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During the transportation in dosed trudcs, trains or vessels, some potted 
plants may be exposed to high variation on the relative humidity, to high 
ethylene concentration in the surrounding atmosphere, to a prolonged period 
of darkness, to changes in the temperature, etc All these factors produce 
stress induction in the plants, generating detrimental stress responses. 
To achieve the maintenanœ of plant quality, methods and technologies were 
developed and implemented during the last decades. The application of 
coatings with transportation purposes was never tried before, however it can 
constitute a new alternative to the high-energy consumption technologies. 
Through this project it was developed a new small scale testing methodology, 
to evaluate the effect of coatings in the gas conversion kinetics, chlorophyll 
development and water loss, in plants under standard conditions 
(temperature, light intensity, relative humidity and air circulation). This 
methodology was tested with the application of standard and commercial 
coatings, in Ficus benjamina and Kalanchoe blossfeldiana^hnts. 
The results showed different effects in the plants, between the different 
roarings, but always with a decrease in the qualitative indicators. Some of 
them showed potential in the water loss reduction. 
In a second part of the project the effect of a carnauba wax based coating 
was tested in the transportation context. 
The results have shown indications that the carnauba wax coatings may a a as 
a colour (chlorophyll) enhanœr, as a barrier to the water loss and protect the 
plant against fungi development, without produdng significant changes in the 
photosynthetic/respiration proœsses (gas ronversion kinetics). 
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Chapter 1 Introduction 
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In past decades, the increasing on the purchasing power of European habitants, lead to high 
consumptions habits, in several product sectors. Parallel to this evolution was registered a big 
development on the trans-frontier trading systems, allowing a big diversity of product 
exchange all over the continent. This market globalization associated with the industry 
competition, generated a high specialization in several production sectors. 

Following these trends, The Netherlands has become one of the most specialised countries in 
horti/floriculture production systems and one of the top exporter countries of these goods. 
There are several factors that contributed for the country affirmation on the plant sector, 
namely, the climate (marine/temperate) conducive to agriculture, the high technological 

greenhouse culture development (associated to the abundance of energy producing natural 
resources), and one of the key aspects, the river connections to the Rhine, the Meuse and the 
Scheldt, which allowed to have easy transportation of the products to a big part of Europe. 

Lately the exportation network range is growing at high speed, and the concern to provide 
healthy high valued plants followed the same behaviour. The handicap on this matter is that 
when you increase the distance of transportation, or you highly increase the costs of the 
transportation, due to fast transportation methods (plain or truck) and due to high 
consumption of energy (technological climacteric control), or the plants will be subjected to 
severe stress situations (lack of light, high moisture/microbial infections, ethylene 
accumulation, temperature shock, etc.), with significant consequences on the quality/plant 
health level. The approach to minimise this problem had been tried with the application of 
several technological innovations as low energy consumption lights, efficient climacteric 
control, modified atmosphere packaging, ethylene scatters etc. The problem is that 
technological innovations will mean a significant increase in the costs and will be difficult to 
implement in all the steps of the transportation rout. 

Creating an alternative to these methods of "transportation care" that would be low cost, 
logistically simple, environmental friendly and produce similar proficient results is an 
interesting approach, but still just a dream. However there is a possibility that the solution can 
be in the use of the bioactive coating system. 

In the past two decades there was big developments related with the use of bioactive coating 
materials, especially in the area of edible coatings applications in fruits and vegetables. Several 
studies show that is possible to increase the post-harvest life of these products, using 
biomaterials that directly interact with the respiration, transpiration, ethylene production, 
microbial development and several sensorial characteristics (colour, texture and flavour) 
(Krochta et al., 1994, Milda E. Embuscado, 2009). 

Following the idea how coatings work, and understanding the physiologic similarities betwe en 
plants and fruits/vegetables, it is expected that the effects of the coatings will have similar 
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properties in both of them. However it wasn't find any record of literature regarding bioactive 

coatings application in pot-plants. 

The aim of the following work was, in a first instance, to create a small-scale methodology 
able to analyse the pot-plants physiological reaction (gas exchange, transpiration and 
chlorophyll content change) to the application of several coatings, under standard conditions. 
The principles of these new methodology development were based in the use non-destructive 
analyse systems with the purpose of determine the standard behaviour shown by each plant 
and compare it, with the impact caused by the coating application. 

In a second part of the experiments was compared the effect of a transportation simulation in 
pot-plants coated with a selected material (based on bibliographic research) with non-treated 
pot-plants. This methodology followed four steps, in witch was obtained the behaviour data 
of each plan in standard conditions, the impact of the coating application, the transportation 
simulation (low temperature, no light, high moisture and no air circulation) and the post-
transportation effect. 

In the next chapters will be described some fundamental knowledge about plant physiology, 
followed by a brief description of transportation effect in plants physiology and an 
introduction to the plant coating scientific developments. After this theoretical approach to 
the problem, will be described the reasons behind the choices of the project materials and the 
methodology details. Then will be presented the results obtained during the development of 
this work, with some discussion about the findings and solutions. Finally will be presented a 
brief description of the conclusions extracted from this project. 
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Chapter 2 State of the Art 
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In this chapter will be presented some fundamental theoretical groundwork used on the 
development of this project. 

2.1. Introduction to plant physiology 

Understand the principles of plant physiology correlation with environmental changes are the 
key point to approach to the problematic solving. In this sub-chapter it will be described some 
fundamental knowledge, in the context of this project subject, behind the physiological 
processes that occur in plants. 

The principles of plant physiological changes are a broad subject with several non-understood 
processes. However is possible to understand macroscopically the general processes that occur 
in plants during their life. The Figure 2.1 shows a scheme of the major biological life 
maintaining processes observed in the plants. 

light 
energy 

photosynthesis, 
respiration, and 
photorespiration 

starch or sugar 
storage organ 

respiration 

starch or sugar 
storage organ 

0 vapor 

H20 and 
minerals 
enter through 
root hairs 

Figure 2.1 | Scheme of the photosynthesis, respiration, leaf water exchange, and translocation of photosynthates in a 
plant (Decoteau, 2005). 
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2.1.1. Photosynthesis 

Photosynthesis is the only biological process that is able to absorb and store energy from the 
sun. It transforms C02 and H20 in the presence of light into carbohydrates according to the 
reaction: 

6H20 + 6C02 + light energy C6H1206 + 602 

This reaction occurs inside the leaves (Figure 2.2), in the chloroplasts, which contain the 
photosynthetic pigments and the photosystems. Plant pigments involved in photosynthesis 
include chlorophyll a, chlorophyll b, and the accessory pigments (which include carotenoids, 

phycobilins, and some other types of chlorophylls) (Heidt e Piechulla, 2011). 

Figure 2.2 | Cross section of a typical leaf and location of chloroplasts (Decoteau, 2005). 

The two major stages of reactions of photosynthesis are the light reactions and the C02 

fixation reactions. The light reactions trap light and cleave water molecules into hydrogen and 
oxygen and serve as electron and proton transfer reactions. During the C02 fixation reactions, 
electrons and hydrogen atoms are added to CO, resulting in the formation of carbohydrates. 

The three mechanisms in which C02 is converted in sugars are the 3-carbon (C3) pathway, the 
4-carbon (C4) pathway, and the crassulacean acid metabolism (CAM) pathway. The C3 
pathway utilizes a 3-carbon intermediate (phosphoglycerate) and the C4 pathway utilizes a 4-
carbon intermediate (oxaloacetic acid) during the initial stages of the C02 fixation reactions. 
Many C3 plants have lower rates of photosynthesis than C4 plants and are often non­
productive at high temperatures, while C4 plants increase in productivity at higher 
temperatures (reflexes of their tropical climate adaptation). CAM is similar to C4 metabolism 
(4-carbon compound is produced), but the stoma ta in CAM plants usually opens during the 
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night (C02 uptake during the night is stored in the internal atmosphere), a desert type 
adaptation (Decoteau, 2005). 

2.1.2. Respiration 

All the plant cells preform respiration continuously, using the sugars produced in 
photosynthesis to produce energy, absorbing 02 and releasing C02 in almost equal volumes. 
Part of the energy produced is released in the form of heat, helping to maintain optimum 
temperatures to preform metabolic pathways, however, the respiration process is far more 
important to create energy trapped molecules (ATP, NADH and NADPH), essential to 
maintain the processes of life (maintenance of chemical and electrochemical gradients across 
the membranes, turnover of cellular constituents, acclimatization stress reactions, etc.) (Heidt 
e Piechulla, 2011). A simplified equation for describing the process of respiration of glucose is: 

C6H1206 + 602 6C02 + 6H20 + energy 

Respiration is not just one step reaction, but a series of reactions in which carbohydrates and 
other compounds are oxidized to C02 and the 02 absorbed is reduced to form H20. 
However, just the big part of the respiration substrates (such as starch, sugars, fats, organic 
acids, and proteins) are fully oxidized to C02 and H20, and the rest are used in anabolic and 
tissue-building processes. The process of aerobic cellular respiration consists of the following 
phases: breakdown of storage forms of carbohydrates into glucose, glycolysis, the Krebs cycle, 
and the electron transport chain (Decoteau, 2005). 

2.1.3. Anaerobic fermentation 

When oxygen is not available, the Krebs cycle and the electron transport chain don't have the 
capability of function. Plants metabolize pyruvate in the absence of O 2 by undergoing some 
form of fermentation metabolism. In alcohol fermentation, pyruvate is broken down, 
producing ethanol and C02 and NADH in the process. In lactic acid fermentation, NADH is 
used during the reduction of pyruvate to lactate. This capability in plants is a stress 
(unavailability of oxygen or NAD ) response adaptation that produces detrimental effects in 
plants, with induction of leaf colour changes. (Decoteau, 2005). 

2.1.4. Stomata and transpiration 

The transpiration and the stomata behaviour are dependent in several ways. Stomata are 
formed by two guard cells, which are often surrounded by subsidiary cells and, unlike ordinary 
epidermal cells, usually contain chloroplasts. The pore is opened by the increase in osmotic 
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pressure in the guard cells, due to water uptake. The increase of the cell volume inflates the 
guard cells and the pore opens (Nobel, 2005). 

Because the leaf cuticles greatly restrict diffusion or water loss from leaves, water vapour and 
other gases must pass through the opening between the guard cells. For photosynthesis occur, 
C02 diffuses through the stomata, then through the intercellular air spaces, and after into cells 
and chloroplasts. Stomata are normally found in top and bottom of the leaf surfaces 
(epidermis), normally with higher density in the bottom, but vary in shape and frequency with 
plant species (Decoteau, 2005, Nobel, 2005). The Figure 2.3 shows a scheme of the gas and 
water change during the photosynthetic process. 

Figure 2.3 | CO2 diffusion through the stomata and ultimately into cells and chloroplasts, and water loss (Decoteau, 
2005). 

For most C3 and C4 plants, stomata open at sunrise and close in darkness, allowing for entry 
of CO2 needed for photosynthesis during the daytime, while in CAM plants the CO 2enters at 
night. Bright light often induces a wide opening of the stomata, by the increasing of the 
photosynthetic demands. High temperatures can cause stomata closure probably due to water 
stress response. The aperture of stomata is also affected by the CO, concentration in the air, 
promoting the stomata opening when the concentration is decreased. 

The boundary layer around a leaf is relatively thick in still air, and this constitutes a major 
resistance to the flux of H20 as well as C02 (Decoteau, 2005). The Figure 2.4 shows the 
representation of the leaf surface and the boundary layer created by the stomata. 
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Fisure 2.4 I Anatomy near leaf surface showing the concentration contours of water vapour outside open stomata 
(Nobel, 2005). 

A slight increase in the air turbulence or wind speed around the leaf greatly reduce the 
thickness of the boundary layer, increasing stomata opening, and increasing transpiration from 
the plant. However, if the wind speed is greatly enhanced may reduce transpiration, because 
the excess of wind speed can cool the leaf, reducing the vapour pressure gradient and stomata 
may close or reduce the aperture. In some situations, stomata partially close when the leaf is 
exposed to gentle breezes, probably because of the additional C02 provided by the breeze 
(Decoteau, 2005). 

2.2. Transportation stress effect on plants 

The term stress in biological sciences is often used for any environmental condition that is 
potentially unfavourable to living organisms for normal growth and development. When a 
plant is subjected to stress may show a physical response or a chemical response, acting as a 
reflex or as a protective measure. The consequences of the stress induction can cause changes 
in the growth patterns, injuries or even death, if the stress is sufficiently severe. The stress 
resistance capability exhibited by a plant depends on a variety of plant characteristics such as 
age, metabolism, genetics, and structure. (Decoteau, 2005, Hoyer, 1997) 

The acceptability of potted plants by the buyer depends, among other factors, on their 
postharvest treatments. During the transportation in closed trucks, trains or vessels, some 
plants may be exposed to high variation on the relative humidity, high ethylene concentration 
in the surrounding atmosphere, to a prolonged period of darkness, changes in the 
temperature, etc. All these factors produce stress induction in the plants, generating 
detrimental stress responses (Tijskens et al., 1996). 
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2.2.1. Dark stress 

Under dark transportation, plants are not able to produce storage energy due to the absence of 
the photosynthetic process. This happening produces a big impact in the subsequent 
metabolic pathways, as well in the normal life cycle patterns. Stress responses by the plants 
can be severe, depending the extent of the stress period. 

The effect of darkness on potted plants is reminiscent of the effects of exogenous ethylene, 
resulting in plants that show abscission of buds and leaves, and symptoms of leaf yellowing 

and leaf browning. Suggesting that transportation or storage in darkness resulted in stress, the 
effect of which may be mediated partially by the increase of ethylene production (Chang et al., 
2010, Mcconchie e Lang, 1993, Tijskens et al., 1996). The increase of C02 concentration to 
high levels, associated with a poor air circulation, can be a factor of damage due to it 
phytotoxic properties. Another effect associated with dark stress is the stomata inability of 
closing after the transportation period, generating wilting of the plants, that induces tissue and 
cell damage (Decoteau, 2005). 

2.2.2. Relative humidity stress 

Transportation is often held under high humidity conditions, due to the high density storage, 
for saving space, non-efficient watering systems and high transpirations rate. These factors can 
induce water stress that enhances ethylene production and leaf abscission (Hoyer, 1997). 

An increase in relative humidity around the plant often increases the incidence of diseases, 
insects and fungus development. Higher humidity environments are generally preferred 
conditions for the reproduction and growth of many insects and microbiological growth. 
Higher humidity increase the likelihood that dew point will be reached and more free liquid 
precipitates on leaves (Decoteau, 2005). 

2.2.3. Temperature stress 

Temperature is the measure of the average kinetic energy of molecules, whereas sensible heat 
is the energy gain or loss from molecules by the transfer of kinetic energy. The stability of 
enzymes and biological processes are dramatically affected by temperature (Decoteau, 2005). 

In the transportation process, it is possible to have temperature changes that can create 
thermal stress induction. This situation can generate high ethylene production, foliar damage, 
water loss and development of diseases (Hoyer, 1997, Rajapakse etal., 1991). Following these 
detrimental effects, non-optimal temperature can create also conditions for pests and 
microbiological decay. 
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2.2.4. Poor air ärculation stress 

During transportation, compact systems are often used, what reduce the effectiveness of the 
air circulation process in all the plant leaves. These conditions can lead to insufficient gas 
exchange between the leaves surface and the atmosphere, caused by the saturation of the 
boundary layer gas composition. Adding to this issue is often observed ethylene accumulation 
and fungal development. 

2.3. Coatings in a plant context 

The employment of coatings in plants is not broadly studied, however there was some 
developments in the past ten years (Decoteau, 2005). The main developed studies were focus 
on the capability of using coatings to prevent diseases (Walters, 2006 #16), fungus 
contamination (Hsieh e Huang, 1999) and insects development (Lombardini et al., 2005). 
There were also some studies that advance in the direction of the understanding the impact of 
coatings in the plant gas exchange, photosynthesis, transpiration and fruit development 
(Lombardini et al., 2005, Prive et al., 2007). 

The main purposes of employing coatings in the pot-plant transportation context, is directed 
to reduce the stress induced by the transportation, and at the same time to decrease the 
detrimental effects caused by several non-optimal conditions. These goals can be achieved by 
the use of coating materials as a selective barrier against gas and water exchange, as well by the 
use of bioactive materials with selected properties. In the Figure 2.5 is presented a scheme of 
some coating materials, divided by their chemical family. 

COATINGS 

CHS PROTEINS LIPIDS 

-I CELLULOSE 
MC 

HPC 

HPMC 

CMC 

-) GUMS 

H STARCH" 

H CHITOSAN" 

-I VEGETAI 
ZEIN 

— GLUTEN 

SOY 

ANIMAL 

ALGINATE 

GUAR 

PECTIN 

— WHEY 

— CASEIN 

WAX 

— BEESWAX 

— CARNAUBA 

— CANDELILLA 

PARAFFIN 

SHELLAC 

OIL 
MINERAL 

VEGETAL 

1— FA ESTERS 

Figure 2.5 | Main components of bioactive coatings applied in plant materials (CHS carbohydrates; FA fatty acids; MC 
methylcellulose; HPMC hydroxypropylmethylcellulose; HPC hydroxypropylcellulose, CMC carboxymethylcellulose) (Milda E. 
Embuscado, 2009) . 
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In the next sub-chapters it will be described some known bioactive properties of coating 
materials, shown in fruits and vegetables post-harvest studies, with interest for this study. 

2.3.1. Water loss barrier 

Coatings can effectively decrease the water vapour transmission rate by forming a barrier on 
the plant surface (Milda E. Embuscado, 2009). This property can diminish the water flow 
from the plant to the atmosphere, preventing a high dehydration of the plant and its 
consequent metabolic alterations, and an increase of the relative humidity in the surrounding 
atmosphere. 

The ability of coatings to act as barriers to water vapour relies on external conditions, which 
include temperature and relative humidity, characteristics of commodity such as type of plant, 
variety and water activity, and characteristics of film such as composition, concentration of 
solids, viscosity, chemical structure, polymer morphology, degree of crosslinking, solvents 
used in the film solution, and type of plasticizer used (Olivas e Barbosa-Canovas, 2005). 

2.3.2. Gas exchange barrier 

Coatings can reduce the gas exchange of the plant materials, and specifically in fruits, can 
reduce respiration, increasing the shelf life (Milda E. Embuscado, 2009). This property is 
dependent of the gas barrier formed by the coating material and as well the coating covering 
effectiveness (ex. stomata efficient covering, complete or partial top leaf covering, both leave 
sides, etc.). 

In extreme cases of high oxygen barrier, the formation of an internal atmosphere with low 
oxygen concentration can lead to anaerobic respiration, which can result in an increase of the 
detrimental stress reflexes (Bai et al., 2003). 

2.3.3. Colour preservative 

Coatings can provide colour preservation capability due to the possibility of the retention of 
antioxidant compounds and at the same time by the interference in the bioactivity of enzymes 
responsible for the biodégradation of colour pigments (Singh et al., 2008, Valverde et al., 
2005). However these property mechanisms of action are still not well understood. 

2.3.4. Microbial development inhibitor 

Coatings can help to protect plant materials against microbial proliferation The mechanism of 
action of the bioactive materials can be based in the decrease of the water activity in the 
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surface, reactions of compounds against the functional structure of the microorganism and 
stimulation of immune responses by the plant material itself (Devlieghere et al., 2004). 

The maintenance of antimicrobial activity on the coated plant surface will depend on coating 

attributes (composition, hydrophilic characteristics and manufacturing procedure) and 
commodity type (pH and water activity), as well as transportation logistic conditions (time, 
temperature and relative humidity) (Milda E. Embuscado, 2009). 
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Chapter 3 Material and methods 
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In this chapter, it will be described the reasons for the choice of the materials used on the 
practical work, and as well, a deep description about the methodology development and 
direction of the transportation coating approach. 

3.1. Choice of the materials 

With the objective of find suitable testing pot-plant species and coating, was made a previous 
research focusing on the project adequacy. The reasons behind the choice of the materials are 
described in the following sub-chapters. 

3.1.1. Plant specie 

In this study, it was important to use pot-plants that would have severe transportation issues 
and at the same time that had a marked position in the plant market. 

3.1.1.1. Ficus benjamina 

Ficus benjamina, from the genus Fig, also commonly known as the Weeping Fig, Benjamin's 
Fig, or the Ficus Tree, is native to south and southeast of Asia and Australia continents. In the 
top selling pot-plants in 2009, Ficus benjamina scored the sixth position. In Figure 3.1 is 
presented pictures of three different varieties of Ficus benjamina. 

Figure 3.1 | Different varieties of Ficus benjamina. 

Although its popularity between consumers, Ficus benjamina, a C3 photosynthetic plant, is very 
sensitive plant, reacting to light, temperature and humidity changes with leaf abscission and 
leaf yellowing (Bulle e de Jongh, 2001). There is also some evidence of several microbial 
contaminations that under suitable water and temperature conditions can cause several 
diseases like fungus leaf spots (CercoSpora spp. and Corynespora cassiicolapv. fid), bacterial leaf 
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spots Qianthomonas campestris), anthracnose (Glomere IIa cingulata, Colletotrichum spp.), Botrytis 
blight (Botrytis cinerea). 

Based in the previews information under the optic of a study about coating/transportation 
stress effect, looked as a suitable testing plant to use. 

3.1.1.2. Kalanchoe blossfeldiana 

Kalanchoe blossfeldiana, from the genus Kalanchoe, from the island of Madagascar in Southern 
Africa. In the top selling pot-plants in 2009, Kalanchoe blossfeldiana scored the third position. In 
Figure 3.2 are presented pictures of three different varieties of Kalanchoe blossfeldiana. 

Figure 3.2 Different varieties of Kalanchoe blossfeldiana. 

Plants from the specie Kalanchoe blossfeldiana, with CAM (crassulacean acid metabolism) 
photosynthesis, are strong plants that need high amounts of stress to show visible effects. 
However there is some evidence of fungus infections (Botrytis cinerea, Phytophthora and Pythium). 

This plant specie was also used in the study because there was no Ficus benjamina plants 
available at the time of the simulations, and because was interesting to see if the methodology 
could work CAM plants. 

3.1.2. CoatingMaterials 

Several coatings were applied, during the project development, with different objectives. In 
the next sub-chapters will be described the composition of the coatings as well the objectives 
behind the selection. 

3.1.2.1. Standard coating 

The objective of using the selected standard coating was to test the effectiveness of the 
methodology to detect and evaluate, the effect of a non-ideal coating in plants. 


