 0.88, p < 

0.001) was found with was based on lower values of both parameters compared to high VPD where 

the relation was highly significant too (R2= 0.87 and 0.93, p < 0.001) (Figure 4).  

 

 

 

Figure 3. (a) Vein density and 1ãleaf size, (b) stomatal density and 1/leaf size and (c) total epidermal cell 

number per leaf and leaf size of green (circles) and red (triangles) Salanova lettuces grown under low (grey) 

and high (black) VPD. Mean values ± standard errors are shown. Broken line represents the proportional 

relationships.   

 



 

134 
 

 
Figure 4. Vein density and stomatal density of green (circles) and red (triangles) lettuces grown under low 

(grey) and high (black) VPD. Regression lines and R2 values are also shown. 
 

7.3.4 Variation in VPD influence stomatal and vein distributions within leaves:  The distribution 

of veins and stomata within the lamina changed with the VPD, the cultivar and the position within the 

leaf (Table 4). More specifically, results from ANOVA showed that VPD and position as main factors 

influenced SD, SL, FEV and VLA (p < 0.001). Differently, the cultivar as main factor only influenced 

the vein traits (p < 0.01). Concerning stomatal density (SD), highest values were found at the apex 

part of Low VPD plants in both G and R cultivars (LVGa and LVRa), followed by HVGa and HVRa 

and then by LVGa and LVRa, which in turn were higher than HVGm and HVRm. Lowest values were 

found in HVGb and HVRb. Differently, stomatal length (SL), showed ad opposite trend, being higher 

under HVGb and HVRb, followed by HVGm, HVRm, HVGa and HVRa (with no differences between 

them). Lowest values were found in LVGa and LVRa.  Free vein endings showed higher values at 

LVGa and LVRa followed by LVGm and LVRm and by LVGb and LVRb. Lowest values were found 

in HVGb and HVRb. Differently, vein density was enhanced in the bottom part of L VPD leaves 

(LVGb and LVRb), which in turn were higher than LVGm and LVRm and LVGa and LVRa. Lowest 

values were found in HVGa and HVRa. Moreover, the vein and stomatal densities of the three leaf 

portions displayed positive significant relationships (Figure 5,6). However, the degree of these 

relationships varied among treatments (Figure 5,6). Increasing the VPD induced a decrease in vein 

and stomatal density in HVGb (R2 = 0.66), HVRb (R2 = 0.92), HVGm (R2 =0.89), HVGm (R2 = 0.83), 

HVGa (R2 = 0.94), HVRa (R2 =0.30). Whereas, under low VPD stomatal and vein density increased 

and were still strongly correlated: in LVGb (R2 = 0.87) LVRb (R2 = 0.86), LVGm (R2 =0.85), LVGm 

(R2 = 0.92), LVGa (R2 = 0.92), LVRa (R2 =0.75). Moreover, moving from b to a, leaves presented 

reduced vein density and increased stomatal density both under LV and HV (Figure 6). 
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Table 4. Stomatal and vein traits in terms of stomatal density (SD), stomatal length (SL), stomatal width (SW), Epidermal cell density (ED), Vein density (VLA), 
free vein endings (FEV) from plant grown under low and high VPD with differences within the leaf parts: b, bottom; m, medium; a, apex. All data are reported 
as mean ± se. Different letters indicate significant differences, according to Tukey test (p < 0.05). 

 

 

 SD SL FEV VLA 

  (n mm2)   (µm)   (n mm-2)   (mm mm-

2) 

 

VPD (V)             

LV 76.13 ± 2.43 a 

56.06 ± 2.71 b 

20.73 ± 0.35 b  18.790 ± 1.07 a 3.64 ± 0.11 a 

HV 22.13 ± 0.33 a    10.19 ± 0.58 b  2.67 ± 0.21 b  

Cultivar (C)             

G 64.92 ± 2.38 a 21.44 ± 0.30 a  16.05 ± 0.84 a  3.31 ± 0.24 a 

R 66.43 ± 2.75 b  21.43 ± 0.37 a  16.80 ± 0.81 a  3.13 ± 0.09 b 

Position (P)             

a 95.02 ± 3.10 a 22.05 ± 0.32 a   9.77 ± 0.95 c  2.84 ± 0.11 c 

b 56.11 ± 2.48 b 21.68 ± 0.34 b 12.49 ± 0.73 b  3.19 ± 0.07 b 

m 45.65 ± 2.12 c 20.54 ± 0.35 c 19.21 ± 0.79 a  3.63 ± 0.30 a 

Interaction 

(VxCxP) 
b m a b m a b m a b m a 

LVG 50.80 ± 1.75 e 62.15 ± 1.76 c 110.65 ± 3.78 a   20.21 ± 0.30c   20.47 ± 0.40c   18.84 ± 0.12d  12.94 ± 0.71c  21.77 ± 0.98b 30.61 ± .54a    4.64 ± 0.13a 3.77 ± 0.11b 2.91 ± 0.15c 

LVR 49.04 ± 2.11 e 62.39 ± 2.09 c 111.95 ± 3.09 a   20.85 ± 0.45c   20.02 ± 0.28c   17.41 ± 0.52d  13.01 ± 0.93c 21.81 ± 0.92b 31.55 ± .32a 4.01± 0.14 a 3.38 ± 0.06b 3.13 ± 0.06c 

HVG 39.04 ± 2.90 f 51.73 ± 2.89 d 78.08 ± 1.23 b   28.42 ± 0.32a   23.50 ± 0.33b   24.06 ± 0.32b   8.06 ± 0.87d  10.33 ± 0.55cd 12.61 ± 0.36c   3.06 ± 0.08c 2.85 ± 0.06cd 2.65 ± 0.88d 

HVR 39.44 ± 1.73 f   52.39 ± 3.19 de 79.38 ± 4.32 b  27.42 ± 0.32a   23.47 ± 0.35b   23.86 ± 0.32b   8.10 ± 0.66d 10.05 ± 0.46cd 12.05 ± 0.56c 2.92 ± 0.07c 2.76 ± 0.06cd 2.71 ± 0.12d 

Significance              

VPD *** *** *** *** 

C NS NS ** ** 

P *** *** *** *** 

V x C x P  NS * * ** 
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Figure 5. (a), (b), (c) vein and stomatal density relationships of green (circles) and red (triangles) lettuce grown 

under low VPD (grey), in the bottom (a), middle (b) and apex part (c) of the leaf.  (d), (e), (f), vein and stomatal 

density relationships of green (circles) and red (triangles) lettuce grown under high VPD (black), in the bottom 

(d), middle (e) and apex (f) part of the leaf. Regression lines and R2 values are also shown.  

 

 

 

Figure 6.  Mean values ± standard errors of vein and stomatal density relationships of green (circles) and red 

(triangles) lettuce grown under low (grey) and high (black) VPD. 
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7. 4 Discussion 

 

7.4.1 Response of stomatal and vein densities and coordination with leaf size under different 

VPDs: So far only a few studies have analyzed how variations in VPD influence stomatal and vein 

development in the same species, often reporting contrasting results. Moreover, very few information 

can be found on crop species. More specifically, little is known on the direction of response or 

coordination (positive/negative) among stomatal and vein densities and their correlation with leaf 

size in crops. Here, we found increased leaf size under LV compared to HV with no differences 

between cultivars (Figure 2), clearly indicating that leaf size is strictly dependent on VPD. LV leaves 

also presented increased values of RWC, indicating a better water use. Usually VPD, rainfall and 

temperature influence leaf size and the global trend is to develop smaller leaves in drier 

environments (Wright et al., 2017). Under dry air (high VPD), plants with smaller leaves, and a 

thinner boundary layer easily reduce their heat loads and water demand (Li et al., 2013). Moreover, 

under a dry environment the relative water content of leaves is commonly reduced (Amitrano et al., 

2021; Parkash and Singh, 2020). According to our findings, other greenhouse and indoor trials have 

also reported smaller leaf size in crops subjected to high VPD levels compared to low VPDs (Jiao et 

al., 2019; Lu et al., 2015). Furthermore, in Toona ciliate, Carins Murphy et al. (2012) observed that 

vein and stomatal densities decreased along with increasing leaf size, especially for smaller leaves 

developed under high irradiance conditions, suggesting a ñdilutionò of these leaf anatomical traits 

with increasing leaf size. However, the same authors in another trial on T. ciliata grown under the 

same light intensity and different VPDs found these anatomical traits to be independent of leaf size 

(Carins Murphy et al., 2014). Our results are in agreement with this last research, showing no 

proportional coordination among stomatal density and leaf size as well as vein density and leaf size 

(Figure 3). In the last decades, other studies have supported this idea; for instance, Scoffoni et al. 

(2011) found an independence of minor vein density from leaf size in 10 different species of moist 

and dry habits. This was confirmed by Sack and Scoffoni (2012) in a study on more than 100 

dicotyledonous species. Moreover, here we found a coordination between vein and a stomatal 

density under both VPD conditions, and more specifically increased density of both anatomical traits 

in plants under low VPD, the same plants which presented a higher leaf size. An adequate balance 

between stomata and vein is always required since leaf venation must be enough to supply water to 

stomata and replenish the water loss due to transpiration in order to maintain an adequate 

physiological function (Brodribb et al., 2007; Schneider et al., 2017; Scoffoni et al., 2011). Probably, 

the coordinated development of vein and stomatal densities under both VPDs is an adaptation 

mechanism of the species trying to maintain the water balance under favorable (LV) and less 

favorable (HV) environment.  

Moreover, in our study there were no significant differences in epidermal cell size between 

treatments; however, epidermal cell density per leaf area increased under low VPD and was 
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positively correlated with leaf size both under LV and HV (Figure 3c), meaning that epidermal cell 

number is proportional to changes in leaf area. This suggests that plant regulate the construction of 

vein and stomata under different VPD conditions, not by increasing the epidermal cell size but 

actually by developing more cells. Furthermore, we observed a higher stomatal and vein densities 

at low VPD (higher leaf size; Figure 2, Table 4, Figures S1), further supporting that these anatomical 

traits are not diluted with VPD-induced increasing leaf size. Moreover, in our study there was a 

reduction in stomatal length under low VPD (Table 3). Similarly to our results, smaller stomata have 

been previously associated with high densities (Franks and Beerling, 2009). However, Giday et al. 

(2013) found that stomatal size and density are not correlated in rose. Size, other than density, is an 

important trait, since it influences the opening/closing reaction of stomata in response to 

environmental conditions (Arve et al., 2017). When stomata increment their volume, the surface area 

to volume ratio decrease and this has been listed as the main reason for their slower response 

(Drake et al., 2013). However, smaller stomata usually show shorter response times and are able to 

optimize water fluxes under limiting water availability (Giday et al., 2013). In our study other 

measured leaf traits (LMA, LDMC) were enhanced in LV (Table 2). These traits varied strongly with 

light, temperature, CO2 concentration and water stress (Poorter et al., 2009). In particular LMA 

depends on both LDMC and leaf thickness so much that dividing LMA by LDMC often provides a 

good estimation of leaf thickness (Vile et al., 2005). Moreover, changes in LDMC have been related 

to water availability. Therefore, a correlation with other traits (stomatal and vein densities and leaf 

conductance) has been found (Griffith et al., 2016). The same correlation happens here with higher 

LDMC associated to higher stomatal and vein density in LV plants. The coordination between leaf 

hydraulic-related traits (stomatal density and size, vein densities) and the coordination between 

these anatomical traits and other leaf traits under different VPDs is fundamental because it 

represents a clear indication of how environmental conditions play a role in the adaptation of leaf 

anatomical traits. 

 

7.4.2 Acclimation of anatomy to sun and shade within the same leaf: In this study we have 

examined hydraulic-related traits of lettuce plants along the whole leaves, from the bottom to the 

apex. Lettuces grow as a rosette, creating in the same leaf different microclimatic conditions, with 

only the apex part exposed to light. It is known that sun and shade leaves balance different 

anatomical traits to acclimate to high and low irradiance. Shade leaves are subjected to lower 

evaporative demand and are in need to maximize light capture, absorption, and processing (Mathur 

et al., 2018). From a morpho-anatomical point of view, leaves developed under shade are usually 

thinner, with lower stomatal and vein densities than sun leaves (Martins et al., 2014; Brodribb and 

Jordan 2011). Our results showed that under different VPDs, lettuce plants maintained a coordinated 

relationship between stomatal and vein densities. Furthermore, while stomata increased in the part 

exposed to light (from bottom to apex) independently of the VPD, veins were always denser in plant 
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exposed to low VPD, along the whole leaf (increasing from the apex to the bottom) (Table 4). This 

probably means that light has a greater influence on stomatal development and relative humidity on 

vein development, since in both condition stomata incremented in the apex (light exposed) part of 

the plants, whereas vein incremented in the bottom part and were always more at low VPD (higher 

relative humidity). Indeed, in the bottom and middle parts of the leaf, covered by other leaves, the 

microclimatic condition is characterized by a higher relative humidity (Low VPD) and a thicker 

boundary layer. In dense forests the penetration of light through the canopy it is quite difficult and 

under such condition lower plants receive and absorb very little light. Different position in the canopy 

have proved to change anatomical and hydraulic-related traits in trees (Sellin et al., 2019), along a 

gradient which affect the whole plant photosynthetic capacity and yield (Niinemets et al., 2015). In 

agreement with our results, high density of stomata has been found in sun leaves of different species 

(tomatos, sorghum, coffe) (Gay and Hurd, 1975; Jiang et al., 2011; Martins et al., 2014); however 

very little is known about vein development within leaves and environmental conditions.  

The combined influence of light and VPD should be explored further since it could be responsible for 

the different degree of coordination between these traits. The adjustment of these hydraulic-related 

traits with microclimatic conditions is fundamental to provide an optimal water and gas fluxes 

throughout the entire plant (Sellin et al., 2019; Taneda and Tateno, 2011). 

 

 

7.5 Conclusions: The results of this study suggested that the VPD triggers a different response in 

lettuce plants in terms of balance of leaf traits. Vein and stomatal densities showed coordinated 

response under high and low VPD with increments in densities with decreasing VPD. Furthermore, 

we found a coordination between vein density and leaf size as well as stomatal density and leaf size, 

thus we can affirm that, in lettuce plants, both stomatal and vein densities are not diluted with leaf 

size as was hypothesised before by other authors in other species. In the present study, we also 

suggested that irradiance has a predominant role (compared to VPD) in trigger the formation of 

stomata but not of veins. Indeed, in the apex part of the leaf, the only one exposed to light, stomatal 

density was the highest despite the differences in VPD. However, the same relationship does not 

apply to vein density which was higher under low VPD especially in the bottom part of the leaves, 

while maintaining the same pattern of stomata density (i.e. increments in the apex followed by middle 

and bottom part). Nevertheless, positive relationships were always found in vein and stomatal 

densities from different part of the leaf. Consequently, the allocation of veins and stomata during leaf 

development is strictly dependent from the microclimatic conditions. Further research is therefore 

needed to understand the developmental basis for these anatomical traits and their coordination in 

crops. The plasticity in hydraulic-related traits with microclimatic conditions plays a critical role to 

provide an optimal water and gas fluxes and helping plants adapt to environmental changing.  
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7.7 Supplemental material: 

 
Figure S1. (a) stomatal density and (c) vein density of green and red Salanova lettuces grown under low and 

high VPD. Mean values ± standard errors are shown. Different letters correspond to statistically significant 

differences according to Tukey test (p < 0.05).   
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Chapter 8 

The interaction of VPD with other environmental 

parameters drives the morpho-anatomical development and 

the photosynthesis of lettuce plants in a vertical farm 

 

8.1 Introduction: In controlled environment agriculture (CEA) crop growth is regulated by the 

combination of many environmental factors (e.g. temperature, relative humidity, CO2, light, nutrient 

solution). Among these factors the vapor pressure deficit (VPD) has a fundamental role. It combines 

the effects of temperature (T) and relative humidity (RH) and influences the whole transpiration rates 

of a cultivation (Devi, 2018). VPD has also been recognized to change the physiological behavior of 

plants, in terms of gas-exchange, photosystems activity and the leaf internal structure (Amitrano et 

al., 2019). Although over the years there have been contrasting results (often due to species-specific 

dynamics), the general trend is to have high rates of photosynthesis and stomatal conductance 

associated to a reduced transpiration in low VPD environment. Many evidence have suggested that 

under low VPD, plants increase their biomass and yield, also developing a morpho-anatomical 

structure of their leaves which allows them to better react to environmental changes. For example, 

in our previous study on V. radiata (Chapter 3), plants developed under high VPD and then 

transferred under low VPD were indeed limited in their ability of acclimating to the new and more 

favorable environmental conditions by their leaf anatomical structure (coordinated reduction in 

stomatal and vein density) (Amitrano et al., 2021). There are many studies showing that high VPD 

reduces stomatal conductance, thereby affecting photosynthesis and growth (Wong, 1993; Bunce, 

1996; Ottosen et al., 2002; Bunce, 2003; Ben-Asher et al., 2013); recent research has correlated 

this physiological reduction to the leaf anatomical development, which is impaired by the high VPD 

condition. For example, a reduced number of stomata was associated to a smaller dimension in 

various cultivars of Rosa hybrida L. plants subjected to high compared to low VPD (Fanourakis et 

al., 2013). Similar results were obtained in Vicia faba L. plants by Aliniaeifard et al. (2014). However, 

there is still a lack of information on the combined effects of VPD with other environmental factors. 

Among these factors, we focused our attention on light intensity, CO2 enrichment and salinity stress 

which are easy to control and modulate in CEA. Moreover, there is proof that the modulation of all 

these parameters alone, affects plant morphological development, thus having an impact on 

photosynthesis, yield and production. For instance, it is ascertained that light intensity is a key factor 
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which can modify crop growth and physiological functions (Feng et al., 2019). The variation of light 

intensity has conspicuous effects on leaf external and internal morphology, its physiological behavior 

and secondary metabolites production (Kong et al., 2016). Usually, high-light grown plants presents 

high rates of net-photosynthesis (PN) correlated to a reduction in specific leaf area (SLA), increments 

in leaf lamina thickness and cuticle thickness (Fanourakis et al., 2016; Fanourakis et al., 2019). 

When plants are subjected to salt stress, due to high E.C. (Electric Conductivity) of the substrate, 

their yield is almost always reduced, depending on the severity of the stress (Buck et al., 2004). 

Moreover, a few studies have found in tomato plants (Solanum lycopersicum L.) a correlation 

between salt stress and light intensity, pointing out that when light is lower than 200 µmol m-2 s-1 

there is no effect on plant growth up to a nutrient solution EC of 8 dS (considered a very high 

concentration). When tomato plants are grown at a higher light intensity (400-1000 µmol m-2 s-1) 

plant growth is reduced by the same EC value (Xu et al., 1995; Buck et al., 2004). Altered morphology 

and reduced growth rate are known to occur under salinity in many crops with consequent reduction 

in the economic yield (Hendawy and Khalid, 2005). In basil, Bernstein et al. (2010) found a reduction 

in plant height, root length and leaf area, with increasing salinity.  

It is known that increasing atmospheric CO2 will affect plant growth, including mitigation of stress 

impact, especially drought; such effects vary considerably between group-species (AbdElgawad et 

al., 2015). Indeed, atmospheric CO2 enrichment increases carbon assimilation and improves water 

economy, resulting in reductions in stomatal conductance (gs) (Heath, 1998). Crops and herbaceous 

species are believed to display large reductions in gs under elevated CO2 (Morison, 1998). However, 

in addition to carbon dioxide, stomata respond to a variety of environmental conditions and 

endogenous factors (e.g. light quantity and quality, VPD, ABA, air pollutants, temperature) so there 

are still some uncertainties about the capacity for acclimation which may moderate the stomata 

response to CO2 (Morison 1998). Moreover, CO2, as the other factors listed till now, can have an 

impact on leaf anatomical development. For instance, in two tropical species (Jatropha grossypifola 

L and Alternanthera crucis Moq.), Rengifo et al. (2002) found increases in both bundle sheath and 

leaf thickness due to thicker palisade and spongy parenchymas; however, these effects disappeared 

with time, suggesting that there was an acclimation in leaf anatomy proceeding with the experiment. 

Manipulating the indoor climate such as humidity, temperature and CO2 levels may offset the 

negative effect of high salinity on yield and fruit quality (Dorai et al., 2001). 

In this chapter, we present two experiments (E1, E2) performed in a multi-layer vertical farm to 

understand the interaction between VPD and other environmental factors (light intensity, salt stress 

and CO2 enrichment). More specifically E1 focuses on the interaction between 2 levels of VPDs and 

3 different light intensities to understand how it affects crop morpho-anatomical development, 

growth, and photosynthesis, and select the most appropriate conditions for cultivation in an indoor 

system. Whereas E2 focuses on how the modulation of aerial environmental parameters (CO2 and 
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VPD) can offset the negative effect of sudden increments in salinity in controlled environment 

agriculture, always focusing on the structure-to-function relationships and looking at the short-term 

dynamic acclimation of lettuces subjected to a changing environment (EC, CO2).  

 

8.2 Material and Methods 

8.2.1 Experimental design: Both experiments were conducted at the Controlled Environment 

Agriculture Center of the University of Arizona (UA-CEAC) in a multi-layer vertical farm research 

facility (Figure 1). The controlled growth room has a total cultivation area of 22.5 m2 and contained 

two hydroponic growth racks, each composed of 3 layers of growing beds; each rack had an 

independent 1135L nutrient solution tank. The experiments were conducted on green and red 

butterhead salanova lettuces (Lactuca sativa L. var. capitata). Lettuce seeds were germinated in 

rockwool cubes employing an ebb and flow hydroponic culture technique in a greenhouse under 

ambient conditions. Lettuce seedlings were transplanted onto the deep-water culture hydroponic bed 

14 days after sowing. For the experiments, 2 racks with three growing beds of 1.2 m × 2.4 m each, 

were used to hold 78 plants each, with a plant density of 21 plants m2 for a total of 468 plants. Every 

hydroponic bed had independent LED lighting system (Eclipse F3 LED bar, www.illumitex.com ) 

located at 0.4 m above the bed level. The spectral composition of the light was set in the PF lighting 

control software at 80% of red, 15% of blue and 5% of green. Detailed description of the facilities 

and crop system can be found in Caplan (2018). The environmental conditions were monitored and 

controlled for the entire duration of the experiments. The aerial zone parameters monitored were 

temperature, relative humidity from which VPD values were calculated, CO2 concentration, and PAR. 

The root zone parameters were monitored in terms of electrical conductivity (EC), pH, and dissolved 

oxygen (Figure 2). In both experiments the photoperiod was 12 hours (8am-8pm) and the high VPD 

condition was achieved by means of a dehumidifier (90L/D Parkoo; Guangdong, China). The 

duration of each cycle was 23 days. 

E1: E1 was conducted on green (G) and red (R) Salanova lettuces to understand the relationships 

between VPD levels (low, L = 0.7 kPa; high, H = 1.4 kPa) and increasing Daily Light Integral (DLI 1, 

2, 3):  

DLI 1. 8.6 (200 µmol photon m-2s-1 PPFD, photosynthetic photon flux density); 

DLI 2. 12.9 (300 µmol photon m-2s-1 PPFD); 

DLI 3. 15.5 (360 µmol photon m-2s-1 PPFD). 

78 plants per layer (39 green and 39 red) were grown in two different cycles under low and high VPD 

to study morpho-physiological changes and to determine the optimal DLI and VPD for lettuce growth.  

http://www.illumitex.com/
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E2: In E2, green (G) and red (R) Salanova lettuces were grown in two cycles under low and high 

VPD under a light intensity of 300 µmol m-2s-1 (12.9 DLI) in two rack (Control;C and Stress;S). After 

10 days after the transplant into the vertical farm, EC was enhanced in one rack (S) from 1.8 to 3.5 

µS cm-1 by adding NaCl, producing a sudden salt stress. 5 days after the salt stress, CO2 injection 

started in the whole room, in order to bring CO2 concentration from 400 to 1200 ppm. We 

hypothesized that The CO2 enrichment would mitigate the salt stress, modifying the plant carbon 

gain/water balance and that these mechanisms would be different in high and low VPD plants, 

depending on their different morphological structure.  

 

Figure 1: Lettuce transplanting in the multi-layers vertical farm at the UA-CEAC. 
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Figure 2: Environmental data in terms of a) temperature (triangles) and relative humidity (circles) under L 
(orange lines) and H (blue lines) VPD; b) CO2 enrichment in E2; c) Electric Conductivity for control (C; blue 
line) and stress (S; orange line) racks.  

 

8.2.2 Growth measurements: At the beginning of each experiment, 5 plants (in excess after 

transplanting) were used to calculate the fresh and dry biomass as well as the plant area. Fresh 

biomass (FB) was calculated by removing the roots and weighing the samples by means of a 

weighing scale. To calculate the dry biomass (DB), samples were oven dried at 60°C for at least 3 

days, till they reached a constant weight. Plant area was calculated by imaging each plant on a white 

board and then calculating the area of the epigeal part by means of digital image analysis (Image J 

software; national Institutes of Health, Bethesda, Maryland, USA). These initial data were used to 

compare the plant homogeneity of the two growth cycles. The last day of experiment 20 plants per 

condition were harvested to repeat the growth measurements (number of leaves, fresh and dry 

weight of the epigean plant organs, plant area). In E2, every 6 days, at least 5 plants per treatment 
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were harvested and the growth analyses were repeated to follow the growth in the two racks 

subjected to the different EC values. 

8.2.3 Leaf morpho-functional traits: Leaf functional traits were evaluated at the end of the growth 

period on 6 plants per treatment following Cornelissen et al. (2003). Firstly, leaves were scanned to 

calculate Leaf Size (LS; lamina area in mm2) using ImageJ software. Then, FW of each leaf was 

recorded, and the leaf petiole was submerged in distilled water in the dark for 48h and then re-

weighted to calculate the Saturation Weight (SW); whereas, DW was obtained by oven-drying leaves 

at 60 °C for at least 3 days, until they reached a constant weight. These parameters were used to 

evaluate: the water status of the leaves, measured as relative water content (RWC %) and expressed 

as percentage of (FWīDW)/(SWīDW); the leaf dry matter content (LDMC) considered a proxy for 

leaf tissue density (Ryser and Urbas, 2000) and expressed as (DW/SW) in gg-1; Leaf Mass per Area 

(LMA), calculated as the ratio between DW and LS (g mm-2) which is used as proxy for sclerophylly 

(Witkowski and Lamont, 1991); Specific Leaf area (SLA), calculated as the ratio between LS and 

DW (mm2g-1) (Witkowski and Lamont,1991). 

8.2.4 Gas-exchanges: In E1 Gas-exchange measurements were carried out at the end of the growth 

period, with LI-6400 (LI-COR Biosciences, Lincoln, NE, USA). Measurements were taken at ambient 

CO2 concentration (400 µmol) and at a photosynthetic active radiation of 1000 µmol m -2s-1, which 

based on previous experiments (chapter 4) was considered the saturation irradiance for the species. 

Measurements were performed from 10 to 2 am on a fully expanded leaf per 10 plants per treatment. 

In E2, the same measurements were carried out before and after the CO2 injection. The following 

parameters were calculated: PN (net-photosynthesis), the CO2 assimilation, measured in µmol CO2 

m-2s-1; gs (the stomatal conductance), measured in mol H2O m-2s-1; and Tr Transpiration, measured 

in mmol H2O m-2s-1.  

8.2.5 Morpho-anatomical analyses: At the end of each experiment, 1 leaf per 6 plants per 

treatment were sampled from the plant and promptly fixed in the FAA fixative solution (40 

% formaldehyde, glacialacetic acid, 50% ethanol, 5:5:90 by volume). Samples were transferred to 

the PWA lab (Plant and Wood anatomy lab) at the Department of Agricultural Sciences of the 

University of Naples ñFederico IIò in order to assess any differences in leaf morpho-anatomical 

developments among treatments. Each leaf was dissected to obtain 3 pieces of about 10x10 mm of 

the leaf lamina, in order to accomplish the quantification of: 

i) morpho-anatomical traits of leaf lamina tissues; 

ii) stomatal traits; 

iii) vein traits. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/formaldehyde
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acetic-acid
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8.2.5.1 Morpho-anatomical analyses of leaf lamina: 5 Ĭ 5 mm portions of the leaf lamina were 

dehydrated in an ethanol series (50, 70 and 95%) and embedded in the JB4acrylic 

resin(Polysciences, USA). Thin cross sections (5 ɛm thick) were cut by means of a rotary 

microtome, stained with 0.025% toluidine blue and mounted with distilled water (Feder and O'brien, 

1968). Sections were analyzed under the BX510 light microscope (Olympus, Germany) and digital 

images were collected and analyzed through the digital camera Olympus EP50 and Olympus 

CellSens 3.2 software, to quantify palisade parenchyma thickness (PT) (ɛm) and spongy 

parenchyma thickness (ST) (µm). All the thickness measurements were taken in 3 positions along 

the lamina, avoiding veins and damaged areas. 

8.2.5.2 Stomatal traits: Stomatal traits were determined by microscopic measurements of leaf 

abaxial peels, taken centrally in each part of the leaf lamina, avoiding the midrib as well as the 

margin. For each leaf, measurements were averaged from 5 measurements obtained from 3 different 

peels of each leaf. Each field view was set at 50x magnification (field area of 0.15 mm2) Stomatal 

density was measured as number of stomata per mm2 of the leaf area using ImageJ Software. 

Stomatal length and width were determined considering the length and width (µm) of 5 stomata per 

field. To calculate stomatal area in E2, the size of 5 stomata per field both guard cell minor and major 

axes were used to calculate the area of an imaginary ellipse as reported in Sorrentino et al. (2021).  

8.2.5.3 Vein traits: To determine vein traits a portion of each leaf lamina was chemically cleared 

C3H6O in aqueous solution and bleached in EtOH dilution series, following Berlyn and Miksche 

(1976). In order to highlight even the smallest veins, cleared leaves were double stained with safranin 

and fast greens. More specifically, leaves were kept submerged in 1% safranin in EtOH for 10 

minutes, gently rinsed with 100% EtOH, submerged in 1% fast green in EtOH for a few seconds and 

rinsed again with 100% EtOH. Using a light microscope (BX51; Olympus) equipped with the EP50 

camera, each leaf was imaged in 5 field of view at a magnification of 4x (field area of 0.033 mm2). 

From those pictures minor vein density (VLA) was calculated using image J software, as the ratio of 

the sum of vein lengths of 4° veins and higher and the difference between the area of the image and 

the area occupied by the 2° veins, expressed in mm mm-2 (Sack and Scoffoni, 2013; Amitrano et al., 

2021). 

8.2.6 Statistical analyses:  The statistical analyses were all carried out using the software IBM 

SPSS Statistics (SPSS, Chicago, IL, USA). In E1 the influence of the different independent factors 

(VPD, cultivar and light intensity) on the dependent variables was tested by applying a three-way 

analysis of variance (ANOVA) and mean values were separated according to Tukey test with p < 

0.05. In E2 the influence of the different independent factors (VPD, cultivar, salt stress) on the 

dependent variables was tested by applying a three-way ANOVA. Also in E2, gas exchanges and 

leaf traits data (collected before and after the CO2 injection) were subjected to a four-way ANOVA, 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acrylic-resins
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acrylic-resins
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also considering the data (before and after the injection) as main factor. Being the interactions 

between factors significant, in this chapter, the results of one-way ANOVA are presented. 

8.3 Results E1 

8.3.1 Growth: The combined effect of VPD, cultivar and light intensity elicited significant changes in 

Salanova plants (Figure 3). More specifically, on average L VPD conditions induced the 

development of more leaves per plant (Figure 3a), at the intermediate and high DLI. Plants at L and 

H VPD followed the same trend, presenting higher values at light intensity 2, followed by 3 and 1. 

Overall, LR2 presented the highest number of leaves followed by LG2 and LR3, LG3, HG2 and HR2, 

HG3, HR3, LG1, LR1. Lowest values were found in HG1 and HR1.Similarly, plant area (Figure 3b) 

was always higher in L compared to H VPD plants and values decreased with increasing light 

intensity. Highest values were found in LG1 and LR1 followed by LR2, LR3, LG2 and HR1, HG1, 

HG2, HR2. Lowest values were recorded in HG3 an HR3.Both fresh and dry weight (Figure 3c,d) 

increased with light intensity level (from 1 to 3). For FW, however, no significant differences were 

found between light intensity 1 and 2 and between L and H VPD. In light intensity 3, the only 

significant difference was found between LG and HG plants with reductions in HG by 5%. Concerning 

DW, L VPD plants presented slightly highest values compared to H VPD. However, these differences 

were not always significant. The significant differences between L and H plants were found in dry 

weight between LG1 and HG1, LR2 and HR2, LG3 and HG3 with 13% reduction and LR3 and HR3 

22% reduction.  

 

Figure 3: Growth parameters in terms of a) leaves number per plant, b) plant area, c) fresh weight and d) dry 
weight of Salanova Green (G) and Red (R) plants grown under the three different light intensities (1: 8.6 DLI; 
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2: 12.9 DLI; 3: 15.5 DLI) at low (L) and high (H) VPD. Different letters correspond to statistically significant 
differences according to Tukey test (p < 0.05). 

 

8.3.2 Morpho-functional traits: Leaf morpho-functional traits were influenced by the interaction of 

VPD, light intensity and cultivar (Figure 4). Leaves from both green and red plants resulted more 

expanded (Figure 4a), when grown under low VPD; however, this trend changed when exposed to 

different light intensities. Indeed, the lowest light intensity (G1, R1) determined an increment in leaf 

area: leaf area decreased together with increments in light intensity under L VPD. However, when 

exposed to the highest light intensity (G3 and R3) no differences in leaf-area were recorded between 

L and H VPD. Overall, LG1 and LR1 presented the highest leaf area followed by LG2 and by LR2 

and HR1. Lowest values were found in HR2. Conversely LMA (Figure 4b), was highest in H plants 

and incremented together with increments in light intensity in both VPD condition. Highest values 

were found in HR3 and HG3, followed by LG3, LR3, HG2, HR2, HG1, HR1, LG2 and LG3; whereas 

lowest values in LG1 and LR1.Concerning LDMC (Figure 4c), in agreement with LMA, its values 

where higher under H VPD notwithstanding the different light intensities. However, L and H VPD 

plants showed a different trend with varying light intensity. L VPD plants presented a higher LDMC 

in G3 and R3 and lower values, with no significant differences among them in the other conditions 

(G and R1, G and R2). Differently, H VPD plants presented higher LDMC in both G1, R1, G3 and 

R3 (with no differences) and lowest values in G2 and R2. Overall, highest values were found in HR1, 

HG3 and HR3 and lowest in LG1, LR1, LG2, LR2. 
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Figure 4: Leaf morpho-functional traits in terms of a) LA, leaf area; b) LMA, leaf mass per area; c) LDMC, leaf 
dry matter content of Salanova Green (G) and Red (R) plants grown under the three different level intensities 
(1: 8.6 DLI; 2: 12.9 DLI; 3: 15.5 DLI) at low (L) and high (H) VPD. Different letters correspond to statistically 
significant differences according to Tukey test (p < 0.05). 

 

8.3.3 Morpho-anatomical traits  

8.3.3.1 Leaf lamina: The thickness of palisade and spongy parenchymas was influenced by the 

interaction of VPD and light intensity and cultivar (Figure 5). Palisade and spongy thickness followed 

an opposite pattern of variation among treatments. Palisade parenchyma thickness (Figure 5a) was 

enhanced in L VPD compared to H VPD, moreover it increased according to increasing light 

intensity. Overall, highest values were found in LG3 followed by LR3, LG2 and LR2, LG1 and LR1, 

HG3, HR3, HR2, HG2; and lowest values in HG1 and HR1. Conversely, spongy parenchyma 

thickness (Figure 5b) was highest in H VPD and decreased according to increasing light intensity. 
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Overall, highest values were found in HG1 and HR1, followed by LG1 and LR1, HG2 and HR2, HR3 

and HG3, LG2 and LR2; lowest values in LG3 and LR3. 

 

Figure 5: Leaf lamina thickness in terms of a) palisade thickness; b) Spongy thickness of Salanova Green (G) 
and Red (R) plants grown under the three different level intensities (1: 8.6 DLI; 2: 12.9 DLI; 3: 15.5 DLI) at low 
(L) and high (H) VPD. Different letters correspond to statistically significant differences according to Tukey test 
(p < 0.05). 

 

8.3.3.2 Stomata: Stomatal density and size were influenced by the interaction of VPD and light 

intensity and cultivar (Figure 6). Changes in stomatal density (Figure 6a) were mostly influenced by 

light intensity; indeed, under low light (1) no differences were detected between L and H VPD 

whereas under medium light (2) L VPD plants increased significantly the density of stomata, 

compared to H-VPD. Ultimately, under high light (3) the highest stomata density was found in H VPD 

compared to L VPD.  Overall, highest values were found in HG3, HR3, followed by LG3 and L33, 

then by LG2 and LR2, HG2 and HR2, and lowest values in G1 and R1 notwithstanding the VPD.Many 

significant differences were found in stomatal length (Figure 6b). More specifically, L VPD plants 

presented higher values compared to H VPD. Stomata length decreased together according to 

increasing light intensity in both L and H VPD plants. Overall, highest values were found in LG1 and 

LR1, followed by LG2 and LR2, HG1 and HR1, HG2 and HR2, LG3 and LR3. Lowest values were 
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found in HG3 and HR3. Stomatal width did not change among treatments, exception made for HG1 

and HR1 where the highest values were detected.  

 

 

 Figure 6: stomatal traits in terms of a) stomatal density; b) Stomatal length and width of Salanova Green (G) 
and Red (R) plants grown under the three different level intensities (1: 8.6 DLI; 2: 12.9 DLI; 3: 15.5 DLI) at low 
(L) and high (H) VPD. Different letters correspond to statistically significant differences according to Tukey test 
(p < 0.05). 

8.3.3.3 Veins: Vein density was influenced by the interaction of VPD, light intensity and cultivar 

(Figure 7). Changes in vein density were influenced by light intensity; indeed, under low light (1) no 

differences were detected between L and H VPD whereas under medium light (2) L VPD plants 

increased significantly the density of stomata, compared to H VPD. Ultimately, under high light 

conditions (3), vein density was higher in H VPD than L VPD. Overall, highest values were found in 

HG3 and HR3 plants, followed by LG3 and LR3, LG2 and LR2, HG2 and HR2, and lowest values in 

G1 and R1 notwithstanding the VPD. 
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Figure 7: Leaf vein density of Salanova Green (G) and Red (R) plants grown under the three different level 
intensities (1: 8.6 DLI; 2: 12.9 DLI; 3: 15.5 DLI) at low (L) and high (H) VPD. Different letters correspond to 
statistically significant differences according to Tukey test (p < 0.05). 

 

8.3.4 Gas-exchanges: VPD, light intensity and cultivar strongly influenced the gas-exchange 

capacity (Figure 8). Net-photosynthesis (PN) (Figure 8a) was always higher in L compared to H 

VPD plants, notwithstanding the light intensity. Moreover, in L VPD plants photosynthesis was 

always enhanced in red Salanova compared to green one. Concerning the light intensity, in both L 

and H VPD plants, there was a linear decrease in net-photosynthesis together with decreasing light 

intensity. Overall, highest values were found in LR3, followed by LG3, LG2 and LR2, LR1 and HG3 

and HR3, HG2 and HR2. Lowest values were found in HG1 and HR1.Similarly, stomatal 

conductance (gs) (Figure 8b) was enhanced in L VPD plants compared to H VPD. In L plants 

stomatal conductance was enhanced in red plants only grown at the highest light intensity (R3), 

whereas no significant differences were found at the other light intensities between G and R plants. 

Conversely, in H plants gs was enhanced in red plants only when grown at the lowest light intensity 

(R1). Concerning the light intensity, gs decreased at the lowest light intensity (1) in both green and 

red plants grown under L and H VPD (L and H G1, R1). Differently from net-photosynthesis, there 

were no significant differences between plants grown at 2 and 3 light intensity, exception made for 

LR3. Overall, LR3 presented highest values followed by LG3 and LG2 and LR2 then by LG1, LR1, 

HG2, HR2, HG3, HR3 which were in turn higher than HR1. Lowest values were found in HG1.By 

contrast transpiration (Figure 8c) was enhanced by the high VPD condition, exception made for the 

low light intensity (1) where no significant differences were found between H and L plants. Differently, 

significant differences were found between light intensities 2 and 3 with increments in transpiration 

under the high light condition (3) both in H and L plants. Concerning the cultivar, no significant 

differences were found between green and red plants. Overall, highest values were found in HG3 



 

156 
 

and HR3, followed by HG2 and HR2, then by LG3 and LR3 in turn higher than LG2 and LR2. Lowest 

values were found in G1 and R1 both and L and H VPD. 

 

Figure 8: Leaf gas-exchange in terms of a) net-photosynthesis (PN); b) stomatal conductance (gs); 
Transpiration (Tr) of Salanova Green (G) and Red (R) plants grown under the three different level intensities 
(1: 8.6 DLI; 2: 12.9 DLI; 3: 15.5 DLI) at low (L) and high (H) VPD. Different letters correspond to statistically 
significant differences according to Tukey test (p < 0.05). 

 

8.4 Results E2 

8.4.1 Growth: Growth dynamics in terms of fresh and dry weights (FW and DW) is represented in 

Figure 9 and was strongly influenced by L (Figure 9a,c) and H VPD (Figure 9b,d) in combination 

with the modulation of the other environmental factors. For both FW (Figure 9a,b) and DW (Figure 

9c,d) it is evident how the curves started to separate at about 12 DAS after the EC stress began in 

rack 2 (S). However, plants at L and H VPD behave differently with more evident decrease in fresh 
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and dry weight under L VPD compared to H VPD. It is interesting to notice how after about 16 DAS, 

when the CO2 injection began, all the plants boosted their growth again reaching almost the same 

value of rack 1 (C). This process was more evident under H VPD where HS plants reached the same 

values of FW and DW of HC plants. Concerning the different cultivars (Green and Red plants), no 

significant differences were found between G and R among the treatments.  

 

Figure 9: Leaf growth curves in terms of a,b) fresh weight (FW); c,d) dry weight (DW); of  Salanova Green (G) 
and Red (R) plants from Control (C) and Stressed (S) rack, grown under low (L) (a,c) and high (H) (b,d) VPD. 
Different letters correspond to statistically significant differences according to Tukey test (p < 0.05). 

 

8.4.2 Morpho-functional traits: Leaf morpho-functional traits in terms of LA, SLA and RWC before 

and after the CO2 injection are showed in Figure 10 and were strongly influenced by L and H VPD 

in combination with the modulation of the other environmental factors. After CO2 injection, leaf area 

(Figure 10a) was always higher in control compared to stressed plants in both L and H VPD. Under 

both VPDs, leaf area was higher in GC and RC plants. Overall, highest values were found in L VPD 

GC and RC plants after the CO2 injection and lowest in LGS, HGS and HRS before the CO2 injection. 

No significant differences were found between G and R cultivars in both L and H VPD, exception 

made for LRS before CO2 injection which presented higher values compared to LGS. Similarly to 

LA, SLA (Figure 10b) values were higher after CO2 injection both in L and H VPD and were higher 

in control compared to stress plants under both VPDs before and after the injection. However, no 

differences were detected in HRC, LGS and LRS before and after CO2 and in HC and HS after the 

injection. Overall highest values were found in LCG and LRC after CO2 injection and lowest in HGS 
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and HRS before CO2.Conversely, there were no differences in RWC (Figure 10c) before and after 

the injection. LVPD plants always presented higher RWC compared to HVPD and highest values 

were found in C compared to S plants. Overall, highest values were found in LGC and LRC and 

lowest in HGS and HRS.  

 

Figure 10: Leaf morpho-functional traits in terms of a) leaf area (LA); b) specific leaf area (SLA); c) relative 
water content (RWC) of Salanova Green (G) and Red (R) plants from Control (C) and Stressed (S) rack, grown 
under low (L) (a,c) and high (H) (b,d) VPD before and after the CO2 injection. Different letters correspond to 
statistically significant differences according to Tukey test (p < 0.05). 

8.4.3 Morpho-anatomical traits  

8.4.3.1 Leaf lamina: Leaf morpho-anatomical traits in terms of leaf lamina thickness (palisade and 

spongy parenchyma thickness) are showed in Figure 11 and were strongly influenced by L and H 

VPD in combination with the modulation of the other environmental factors. In palisade thickness 
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(Figure 11a), LVPD values were always higher than H VPD. Under L VPD, higher values were found 

in GS and RS compared to GC and RC. Overall, highest values were found in LRS and lowest in 

HGC.Concerning spongy thickness (Figure 11b), L VPD values were higher than H VPD only in GS 

and RS; whereas the opposite happened in GC and RC. Under L VPD, palisade thickness presented 

highest values in RS, followed by GS, RC and lowest in GC. No differences were detected in HVPD. 

In Low VPD highest values were found in R compared to G plants in both C and S. Overall, highest 

values were found in LRS and lowest in LGC. 

 

 

 

Figure 11: Leaf lamina thickness Leaf lamina thickness in terms of a) palisade thickness; b) of Salanova Green 
(G) and Red (R) plants from Control (C) and Stressed (S) rack, grown under low (L) and high (H) VPD. Different 
letters correspond to statistically significant differences according to Tukey test (p < 0.05). 
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8.4.3.2 Stomata: Leaf morpho-anatomical traits in terms of stomatal traits (stomatal density and 

area) are showed in Figure 12 and were strongly influenced by L and H VPD in combination with 

the modulation of the other environmental factors. Concerning stomatal density (Figure 12a), LVPD 

always showed a higher density of stomata than H VPD. Under L VPD, the stomata density was 

higher in GS and RS, whereas under H VPD the density was higher in GC and RC. Overall, highest 

values were found in LGS and lowest in HRS. In both L and H VPD, highest values were found in G 

compared to R plants in both C and S. Differently from stomata density (always higher in L VPD), 

under L VPD the C plants presented a higher stomatal area (Figure 12b) but in S plants this 

relationship changed with larger stomata found under H VPD. Overall, highest values were detected 

in HGS and HRS and lowest in LGC and LRC. No differences between G and R plants were 

detected.  

 

 

 

Figure 12: Stomatal traits in terms of a) density; b) area of Salanova Green (G) and Red (R) plants from 
Control (C) and Stressed (S) rack, grown under low (L) and high (H) VPD. Different letters correspond to 
statistically significant differences according to Tukey test (p < 0.05). 
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8.4.3.3 Veins: Leaf morpho-anatomical traits in terms of vein density are showed in Figure 13 and 

were strongly influenced by L and H VPD in combination with the modulation of the other 

environmental factors. L VPD always showed a higher density of veins than HVPD. Under L VPD, 

the density was higher in GS and RS, whereas under H VPD the density was higher in GC and RC. 

Overall, highest values were found in LGS and LRS and lowest in HGS and HRS. In both L and H 

VPD no differences were detected between G and R plants in both C and S.  

 

 

Figure 13: Vein density of Salanova Green (G) and Red (R) plants from Control (C) and Stressed (S) rack, 
grown under low (L) and high (H) VPD. Different letters correspond to statistically significant differences 
according to Tukey test (p < 0.05). 

 

8.4.4 Gas-exchanges: Leaf gas-exchange traits in terms of PN, gs and Tr before and after the CO2 

injection are showed in Figure 14 and were strongly influenced by L and H VPD in combination with 

the modulation of the other environmental factors. Net-photosynthesis (Figure 14a) was always 

higher after CO2 injection both in L and H VPD (compared to before the injection), and It was higher 

under L VPD both in C and S plants. Overall, highest values were found in L VPD GC and RC plants 

after the CO2 injection and lowest in HRS before the CO2 injection. Significant differences were found 

between G and R cultivars in LC plants before the injection where LRC presented higher values than 

LGC (12% reduction), in HS plants before the injection where HGS presented higher values than 

RGS (16% reduction) and in LS plants after the injection where LRS presented higher values than 

LGS (3% reduction). Stomatal conductance (Figure 14b) was always higher before CO2 injection 

both in L and H VPD, except from HGS and HRS whose values did not change before and after the 

injection. It was always higher under LVPD both in C and S plants. Overall, highest values were 

found in L VPD GC and RC plants before the CO2 injection and lowest in HGS before and after the 

CO2 injection (71% reduction). Statistically significant differences were found between G and R 
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cultivars in LC plants before and after the injection where LGC presented higher values than LRC, 

in HC and HS plants before the injection where HRC and HRS presented higher values than HGC 

and HGS and after the injection where HRS presented higher values than HGS (2% reduction). 

Transpiration rates (Figure 14c) were always higher before CO2 injection both in L and H VPD. 

Higher values were found under H VPD both in C and S plants before and after the injection. Overall, 

highest values were found in HGS and HRS before the CO2 injection and lowest in LGC and LRC 

after the CO2 injection. No significant differences were found between G and R cultivars, except from 

LS plants before the injection where LGS presented higher values than LRS (16% reduction). 

 

Figure 14: Leaf gas-echange in terms of a) net-photosynthesis (PN); b) stomatal conductance (gs); c) 
Transpiration (Tr) of Salanova Green (G) and Red (R) plants from Control (C) and Stressed (S) rack, grown 
under low (L) (a,c) and high (H) (b,d) VPD before and after the CO2 injection. Different letters correspond to 
statistically significant differences according to Tukey test (p < 0.05). 

 

8.5 Discussion: Advances in vertical farming have promoted research in plant science for the 

production of high-yield crops in crowded cities. Most research so far has been addressing CEA 
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system efficiency, considering the optimization of space, energy- and water-use without discussing 

how the microenvironment affect plants morpho-anatomical development, thus their capacity of 

acclimation and finally their quality and yield. Here, we studied lettuce morpho-anatomical 

development and photosynthesis in a vertical farm under two VPD levels (0.7 kPa; 1.4 kPa) in 

combination with different environmental factors. Light intensity is certainly one of the most studied 

environmental factors in CEA, with the ultimate aims of improving crop yield and quality, and at the 

same time trying to consume less energy. In E1, the interaction between light intensity and VPD 

elicited significant changes in the morpho-physiological development of Salanova plants. It has been 

reported, plants grown at high light intensity presented enhanced net-photosynthesis; however, the 

application of strong-light intensity, that exceed a certain ppfd (depending on the species) often 

results in decreased PN (Yao et al., 2017). In our study (E1), the highest level of light (3) increased 

net-photosynthesis under both low- and high-VPD. This is probably due to plasticity in leaf 

morphology under different light intensities. Indeed, plants can modify their morphology, anatomy 

and physiological traits to cope with light stresses (Aleric and Katherine Kirkman, 2005). Here, high 

light elicited changes in leaf morphology leading to leaves with smaller leaf lamina but thicker 

parenchymas, increased LMA and LDMC under high compared to medium and low light intensity. 

Smaller leaves are usually found under high light intensity because plants do not need to increase 

the leaf surface to capture more light and smaller leaves reduce faster their heat loads (Wang et al., 

2020). According to our study, Wang et al. (2020) found smaller leaves with higher LMA in 

Rhododendron plants grown under high light intensity; similar results were found by Kong et al. 

(2016) on M. bodinieri. LMA and LDMC are key traits in plant growth and important indicators of 

plant adaptive strategies (Westoby, 1998; Grime, 2006), which has been used widely in plant 

ecology, agronomy, and forestry, but less in plant physiology. However, recent studies have 

demonstrated that LMA is often positively correlated with net-photosynthesis, relative growth rate 

and biomass. Indeed, in our study plant at high light increased biomass, LMA and photosynthesis, 

with highest increments under low VPD, exception made for LMA, which resulted higher in high-VPD 

exposed plants. Increase in LMA and LDMC can also be influenced by plant internal anatomy, 

especially by increments in parenchyma tissue thickness (Marques et al., 1999) but also by cell wall 

thickening (Takashima et al., 2004) or cell size and intercellular spaces (Kong et al., 2016). The 

thickening of ñsun leavesò can depend on several morphologies on the internal structure, such as: i) 

increments in cell layers in the mesophyll (Arens, 1997); ii) cell elongation in palisade tissue (Gauhl, 

1976). For example, a combined increase in the number of cell layers in mesophyll and an elongation 

of palisade cell was observed in A. Thaliana sun leaves (Weston et al., 2000). Here, the highest LMA 

of high-VPD exposed plants can be ascribed to a wider spongy parenchyma compared to low -VPD 

which increased the overall lamina thickness (Figure 5). It is known that plant exposed to high VPD 

often increase the spongy parenchyma, also showing a higher density of intercellular spaces. This 

structure (with a high proportion of spongy parenchyma rich in intercellular spaces) is recognized to 
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give the major resistance to gas and water flows, because of the lowest cells connection which 

decrease the area available for the flow (Amitrano et al., 2019). Indeed, in the present study, plants 

at high VPD presented the highest transpiration and the lower photosynthesis (Figure 8c). Plants at 

high VPD always showed a reduced palisade parenchyma thickness compared to low VPD plants. 

It is recognized that the palisade tissue allows an enhanced photosynthesis. Indeed, in E1 palisade 

thickness was enhanced by the higher light intensity in both low and high VPD plants, probably due 

to a compensation mechanism to maintain a high volume of photosynthetic tissue even in smaller 

leaves. Furthermore, other changes in leaf internal organization were visible among light intensities 

and VPDs. For example, hydraulic-related anatomical traits of stomata and veins varied a lot among 

VPDs and light intensities. These traits are drivers of leaf hydraulics (Sack, 2006; Brodribb and 

Jordan, 2011); since their balance drives the maintenance of the normal leaf physiological functions, 

their study is fundamental to understand plant behavior under a changing environment (Amitrano et 

al., 2021; Chapter 3). The developmental pattern of stomata and vein traits under different light 

intensity and VPDs is not uniform across species and is therefore considered highly species-specific 

(Amiard et al., 2005). Here, the highest vein density found under high light and under high 

evaporative demand, could be a sign of plant trying to increase the water supply to the leaves to 

meet the high traspirational demand under high light and high VPD condition. Similar results were 

found in Wang et al. 2020 where Rhododendrons plants not only increased vein density under high 

light intensity, but also stomatal density. This once again is in accordance with our study where the 

development of stomatal and vein traits seems to be coordinated since lettuce plants showed 

increased stomatal density under high light and especially under high evaporative demand. Usually, 

sun leaves of different species tend to develop higher vein and stomatal densities compared to shade 

leaves (Brodribb and Jordan 2011; Scoffoni et al., 2015). The lower vein density under low light was 

explained by Sack and Scoffoni (2013) as a way for plants to reduce construction cost and potentially 

enhance the light interception in shade. In the present study this correlation is maintained under low 

light intensity, where no differences between low and high VPD plants were found; but not under 

medium and high light intensities (2, 3) where is the low VPD condition to develop the majority of 

stomata and veins.  This is in accordance with our previous study on V. radiata plants where stomatal 

and vein density always resulted enhanced under the low VPD condition (Chapter 3). In Chapter 3, 

it is showed that this strict coordination between density of stomata and veins was the reason for 

mantaining high photosynthetic performance of the species and also explained plant acclimation to 

changing conditions of VPD (Amitrano et al., 2021; Chapter 3). Moreover, in the present study, larger 

stomata were found under the lowest light intensity (Figure 6). This is a clear sign that plants grown 

under this irradiance do not need to promptly adjust and close the stomata to avoid the excess of 

water loss. Indeed, it is known that developing smaller stomata helps plant to cope with stressful 

condition (e.g. drought, pollution, high VPD), since the opening/closing of smaller stomata is faster 

(De Micco et al., 2019). Overall, all these morpho-anatomical parameters drive the photosynthetic 
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acclimation of the species. As presented in figure 8, net-photosynthesis and stomatal conductance 

was higher under low VPD, notwithstanding the growth irradiance and the different coordination of 

stomata and vein. Although having the highest vein and stomatal density and a coordination of 

stomata and vein under high VPD and high irradiance the photosynthesis and stomatal conductance 

are lower if compared with low VPD. This could be a sign that plants are facing limiting conditions 

(transpiration enhanced by VPD and by high light) and develop more stomata and vein to counteract 

such stressful condition. 

 

Leaving out the morphological development under different lights and VPD which drives the 

photosynthetic acclimation of lettuce plants, and focusing on lettuce biomass production, interesting 

results are reported. Here, we noticed that under low light intensity, lettuces presented more 

expanded plants with bigger leaves and although presenting a reduced dry weight, compared to the 

other light conditions maintained a high fresh weight, equal to light intensity 2, often considered an 

optimum for the species. The maintenance of a higher biomass, at least comparable to the medium 

light intensity can be explained by the more expanded leaves, considered a key trait to intercept 

more light or to the internal tissue organization (e.g. highest spongy parenchyma thickness 

compared to the other light intensities; Figure 5). Moreover, transpiration under low light is reduced 

also under the high VPD condition, which can be an advantageous for the species in indoor 

cultivation.  

In E2 we focus on if and how the CO2 enrichment could offset the negative effect of  sudden changes 

in salinity (high EC) changing the structure-to-function relationships of lettuces developed at different 

VPDs (L and H) under a constant light intensity of 300 µmol m-2s-1. It is known that elevated 

atmospheric CO2 can stimulate plant growth, metabolism and development by providing additional 

carbon to the plant (also known as fertilization effect), especially under favorable nutrient and water 

conditions (AbdElgawad et al., 2016). Furthermore, the role of CO2 has also been discussed with 

regard to stress mitigation but the interaction of elevated CO2 with other environmental parameters, 

especially after sudden stressful conditions, are less documented in the literature. Understanding 

such interaction is necessary in a future high-CO2 scenario (Feng et al., 2014; Xu et al., 2015) but 

also in precision agriculture. For instance, negative effects of drought were reduced under elevated 

CO2 in barely and alfalfa (Erice et al., 2007; Robredo et al., 2011). Also in barley, the oxidative stress 

induced by salinity was mitigated by elevated CO2 (Perez-Lopez et al., 2008). In E2, from growth 

curves (Figure 9) is evident how sudden increments in salinity in S rack brought to a reduction in 

the whole FW and DW, especially under low VPD, also confirmed by reduction in LA and SLA in 

green and red stressed compared to green and red control plants (Figure 10). Reduction in growth 

is common under elevated EC. In lettuce subjected to increasing EC, Ünlükara et al. (2008) found a 

severe reduction in fresh and dry biomass and number of leaves. However, in E2 after the CO2 

injection it was possible to notice a boost in growth, especially under high VPD conditions in terms 
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of FW and DW which managed to reach similar values to non-stressed plants (Figure 9b,d), a 

difference that could be attributed to the reduced growth (FW and area) of green and red control 

high VPD plants, also confirmed in E1. In Eucalyptus, an ameliorative effect of elevated CO2 after 

drought stress was observed by Atwell et al. (2007) so much that in plants growing under ambient 

conditions the drought stopped their growth after 20 weeks from germination, whereas those in 

elevated CO2 increased their biomass by 40 % after 20 weeks. High electrical conductivity of the 

nutrient solution decreases the possibility of water absorption by plants, also decreasing 

photosynthesis, cell division and protein synthesis resulting in a lower leaf area (Cometti et al., 2013). 

Cometti et al. (2012) found in lettuces grown in hydroponic and subjected to high EC and to high 

temperature, a greater reduction in growth and photosynthesis compared to those subjected to high 

EC and optimal temperature, which was ascribed to a reduced capacity of absorbing water under 

elevated temperature. In our study, we observed a general decrease in both low and high VPD 

lettuces subjected to high EC (LGS, LRS, HGS and HRS); however, in lettuces subjected to high 

VPD and high EC (HGS and HRS) these reductions were more accentuated, especially in water 

content (RWC), SLA (Figure 10) and stomatal conductance (Figure 14). These differences were 

ascribed to a different anatomical structure of L and H leaves under control and stress conditions. A 

clear evidence is reported in Figure 12, showing how stomata morphology followed a different 

development under L and H VPD in stressed plants. Indeed, while the density of stomata was 

reduced under S compared to C plants for HVPD, in LVPD the density was enhanced by 4-6 folds 

in green and red stressed plants compared to green and red control plants. Concerning stomatal 

dimensions, even though both L and H VPD plants developed bigger stomata under high EC (Figure 

12b), the enhanced density of low VPD stressed plants likely enable the maintenance of higher 

conductance compared to high VPD stressed plants and the same mechanism likely happened in 

control plants (Figure 14b). These results were confirmed by the different development of vein 

density under L and H VPD under salt stress. Once again, green and red stressed plants showed 

increments in vein density under low VPD and decrease in high VPD compared to non-stressed 

plants. Reduction in stomatal density with increasing salinity levels are common in different species 

(Orsini et al., 2011; Waqas et al., 2017) and together with a reduced aperture of the pores are the 

most common causes of reduction in photosynthesis and conductance under salt and drought 

stresses (Kelly et al., 2016; Domec et al., 2017). Conversely, leaf vein traits are still less studied and 

their development under salt stress has not been explored much. However, to the best of our 

knowledge this different VPD-driven acclimation mechanisms of lettuces under salt stress 

(compared to control) has never been reported before and has probably a great influence over 

photosynthesis. Most CO2 enrichment experiments have been carried out at ambient VPD, showing 

increments in net-photosynthesis and decrements in stomatal conductance and transpiration rates, 

mainly attributed to stomatal closing with the increase in intercellular CO2 concentration within the 

leaves (Aasamaa and Sõber, 2011). Our results are in agreement with these studies showing 
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decreased gs and Tr after CO2 enrichment in both L and H VPD, however gs was significantly higher 

in low VPD stressed plants compared to high VPD stressed plants and Tr was significantly higher in 

high VPD stressed plants compared to low VPD stressed plants (Figure 14c,d). In agreement with 

our study, Jiao et al. (2019) found increments in net-photosynthesis in low and high VPD plants 

grown with CO2 enrichments; however, in low VPD plants exposed to high CO2 the stomatal limitation 

decreased and gs was always higher than high VPD. In accordance with our previous study (Chapter 

4), only a few significant differences were found between green and red lettuces especially in gas-

exchange analysis. For example, the higher PN in low VPD stressed red compared to green plants 

at the final point of analysis can be ascribed to a higher palisade thickness in red plants. It is generally 

accepted that the palisade tissue prevails in the mesophyll of dorsiventral leaves, making a major 

contribution to their photosynthesis (Zheng et al., 2017). Moreover, gs was higher in low VPD green 

compared to red control plants in accordance with the higher stomatal density in these plants.  

 

8.6 Conclusions: In this chapter we studied how the interaction between VPD and other 

environmental parameters affect red and green salanova lettuces grown in a vertical farm, from a 

morpho-physiological point of view. In E1 the interaction between VPD and light intensity provoked 

a different morpho-anatomical development of lamina, stomata and veins under L and H VPD. For 

example, it is interesting to notice that under high light, H VPD plants developed a higher density of 

veins and stomata, probably to counteract the negative effect of high VPD, enhanced even more by 

the high transpiration under high irradiance. Moreover, the different anatomical development of 

leaves brought, under the lowest light, to a fresh biomass and net-photosynthesis not so different 

from those developed under the medium light (considered an optimum for the species). This can be 

considered a positive outcome to reduce transpiration lowering the irradiance in controlled 

environment.  In E2 we discussed how morpho-anatomical traits of stomata and veins drive a 

different acclimation in low and high VPD under control and salt stress and then exposed to short-

term CO2 enrichment. Interesting results showed that under salt stress L and H VPD followed a 

different developmental pattern of functional traits of leaves. While L VPD plants enhanced their 

stomata and vein density compared to control, H VPD plants under salt stress reduced even more 

these traits. This resulted in enhanced photosynthetic rates after CO2 injection for L plants and 

lowered for H plants, compared to their values before the injections. However, overall, both plants in 

L and H VPD were able to overcome the salt stress, managing at the end of the growth to reach 

values comparable with control.  

To conclude, the morpho-anatomical development of lettuces under different environmental 

conditions plays a fundamental role in plant photosynthetic acclimation; therefore further 

explorations to quantify intercellular spaces or distribution of chloroplasts in the palisade parenchyma 

would help better understand the mechanisms underlying plant carbon gain can help in support our 
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hypothesis. Overall, our findings may contribute to the development of sustainable cultivation 

strategy in indoor cultivation and, at the same time, improve knowledge about the ecological 

adaptation of lettuce to environmental stresses, more and more common in the current climate 

change scenario.  
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Chapter 9  

 

Project PHEW -Automated phenotyping platform to 

improve lettuce water use efficiency under different VPD 

and watering regimens: Report with preliminary results 

  

  

9.1 General context and scope of the project: Nowadays, about 50% of the global yield loss are 

due to climatic changes. Increasing VPD (depending on temperature and relative humidity) and 

drought are among the principal environmental stressors. The aim of this high-throughput 

phenotyping experiment was to study how stomatal regulation and water use affect carbon gain and 

biomass allocation in lettuces acclimated to different environmental conditions (VPDs) inducing the 

development of a different leaf anatomical structure, and then subjected to short-term changes in 

the VPD. To fulfil this purpose, two lettuce cultivars, already characterized under different VPDs in 

terms of growth, phytochemical composition, and photosynthesis in previous 

experiments (Chapters 4,5,6,7,8), were characterized using an automated high-throughput 

phenotyping facility, under two different VPDs (low and high) in combination with two watering 

regimes (well-watered and low-watered) and then subjected to sudden changes in the VPD.  An 

Infrared camera was used to estimate plant-water relationships, RGB imaging was applied to track 

changes in morphological and colorimetric parameters and a fluorescence camera was used to 

assess any changes in the photosystem II performance. At the end of the experimental trials, leaf 

samples were collected, chemically fixed, and transferred to the PWA (Plant and Wood 

Anatomy) laboratory of the University of Naples ñFederico IIò to analyze the leaf morpho-anatomical 

development in terms of stomata and leaf lamina traits through light microscopy (see paragraph 

9.2.4 for details). Data from phenotyping and microscopy have been integrated to understand 

mechanisms of lettuce dynamic acclimation to sudden changes in the surrounding environment with 

reference to different pre-acclimation conditions and to evaluate possible changes in lettuce 

productivity in the sight of warmer and drier climates. In this chapter detailed material and methods 

are reported and preliminary results are discussed as useful to implement the knowledge about 

scientific and technical issues to design automated controlled growth chambers in support 

of sustainable precision farming on Earth and in Space exploration applications.   
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9.2 Material and Methods:  

  

9.2.1 Experimental Design: Seeds of green and red Salanova lettuces (Lactuca sativa L. 

var. capitata) were provided by the Dutch company Rijk Zwaan and showed 100 % germination. For 

each trial, 80 green and 80 red seeds were germinated in 10 cm pots on soil (red substrate 

2, Klasmann-Deilmann GmbH, Geeste, Germany) in a walk-in growth-chamber under controlled 

conditions (23/19°C, 75 % RH, 315 µmol photons mҍ2 sҍ1, 12h photoperiod).  

Light was provided by halide lamps (Venture Lighting Europe Ltd., Rickmansworth, Hertfordshire, 

England). After 10 days, 64 green and 64 red plants were moved to the phenotyping growth 

chamber (PGC) for small plants and placed in the LemnaTec carriers. To avoid evaporation from the 

soil and to provide a uniform background for the phenotyping cameras, the soil surface of all the pots 

was covered with a blue rubber mat (Figure 1). A few days prior the experiments, soil water content 

corresponding to 100 % field capacity (FC) was determined by weighing soil-filled pots after full 

watering and after drying for 3 days at 80°C as reported in Junker et al., 2015. Once in the 

phenotyping chamber, half of the plants were irrigated at 100 % FC and are referred to as WW (well-

watered) and the other half at 30 % FC, LW (low-watered). Irrigation took place through an automatic 

weighing/watering station with a pump irrigating into the bottom container, to avoid any interference 

with lettuce growth. 

The first trial was conducted at a VPD of 0.7 kPa (L) and the second at 1.4 kPa (H). After 12 days of 

cultivation in the PGC, the environmental conditions in the chamber were switched and plants were 

kept for 5 days at the opposite VPD (LH and HL) to test the short-term acclimation, following the 

approach reported in Chapter 3 (Amitrano et al., 2021). VPD conditions were obtained by keeping T 

fixed and changing the RH % accordingly. 

The other environmental conditions in the phenotyping chamber were kept at:  23/19°C, 315 µmol 

photons mҍ2 sҍ1, 12h photoperiod.   
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Figure 1: green and red Salanova lettuces in the LemnaTec carriers of the small-plant phenotyping chamber 
at the IPK-Gatersleben. Pot surface was covered with a blue rubber mat. 

 

9.2.2 Image acquisition and analysis: All images were automatically acquired using 

the LemnaTec system. All plants were imaged daily from the top view using three imaging 

procedures VIS, NIR, FLUO (Figure 2). VIS images were acquired in the visible light 

spectrum (~390ï750 nm) using a Basler (Basler AG, Ahrensburg, Germany) Pilot piA2400-17gc 

(RGB) camera with a resolution of 2454 × 2056 pixels. A fluorescence imaging system (FLUO, 

excitation: 400-500 nm, emission: 520ï750 nm) using a Basler Scout scA1400-17gc and 

(RGB) camera with a resolution of 1624 × 1234 pixels, allowed the quantification of static 

fluorescence signals of plants. Near-infrared imaging (NIR) was performed in the wavelength range 

between 1450ï1550 nm using a Nir 300 PGE (AlliedVisionTechnologiesGmbHformer 

VDS Vosskühler GmbH, Stadtroda, Germany) (monochrome camera) sensor with a resolution of 

320 × 254 pixels.  

On days 12 and 17 after the transfer in PGC (before and after the switch in environmental 

conditions), imaging of chlorophyll a fluorescence was performed using FluorCam imaging 

fluorimeters (Photon Systems Instruments, Brno, Czech Republic). Measurements of ūPSII were 

made after light adaptation of the plants in adaptation tunnel and after an illumination period in 

the FluorCam-chamber as indicated in the results section. Duration of the saturating light pulse to 

induce Fm was 800 ms with an intensity of 4100 ɛmol mī2 sī1 (white light) in the system for small 

plants. After one hour of lights turned off, dark-adapted plants were subjected to eight saturated light 

pulses (800 ms; 4,100 ɛmol m-2 s-1 white light) over the course of 145.8 seconds. After the first 

saturating light pulse, light was turned off (five seconds) to measure F0, followed by the second 

saturating light pulse and actinic light to measure maximum fluorescence (Fm) followed by ten 

seconds dark relaxation to measure the Kautsky kinetics. For the Fmô quenching analysis, white light 

and actinic light were turned on for 120 seconds and supplemented by six saturating light pulses 

every 20 s followed by another ten seconds dark relaxation measurements.  

The image analysis was performed by means of the IAP (Integrated Analysis Platform) software 9 in 

different steps: image acquisition, pre-processing, feature extraction and post-processing.  From 
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image analysis, 9 traits were extracted, classified as geometric, color-related (including VIS, FLUO, 

NIR-related traits) and photochemistry traits (Fv/Fm, ūPSII, NPQ). All the selected traits are 

summarized in Table 1. 

 

 

 

 

 

 

 

Figure 2: the phenotype of a representative plant under WW (a,b,c) and WL (d,e,f) conditions: images acquired 
with the three different cameras sensors used in the automated HT screening system for small plants: imaging 
in the visible light spectrum (VIS) (a,d), fluorescence imaging (FLUO) (b,e), and imaging in the NIR light 
spectrum (c,f). 

 

 

Table 1. List of selected traits, name, description code and category are specified. 

 

Trait Name  Trait Description Trait 

code 

Trait 

category 

Top Area Projected plant pixel area from top view. It may serve as a measure of 
plant size and correlates with plant biomass. 

TA Architectural 

Convex hull 
Area 

Smallest geometrical object without concave parts that covers whole plant. 
Provide information on plant size 

CHA Architectural 

Yellow to green Proportion of yellow color plant pixels divided by the count of green color 
pixels. Measure of amount of senescent tissues (yellow). 

Y2G Physiological 
and Color-
related 
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Lab color a Average color in the a* range (green to red) of the L* a* b* color space. 
Small values indicate green and high values indicate red. Indicator of level 
of stress. 

Lab_a Physiological 
and Color-
related 

Lab color b Average color in the b* range (blue to yellow) of the L* a* b* color space. 
Small values indicate blue and high values indicate yellow. High values are 

Indicator of level of stress. 

Lab_b Physiological 
and Color-
related 

Intensity mean Average intensity of the fluorescence reflection based on the color of each 
pixel (pure red highest intensity, yellow lowest intensity). Provides a 
relative measure of photosynthetic health by detecting senescence, 
necrosis and chlorosis. 

Int Physiological 
and Color-
related 

Quantum yied of  
Photosystem II 
(PSII) 

The operating efficiency of PSII photochemistry, Fqǋ/Fmǋ, calculated from 
(FmǋïFǋ)/Fmǋ.  It gives the proportion of absorbed light that is actually used in 
PSII photochemistry and can be used to estimate the rate of electron 
transport through PSII with knowledge of light absorptance by the leaf and 
photosystems. 

ūPSII Physiological 

 

Maxium 
efficiency of 
Photosystem II 
(PSII)  

Ratio of variable to maximum fluorescenceðthe quantum efficiency of 
open photosystem II centres 

Fv/Fm Physiological 

 

Non-
photochemical 
quecncing  

Non-photochemical processes that dissipate excitation energy.  NPQ  Physiological 

 

 

9.2.3 Manual trait acquisition: Plants were harvested at 27 DAS and fresh and dry weight 

determination was performed on all plants at a single plant level by cutting the shoot part of 

each, weighing for the fresh biomass, and then transferring it into a paper bag and drying it for 3 

days at 80 °C. All the weighing was done using a fine-scale balance.   

  

9.2.4 Light microscopy analysis: On harvesting days, 1 fully expanded leaf from 6 plants per 

treatment was collected in FAA fixative (40% formaldehyde, glacial acetic acid, 50% ethanol, 5:5:90 

by volume) and brought back at the PWA (plant and wood anatomy) laboratory of 

the University of Naples for light microscopy analysis. To accomplished morpho-anatomical 

analyses of leaf lamina, each leaf was dissected in order to obtain sub-samples of about 5x5 mm, 

dehydrated in a series of ethanol up to 95% and then embedded in the acrylic resin JB4 

(Polysciences, Germany). Resin-embedded leaves were cut in thin cross-sections of about 5µm by 

means of a rotary microtome, and stained with 0.5% Toluidine blue in water, as reported in Feder 

and O'brien, 1968. The sections were observed under the BX51 light microscope (Olympus, 

Germany) and digital images were collected and analyzed through the digital camera Olympus EP50 

and Olympus CellSens 3.2 software in order to characterized leaf lamina by measuring the thickness 

of upper (UET) and lower epidermis (LET) as well as the thickness of palisade (PT) and spongy (ST) 

parenchymas. All measurements were performed in three positions per cross-section, being careful 

to avoid veins or any other form of interference. Stomatal traits were determined on lamina abaxial 

peels, taken centrally in each leaflet avoiding the midrib as well as the margin. Peels were analysed 

under the abpve-mentioned microscope and for each leaflet, measurements were averaged from 5 

measurements obtained from 3 different peels. Stomatal density (SD) was calculated as number of 

stomata per mm2, measured at 20x magnification, while stomatal area (SA), expressed in µm2 was 
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measured at 50x magnification in 10 stomata per leaf, considering both the guard cell major (pole to 

pole) and minor axes to calculate the area of an imaginary ellipse, as reported in Sorrentino et al., 

2021. 

 

9.2.5 Statistical analyses: The statistical analyses were all carried out using the software IBM 

SPSS Statistics (SPSS, Chicago, IL, USA). The influence of the different independent factors (VPD, 

cultivar and water) on the dependent variables was tested by applying a three-way analysis of 

variance (ANOVA).  In the case of significant interactions, data were then subjected to one-way 

analysis of variance (ANOVA), and mean values were separated according to Tukey test with p < 

0.05. 

  

9.3 Results  

 

9.3.1 Manually acquired traits: VPD, cultivar and water regimens had a significant effect over 

fresh and dry weights: Both fresh and dry weights (Figure 3) followed the same trend with 

significant differences between low VPD (L) and high VPD (H) and the two watering regimens. Plant 

weights were increased at low VPD (L) in both WW and LW. Moreover, both weights were enhanced 

in WW plants with increases from 66-77 % compared to LW. No significant differences were found 

between G and R plants under WW and LW.  
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Figure 3: Growth measurements in terms of a) fresh weight (FW) and b) dry weight (DW) of Salanova Green 
(G) and Red (R) plants grown with the two different water regimens (WW, well watered, and LW, low-
watered) under low (L) and high (H) VPD. Mean values and standard errors are shown. Different 
letters correspond to significant differences according to Tukey test (p < 0.05). 

 

9.3.2 Phenotyping traits: In Figure 4 the expansion in terms of area of green (Figure 4a) and red 

(Figure 4b) lettuce plants is showed over the entire growth period, with a focus on the last day of 

cultivation (histograms). From the Figures it is evident how on day 6 WW and LW plants started to 

show differences in growth. On the same day, also differences between L and H treatments were 

more evident, especially in LW plants. According to biomass data, plant area increased at low VPD 

(L) in both WW and LW. Moreover, area was enhanced in WW plants. From day 12 to the end of 

growth period, the environmental condition in the chamber changed to the opposite VPD; however, 

only H R WW plants (now HL R WW) managed to reach values similar to L R WW (now LH R WW) 

showing no statistically significant differences (Figure4b histogram). The same behavior was not 

showed by green plants (Figure 4a histogram). 

 

Figure 4: Plant area of a) Salanova Green (G) and b) Salanova Red (R) plants grown with the two different 
water regimens (WW, well watered, and LW, low-watered) under low (L) and high (H) VPD. Mean values and 
standard errors are shown. Different letters correspond to significant differences according to Tukey test (p < 
0.05). Both curves calculated over the whole growth period and histograms concerning the last day of 
cultivation are showed.  
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In Figure 5 phenotyping results from FluorCam imaging fluorimeters are showed, in terms of Fv/Fm 

(Figure 5a), ūPSII (Figure 5b) and NPQ (Figure 5c). Fv/Fm values were always higher under L 

VPD notwithstanding the cultivar (G and R) and the water regimens (WW and LW). Overall highest 

values were found in L WW plants compared to L LW (reduction of 1.2-3.6 % compared to WW). LH 

plants showed Fv/Fm values reduced compared to L (2.4 % reduction), but still higher or at least 

comparable to H and HL. H VPD plants showed lowest Fv/Fm values, especially under LW (reduction 

of 2.5-3.7 % compared to WW). HL plants showed higher values compared to H plants (increments 

of about 2 %). Concerning the differences in cultivar, compared to L WW, G WW plants showed 

higher values under LH and lower H and HL; whereas no differences were found between LGWW 

and LRWW. Differently, G LW plants showed higher values under LH and lower under L and HL, 

whereas no differences were detected in H compared to R LW. ūPSII values (Figure 5b) were 

higher under L VPD in all the condition, except for G LW where no differences were detected among 

L and LH plants. Overall highest values were found in L WW plants compared to L LW (reduction of 

16 % compared to WW). LH plants showed values reduced compared to L, except under G LW, but 

still higher or at least comparable to H and HL. H VPD plants showed reduced ūPSII values 

compared to LVPD, especially under LW (reduction of 20 % compared to L G LW). HL plants showed 

higher values compared to H, except for GWW where no statistically significant differences were 

found between H, LH and HL. NPQ values (Figure 5c) were always enhanced under LW condition, 

in order in HL, H, LH and L plants. Concerning the cultivar R plants always showed higher NPQ 

values than G plants.  



 

181 
 

 

Figure 5: Photochemical parameters in terms of a) Fv/fm, b) ūPSII and c) of Salanova Green (G) and b) 
Salanova Red (R) plants grown with the two different water regimens (WW, well watered, and LW, low-
watered) under low (L) and high (H) VPD. Mean values and standard errors are shown. Different 
letters correspond to significant differences according to Tukey test (p < 0.05). 

 

 

In Table 2 phenotyping results from VIS, NIR and FLUO cameras are showed. As main factors VPD, 

Cultivar and Water always showed a significant influence over phenotyping data (p < 0.001 and p < 

0.01). Also, the interactions among factors were significant. More specifically, CHA was enhanced 

under WW and in G cultivar; whereas Y2G, Lab_a, Lab_b and Int were enhanced under LW and 

Y2G, Lab_a and Int increased in G cultivar while Lab_b in R.  

Concerning the VPD, for CHA, Y2G and Lab_a highest values were found in LH followed by HL, L 

and H. Instead, Int and Lab_b presented higher values in H followed by LH, HL and L. The interaction 
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among main factors (VPDxCxW) varied more along treatments resulting statistically significant with 

p < 0.001 for Y2G and Int, p < 0.01 for CHA and p < 0.05 for Lab_a and Lab_b.  

Overall, the interaction among factors elicited many changes in lettuce plants among different 

conditions. CHA was highest in LH G WW and lowest in H G LW, Y2G was highest in LH R LW and 

lowest in L (with no differences among cultivar and water regimens) and H G WW, LH G WW, LH G 

LW, HL G WW and HL G LW. Lab_a was enhanced in LH R LW and HL R LW and was reduced in 

LH G WW and HL G WW, LG WW and L G LW. Lab_b presented highest values in both LH G WW 

and HL G WW and lowest values in both L G LW and HL R LW. Int was enhanced in H G LW and 

reduced in L G WW, L R WW and HL G WW.  

 

Table 2: Selected phenotyping traits in terms of Convex Hull Area (CHA), Yellow to Green (Y2G), Lab color a 
(Lab_a), Lab color b (Lab_b) and intensity mean (Int) of Salanova Green (G) and b) Salanova Red (R) plants 
grown with the two different water regimens (WW and WL) under low (L) and high (H) VPD before (L, H) and 
after (LH, HL) the changes in environmental conditions. The effect of VPD, color and water as main factors is 
also showed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CHA Y2G Lab_a Lab_b Int 
VPD      

L 941798.98   c 0.042 d 109.42 d 146.77 d 0.67 d 
H 705215.38   d 0.088 a 109.82 c 150.07 a 0.77 a 

LH 1654841.65 a  0.058 c 111.72 a 149.36 b  0.70 b 
HL 1359831.96 b 0.066 b 111.30 b 147.14 c 0.68 c 

Color      
G 1191242.25 a 0.07 b 102.49 b 158.35 a 0.70 b 
R 1141166.60 b 0.12 a 118.15 a 138.93 b 0.72 a 

Water      
WW 1791806.08 a 0.041 b 107.85 b 143.21 b 0.66 b 
LW 539037.90   b 0.084 a 113.27 a 153.46 a  0.75 a 

Interaction      
L G WW 1405583.59 d 0.00019 f 98.32739 g 142.68 d 0.63 i 
L G LW   596828.85 l 0.00014 f 98.36892 g 133.41 g  0.69 f 
L R WW 1236601.09 e 0.00107 f 106.88379 e 143.73 d 0.63 i 
L R LW    535383.27 l 0.00007 f 105.28172 f 138.44 f 0.72 d 
H G WW 1048050.03 g 0.00738 f 115.75758 d 150.91 c  0.70 e 
H G LW   325733.25 n 0.3520 a 116.35123cd 166.75 a 0.83 a 
H R WW 1133181.74 f 0.16603 b 116.82561cd 139.96 e 0.74 c 
H R LW   311675.43 n 0.15656bc 117.40012bc 166.44 a 0.82 b 
LH G WW 2600019.98 a 0.00004 f 97.94399 g 165.63 a 0.66 h 
LH G LW    875100.85 h 0.03 f 107.47380 e 152.86 b  0.72 cd 
LH R WW 2370652.71 b 0.014352d 118.26453 b 138.24 f  0.68 g  
LH R LW    783619.59 i 0.19924 ab 122.11828 a 149.39 c 0.73 cd 
HL G WW 2235648.24 c 0.00008 f 98.02747 g 165.27 a 0.62 i 
HL G LW     442973.22 m  0.00061 f 107.67352 e 149.51 c 0.72 cd 
HL R WW 2312109.92 b 0.13095 cd 117.47618bc 140.30 e 0.65 h 
HL R LW    446109.03 m 0.12650 cd 121.01447 a 134.72 g 0.74 c 

Significance      
VPD *** *** *** *** *** 

C *** *** *** ** *** 
W *** *** *** *** *** 

VPDxCxW ** *** * * *** 
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9.3.3 Morpho-anatomical traits: VPD, cultivar and water regimens had a significant effect over 

morpho-anatomical traits (stomata and lamina traits): More specifically, both stomatal density (SD; 

Figure 6a) and stomatal area (SA; Figure 6b) varied a lot under different VPDs, cultivar and water. 

SD was enhanced under L compared to H VPD plants, except for RWW condition where no 

significant differences were found between L and H plants. Moreover, SD was always higher under 

WW compared to LW with increments in L WW by 15-16% compared to L LW and by 32 % in H WW 

compared to H LW. Concerning the cultivars, differences were found only in H plants with increments 

in R WW compared to G WW by 16 % and in G LW compared to R LW by 12 %. SA was always 

enhanced in LW compared to WW plants with increments in L by 19-22 % and in H by 31-32 %. 

Moreover, SA was higher under H compared to L VPD among all treatments. Concerning the 

cultivars, no statistically significant differences were found between G and R among treatments.   

 

 

 

Figure 6: Stomata traits in terms of a) stomatal density (SD) and b) stomatal area (SA) of Salanova Green (G) 
and b) Salanova Red (R) plants grown with the two different water regimens (WW, well watered, and LW, low-
watered) under low (L) and high (H) VPD. Mean values and standard errors are shown. Different 
letters correspond to statistically significant differences according to Tukey test (p < 0.05). 
 

Concerning the leaf lamina organization (Figure 7). No significant differences were found concerning 

the upper epidermis thickness (UET). Differently, the lower epidermis thickness (LET) was always 


