
METABOLIC PROCESSES IN 

HARVESTED PRODUCTS 

Metabolism is the entirety of biochemical reactions occurring within cells. Many components 

of metabolism, especially those which are beneficial or detrimental to the quality of posthar 

vest products, are of major interest to postharvest biologists. The acquisition and storage of 

energy and the utilization of stored energy are central processes in the control of the overall 

metabolism of a plant. The acquisition of energy through photosynthesis and its recycling via 

the respiratory pathways are compared in Table 3.1. Respiration occurs in all living products, 

while photosynthesis does not occur in products devoid of the green pigment chlorophyll. 

The various organs of intact plants have a high degree of specialization as to carbon ac 

quisition, allocation and storage. Leaves, for example, photosynthesize but seldom act as 

long-term storage sites for photosynthates. Petioles and stems transport fixed carbon, but 

typically have only a limited photosynthetic potential and when utilized for storage, often 

only act as temporary sinks (e.g., the stems of the Jerusalem artichoke). Flowers, roots, tu 

bers, and other organs or tissues likewise have relatively specific roles with regard to the over 

all acquisition of carbon. While attached to the plant, these plant parts (organ or tissue) de 

rive the energy required to carry out their specific functions from photosynthesizing leaves. 

There is, therefore, in intact plants an interdependence among these different parts with di 

vergent primary functions. Severing these parts from the plant at harvest disrupts this inter 

dependence and can, therefore, influence postharvest behavior. For example, the detaching 

of leaves, whose primary function is to fix carbon dioxide rather than the storage of carbon, 

markedly restricts or terminates photosynthesis, leaving them with extremely low reserves 

that can be used for maintenance. Storage organs, on the other hand, if sufficiently mature, 

have substantial stored carbon that can be recycled for utilization in maintenance and syn 

thetic reactions. 

In contrast to this high degree of specialization among parts in the acquisition of energy, 

respiration occurs in all living cells and is essential for the maintenance of life in products after 

harvest. The factors affecting these two general processes, energy acquisition (photosynthesis) 

and energy utilization (respiration), are reviewed in this chapter. These processes are affected 

by both internal (commodity) and external (environmental) factors that often interact. Im 

portant commodity factors include species, cultivar, type of plant part, stage of development, 

surface to volume ratio, surface coating, previous cultural and handling conditions, and chem 

ical composition. Among the major external factors influencing respiratory rate are tempera 

ture, gas composition, moisture conditions, light and other factors that induce stress condi 

tions within the harvested product. 
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Table 3.1. General Comparison of Photosynthesis and Respiration in Plants 

1. RESPIRATION 

Respiration is a central process in all living cells that mediates the release of energy through 

the breakdown of carbon compounds and the formation of carbon skeletons necessary for 

maintenance and synthetic reactions after harvest. The rate of respiration is important be 

cause of these main effects but also because it gives an indication of the overall rate of metab 

olism of the plant or plant part. All metabolic changes occurring after harvest are important, 

especially those that have a direct bearing on product quality. The central position of respira 

tion in the overall metabolism of a plant or plant part and its relative ease of measurement 

allow us to use respiration as a measure of metabolic rate. The relationship between respira 

tion and metabolism, however, is very general since specific metabolic changes may occur 

without measurable changes in net respiration. This is illustrated by comparing changes in a 

number of the physical and chemical properties of pineapple fruit during development, mat 

uration and senescence (Figure 3.1). Neither changes in the concentration of chlorophyll, 

reducing sugars, acidity, carotenoids, nor esters correlates well with changes in respiratory 

rate. Therefore, it is important to view respiration as it fits into the overall process of harvested 

product metabolism rather than as an end in itself. 

There are two general types of respiratory processes in plants—those that occur at all 

times regardless of the presence or absence of light (dark respiration) and those occur only in 

the light (photorespiration). 

1.1. Dark Respiration 

The living cells of all plant products respire continuously, utilizing stored reserves and oxygen 

(O2) from the surrounding environment and releasing carbon dioxide (CO2). The ability to 

respire is an essential component of the metabolic processes that occur in live harvested prod 

ucts. The absence of respiration is the major distinction between processed plant products and 

living products. Respiration is the term used to represent a series of oxidation-reduction reac 

tions where a variety of substrates found within the cells are oxidized to carbon dioxide. At the 

same time, oxygen absorbed from the atmosphere is reduced to form water. In its simplest 

form, the complete oxidation of glucose can be written as: 

energy 
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Figure 3.1. Chemical and physical changes in the pineapple fruit dur 

ing prematuration, maturation, ripening and senescence {after Gortner 

et al.).40 While respiratory rate can give a general indication of the over 

all rate of metabolism, it often does not correlate with specific changes 

occurring, e.g., changes in the % acids. 

The products of this reaction are carbon dioxide, water and the energy that is required for es 

sential cellular processes. Some of the energy generated in respiration of harvested produce is 

lost as heat (~46%); however, significant amounts are retained by the cells in chemical forms 

that may be used for these essential processes. The rate of the reaction is determined by sub 

strate (e.g., glucose) and oxygen availability, and most importantly, temperature. 

Respiration is much more complex than the generalized reaction just presented. The gly-

colytic, tricarboxylic acid, pentose phosphate and electron transport system pathways are in 

volved in the breakdown of many of the common substrates utilized by the cell. Often during 

the oxidation of a substrate, the conversion to carbon dioxide is not complete and intermedi 

ates are utilized by the cells for synthetic reactions such as the formation of amino acids, nu-
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cleotides, pigments, lipids and flavor compounds. Hence, the respiratory pathways provide 

precursors, often called carbon skeletons, required for the formation of a large number of 

plant products. 

During the preharvest growth of a plant or plant product, a major portion of the carbon 

trapped during photosynthesis is diverted into synthetic reactions. It is through the respira 

tory pathways that the carbon from photosynthesis begins its transformation into the major 

ity of the other compounds in the plant. Since the synthesis of these compounds also requires 

energy, derived from the respiratory pathways, a portion of the photosynthetic carbon fixed is 

utilized for this purpose. Therefore, a balance is reached between respiratory substrate avail 

ability and the demand for energy production and carbon skeletons. Since neither availability 

nor demand is static, the system is continually changing this balance during the day and over 

the developmental cycle of the plant or plant part. 

At harvest, the relationship between carbon acquisition and utilization is radically 

changed when the plant product is severed from its readily replenishible supply of carbon pro 

vided by photosynthesis. Hence, a new balance must be reached; energy and carbon skeletons 

must now come from already existing sources within the severed product. Mature plant parts 

which function as carbon storage organs (e.g., seeds, roots, bulbs, tubers) have substantial 

stores of carbon that can be utilized via the respiratory pathways for an extended period. 

Leaves and flowers do not function as carbon storage sites and hence have very little reserves. 

As a consequence, the balance shifts to a situation where demand can readily deplete the 

supply. 

After harvest, the objective is to maintain the product as close to its harvested condition 

(quality) as possible, thus in most products growth is considered undesirable. Postharvest con 

ditions for these products often result in an extensive reduction to a total elimination of pho 

tosynthesis, necessitating the reliance upon existing reserves. The respiratory pathways that 

are operative after harvest in both intact plants and severed plant parts are the same as those 

prior to harvest. The major changes are the now finite supply of respiratory substrate available 

to the various pathways and the new equilibrium established between supply and tissue de 

mand for it. 

There are a series of steps in the respiratory oxidation of sugar or starch that involve three 

interacting pathways. The initial pathway is glycolysis, where sugar is broken down into pyru-

vic acid, a three carbon compound. The pathway occurs in the cytoplasm and can operate in 

the absence of oxygen. The second pathway is the tricarboxylic acid (TCA) or Krebs cycle that 

occurs in the mitochondria, where pyruvic acid is oxidized to carbon dioxide. Oxygen, al 

though not reacting directly in these steps, is required for the TCA pathway to proceed, as are 

several organic acids. The third pathway, the electron transport system, occurs in the mito-

chondrial inner membrane and transfers hydrogen atoms (reducing power), removed from 

organic acids in the tricarboxylic acid cycle and from 3-phosphoglyceraldehyde during gly 

colysis, to oxygen. The electrons are moved through a series of oxidation-reduction steps that 

terminate upon uniting with oxygen, forming water. The energy is used to pump protons that 

are then allowed to flow back through a proton channel that converts the gradient to chemi 

cal energy in the form of adenosine triphosphate (ATP). ATP is then utilized to drive various 

energy requiring reactions within the cell. A fourth respiratory pathway, the pentose phos 

phate system, while not essential for the complete oxidation of sugars, functions by providing 

carbon skeletons, reduced NADP required for certain synthetic reactions and ribose-5-

phosphate for nucleic acid synthesis. The pentose phosphate pathway appears to be operative 

to varying degrees in all respiring cells. 

While oxygen is not required for the operation of the glycolytic pathway, it is essential for 

the tricarboxylic acid cycle, the pentose phosphate pathway and the electron transport system. 

Glycolysis can proceed therefore under anaerobic conditions, i.e., in the absence of oxygen. 
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The occurrence of anaerobic conditions poses a serious problem in the postharvest handling 

of plant products. When the oxygen concentration within the tissue falls below a threshold 

level (around 2%), pyruvic acid can no longer proceed through the tricarboxylic acid cycle. 

Pyruvic acid instead is converted to lactate and/or ethanol that can accumulate to toxic levels. 

Prolonged exposure to anaerobic conditions, therefore, results in cellular death and loss of the 

harvested product. Exposure for short periods often results in the formation of off-flavors in 

edible products. Depending on the tissue and length of exposure to low oxygen, the off-flavors 

may be eliminated upon returning to aerobic conditions. 

1.1.1. Glycolysis 

Glucose, derived from sucrose or starch, is broken down by the glycolytic pathway in a se 

quence of steps to form pyruvic acid. In the initial step, glucose has a phosphate added (i.e., is 

phosphorylated) (Figure 3.2). If the starting compound is free glucose, the reaction is cat 

alyzed by the enzyme hexokinase to form glucose-6-phosphate. If, as found in many posthar 

vest products, the glucose occurs as part of a starch molecule, phosphate is added by the en 

zyme starch phosphorylase, forming glucose-1-phosphate, which is subsequently converted 

to glucose-6-phosphate. The phosphorylation of free glucose requires energy, in the form of 

1 ATP, while the phosphorylation of glucose when it is part of a starch molecule does not. 

The six-carbon glucose molecule progresses through fructose-1-phosphate to fructose-1,6-

bisphosphate before being split by the enzyme aldolase into two 3-carbon compounds, 

dihydroxyacetone phosphate and 3-phosphoglyceraldehyde. The 3-phosphoglyceraldehyde 

molecule is the first compound to lose electrons in the respiratory pathway, forming 1,3-

bisphosphoglycerate, when 2 hydrogen atoms are removed and accepted by NAD (nico-

tinamide adenine dinucleotide). 1,3-Bisphosphoglycerate undergoes four additional enzy 

matic steps, resulting in the formation of pyruvic acid. Two of the four steps from 

1,3-bisphosphoglycerate to pyruvic acid yield chemical energy in the form of ATP. None of the 

reactions from glucose or starch to pyruvic acid require oxygen, so the glycolytic pathway can 

proceed normally under anaerobic conditions. 

If anaerobic conditions occur in the harvested tissue due to restricted entry of oxygen or 

an insufficient supply in the atmosphere surrounding the commodity, pyruvic acid cannot en 

ter the tricarboxylic acid cycle and be oxidized. The inability to enter the cycle is due to an ab 

sence of oxidized flavin adenine dinucleotide (FAD) and NAD required for the cycle to pro 

ceed. When this occurs, pyruvic acid accumulates and is usually decarboxylated to form CO2 

and acetaldehyde, which is subsequently reduced to ethanol. Pyruvate may also be reduced 

to form lactic acid. Alcohol (ethanol) and to a lesser extent lactic acid accumulate within the 

tissue. Both reactions require energy, which is provided by NADH formed during the oxida 

tion of 3-phosphoglyceraldehyde previously in the pathway. The overall reaction in simplified 

form is: 

glucose + 2 ATP + 2 Pi + 2 ADP -> 2 ethanol + 2 CO2 + 4 ATP 

When ethanol is produced from glucose, two ATP molecules are required but four are formed 

from each free glucose molecule giving a net yield of two ATPs. This represents one fourth of 

the energy yield that would be derived from the glycolytic pathway when sufficient oxygen is 

present and is only 1/16 that derived when glucose is fully oxidized (glycolysis and the tricar 

boxylic acid cycle). As cells switch their carbon flow toward lactate and alcohol formation, the 

production of CO2 increases (Figure 3.2). The increase is due to the reduced energy yield under 

anaerobic conditions, as much more glucose must be oxidized to meet the cell's energy re 

quirements. The complete oxidation of one glucose molecule under aerobic conditions yields 
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Figure 3.2. The glycolytic pathway for the aerobic oxidation of glucose or glucose-1-phosphate to pyruvate. 

The pathway can flow in either the gluconeogenic (forming sugars) or the glycolytic direction, the latter being 

the predominant direction. During ripening of fruit such as banana, the gluconeogenic direction may pre 

dominate.7 Under anaerobic conditions the movement of pyruvate into the tricarboxylic acid cycle is inhib 

ited, and NADH + H formed in the oxidation of 3-phosphoglyceraldehyde is utilized to reduce acetaldehyde 

to ethanol or pyruvate to lactate by way of the shaded portion of the pathway. 
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-32 ATP equivalents, while under anaerobic conditions a net of only 2 ATPs are formed from 

a glucose molecule. While anaerobiosis has disastrous consequences for living tissue in terms 

of loss of stored reserves and accumulation of undesirable compounds, it is also the basis of a 

very important processing technique, fermentation. Potential energy remains stored in the 

form of alcohol that can be recaptured if oxygen is supplied. 

1.1.2. Tricarboxylic A cid Cycle 

Pyruvic acid produced by the glycolytic pathway is further broken down in the tricarboxylic 

acid (TCA) cycle, also known as the Krebs cycle, and the citric acid cycle. Tricarboxylic acid 

refers to the three carboxyl groups that are present on some of the acids in the cycle, while cit 

ric acid is an important early intermediate in the sequence of reactions. The reactions of the 

tricarboxylic acid cycle occur in the matrix of the mitochondria and on the surface of the in 

ner membrane. Pyruvic acid, therefore, must move from the cytoplasm, where glycolysis oc 

curs, into the mitochondria for further oxidation to proceed. 

In the initial step, pyruvic acid is decarboxylated as it combines with Coenzyme A form 

ing the 2 carbon compound acetyl CoA (Figure 3.3). Acetyl Co A then combines with the 4 

carbon molecule oxaloacetic acid, yielding citric acid that undergoes a series of oxidative and 

decarboxylation reactions ending with the formation of oxaloacetic acid, allowing the cycle to 

begin again. Energy is captured as reduced NAD (i.e., NADH) at the conversion of isocitric 

acid to a-ketoglutaric, a-ketoglutaric acid to succinyl CoA, and malic acid to oxaloacetic acid. 

A single ATP is produced on the conversion of succinyl CoA to succinic acid, and FAD is re 

duced at the conversion of succinic acid to fumaric acid. Carbon dioxide is liberated from 

pyruvic, isocitric and a-ketoglutaric acids. 

Each revolution of the tricarboxylic acid cycle, a three carbon pyruvate molecule releases 

three carbon dioxide molecules and produces reducing power in the form of four NADH 

molecules and one FADH2 molecule. Combined with the two NADH molecules from the gly 

colytic pathway, a total of 10 reduced NADs are formed with the complete oxidation of a 

single glucose molecule. Only 12 of the 24 protons (H) are from glucose; the remaining 12 are 

from water that is added at various steps in the cycle. 

1.1.3. Electron Transport or Cytochrome System 

NAD reduced to NADH in the TCA cycle, in glycolysis and by other reactions in the cell is re 

cycled by the removal of the electrons. NADH cannot, however, directly reduce oxygen to 

form water. The electrons are removed through a series of reactions forming a positive poten 

tial gradient, from compounds of low reduction potentials to higher reduction potentials (i.e., 

from lower to greater tendency to accept electrons), culminating in a reaction with oxygen that 

has the greatest tendency to accept electrons (Figure 3.4). During the process, protons are 

pumped across the inner mitochondrial membrane, forming a proton gradient. The proton 

gradient is released through a protein complex (ATP synthase), and energy is conserved in a 

biologically usable form as ATP. ATP is used to drive reactions, especially synthetic, that re 

quire energy inputs. In actively metabolizing cells, the efficiency of energy trapping in the elec 

tron transport system is only about 54%. A mole of glucose has a calorie potential of approx 

imately 686 kcal-mole1. Only a small amount of energy is lost in the initial transfer of energy 

as electron pairs to NAD and FAD in glycolysis and the tricarboxylic acid cycle. However, 

during the transfer of the energy to ATP in the electron transport system, the energy potential 

drops to approximately 263 kcal-mole1. The remaining energy escapes as respiratory (vital) 
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Figure 3.3. The tricarboxylic acid cycle results in the complete oxidation of 1 pyruvate molecule with each 

complete sequence through the cycle forming CO2 ATP, NADH + H, and FADH2. NADH + H and FADH2 

are then oxidized in the electron transport system (Figure 3.4). 

heat, a normally detrimental factor that must be dealt with during the postharvest handling 

and storage period. Therefore, the overall function of the electron transport system is to trap 

energy in a biologically usable form (ATP) and recycle NAD and FAD required for certain re 

actions in the various metabolic pathways. The major components of the electron transport 

system have been elucidated. Figure 3.4 shows the sequence of steps involved. Each compo 

nent enzyme is specific and can only accept electrons from the previous component in the 
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Figure 3.4. This model illustrates the organization of the electron transport system, located within the inner 

membrane of the mitochondria. Electrons released during oxidative steps in glycolytic pathway and the tri-

carboxylic acid cycle (trapped as NADH and FADH2) move (shaded arrow) through a series of complexes to 

the terminal acceptor, oxygen. Four protein complexes participate in the process with complex I accepting 

energy from NADH and complex II from FADH2. The free energy released during electron transfer is coupled 

to the translocation of protons (H+) across the membrane, creating an electrochemical proton gradient. Pro 

tons on the exterior flow back through complex V, an ATP synthase complex that is coupled to the conversion 

of ADP + P. to ATP, retrapping the free energy. When the alternative oxidase (AOX) is operative, only 1 pro 

ton is transferred from NADH. FAD reduction is associated with succinate dehydrogenase activity (i.e., suc-

cinate -> fumerate), and when the AOX is operative, energy in QH2 is transferred directly to oxygen, bypass 

ing the formation of ATP. Thus, when the alternative pathway is operative, only 1 ATP equivalent is produced 

from NADH with the remaining energy being lost as heat. 

chain. NADH and FADH2, being different in energy potential, enter the chain at different 

points. 

The total energy balance from the oxidation of one molecule of glucose remains a subject 

of debate. When ADP:O ratios (the number of ATPs synthesized per 2 electrons transferred 

to oxygen) are calculated in isolated mitochondria, consensus values are 2.5 ATPs per NADH 

and 1.5 per FADH2. In the glycolytic pathway, the energy balance for a single glucose mole 

cule under aerobic conditions is -2 ATP + 4 ATP + 2 NADH. Since glycolytic NADH is in the 

cytosol and cannot diffuse into the mitochondria for conversion to ATP via the ETS, it must 

go through a shuttle where the energy from one NADH is transferred to the mitochondria. 

Two options are postulated: the glycerol phosphate shuttle (Figure 3.5) which yields only 1.5 

ATP's per glycolytic NADH; and the malate-asparate shuttle which yields 2.5. Therefore, 

either 5 or 7 ATPs are derived during glycolysis, depending upon the shuttle method (Table 
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Figure 3.5. The energy from reduced NAD produced in the glycolytic 

pathway can be transported from the cytosol into the mitochondria 

(site of electron transport pathway) via the glycerol phosphate shuttle. 

NADH reduces dihydroxyacetone phosphate to glycerol phosphate, 

and then at the mitochondrial membrane it is oxidized back to dihy 

droxyacetone phosphate yielding one reduced FAD within the mem 

brane that enters the electron transport system. Thus, the energy po 

tential drops from 2.5 ATP equivalents to 1.5 for each reduced 

glycolytic NAD. An alternative malate-aspartate shuttle (not shown) is 

more complex, and involving the transport of glutamate and malate 

across the mitochondrial membrane. The malate-aspartate shuttle, 

however, does not result in an energy drop. 

3.2). When added with the ATPs from the TCA cycle (8 NADH + 2 FADH2 + 2 ATP) per 

molecule of glucose, the net yield is 30 or 32 ATPs.51 The exact number (32 or 30) remains in 

question, each version being found in various textbooks and articles. 

Carbon monoxide (CO), azide (N3) and hydrogen cyanide (CN) are potent inhibitors of 

electron transport, in that they combine with the metals in the terminal cytochrome oxidase, 

the final enzyme in the electron transport chain. In plants, CN does inhibit the terminal cy 

tochrome oxidase, but it also stimulates the rate of respiration. That is because plant tissues 

have a second terminal oxidase called the alternative oxidase which is insensitive to inhibitors 

of cytochrome oxidase. Electrons follow the normal electron path to ubiquinone, at which 

point they are transferred to oxygen to form water by the alternative oxidase. It is important 

to note that less than one ATP is generated per NADH in the alternative pathway; in contrast 

to the 2.5 ATPs generated by the normal pathway, the remainder of the energy is lost as heat. 

Therefore, the alternative pathway represents an inefficient energy conserving system that by 

passes the normal pathway, which can substantially increase the respiratory heat load of the 

product. 

The alternate electron transport pathway has been found in all plant tissues studied to 
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Table 3.2. Yield of ATPs from the Oxidation of One Glucose Molecule via Two Shuttle Pathways.* 

ATP Yield per Glucose 

Glycerol-Phosphate Malate-Asparate 

Pathway Shuttle Shuttle 

Glycolysis (cytosol) 

Glucose phosphorylation (1 molecule) -1 -1 

Fructose-6-P phosphorylation (1 molecule) -1 -1 

1,3-bisphosphate glyceric acid +2 +2 

dephosphorylation (2 molecules) 

Phosphoenol pyruvic acid dephosphorylation +2 +2 

(2 molecules) 

— Glyceraldehyde-3-phosphate oxidation 

(2 molecules) yields 2 NADH 

■ Pyruvate to acetyl-CoA (mitochondria) yields 2 NADH 

Tricarboxylic acid cycle (mitochondria) 

Succinyl-CoA -^ succinate +2 +2 

— Succinate oxidation (2 molecules) yields 2 FADH2 

(— Isocitrate, a-ketoglutarate and malate oxidation 

(2 molecules each) yields 6 NADH 

Oxidative phosphorylation (mitochondria) 

2 NADH from glycolysis (yielding 1.5 or 2.5 ATPs +3 +5 

depending upon shuttle method) 

2 NADH from oxidation of pyruvate at 2.5 ATPs 

^ 2 FADH2 from succinate at 1.5 ATPs 

► 6 NADH from tricarboxylic acid cycle at 2.5 ATPs 

Net ATP Yield 

* ATP yields are based upon consensus P/O ratios which give ATP equivalents for mitochondrial oxidation 

of NADH and FADH2 of 2.5 and 1.5, respectively. Two shuttle pathways are given for the oxidative 

phosphorylation of glycolytic NADH in the mitochondria. 

date. The abundance of the alternative oxidative protein increases in many plant tissues ex 

posed to any one of several environmental and biotic stresses, as well as during the ripening 

and/or senescence of some fruit tissues (e.g., cold stored potato tubers, parsnip and carrot 

roots; ripening avocado and banana fruits). In nature, its only well documented role appears 

in the thermogenesis associated with the flowering of some species belonging to the families 

Annonaceae, Araceae, Aristolochiaceae, Cyclanthaceae, and Nymphaeaceae.79 The elevated 

temperature (e.g., up to 15°C above the ambient air)78 associated with the alternative path in 

certain flower parts results in the volatilization of odoriferous compounds that attract insects, 

thereby facilitating pollination. The alternative pathway is activated on the day of flowering 

and remains active for only a few hours. Although the existence of the alternative pathway has 

been known for over 70 years,37 its physiological function in most tissues remains speculative. 

While not fully documented, several roles have been proposed, based on the principle that 

electron transport through the alternative path supports a high rate of respiration that is not 

constrained by respiratory control (i.e., when the level of ADP is low and the level of ATP is 

high). The nonphosphorylating alternative pathway may support higher respiration rates that 

would ensure a stable supply of metabolites, such as organic acids, required for biosynthetic 

reactions in the cells. Related to this is the "energy overflow hypothesis" by Lambers,69 which 

considers the alternative path as a coarse control of carbohydrate metabolism operative when 

carbohydrates accumulate in greater quantities that required for growth, storage and ATP syn-
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thesis. A more recent hypothesis postulates that the alternative pathway alleviates the over-

reduction of the electron transport chain, which could lead to the formation of superoxide an-

ions and other deleterious reactive oxygen species.92 Reactive oxygen species react with phos-

pholipids, proteins, DNA and other cellular components, ultimately resulting in cell death. 

1.1.4. Pentose Phosphate Pathway 

In addition to glycolysis and the tricarboxylic acid cycle, the pentose phosphate pathway can 

be used to oxidize sugars to carbon dioxide. The name is derived from the fact that many of 

the intermediates in the pathway are five carbon (penta)phosphorylated sugars. The pentose 

phosphate system is found in the cytoplasm, and its main function does not appear to be 

energy production via the formation of ATP in the electron transport system, but rather as a 

source of ribose-5-phosphate for nucleic acid production, as reduced NADP for synthetic re 

actions and as a means of interconversion of sugars to provide 3, 4, 5, 6, and 7 carbon skele 

tons for biosynthetic reactions. One example is the formation of erythrose-4-phosphate used 

as a backbone for shikimic acid and aromatic amino acids. In addition, NADPH is required 

for the synthesis of fatty acids and sterols from acetyl CoA. A major difference between the 

pentose phosphate pathway and the tricarboxylic acid-glycolysis systems is that NADP rather 

than NAD accepts electrons from the sugar molecule. NADPH is specifically required in some 

metabolic reactions, and it can enter into the mitochondrial electron transport system via an 

NADPH dehydrogenase. 

Initial reactions in the pentose phosphate pathway include the irreversible oxidation of 

glucose-6-phosphate from glycolysis to 6-phosphogluconic acid, yielding a reduced NADP 

(Figure 3.6). Subsequently, 6-phosphogluconic acid is converted through the removal of car 

bon dioxide and hydrogen to a 5 carbon sugar, ribulose-5-phosphate which upon isomeriza-

tion forms a ribose-5-phosphate that is essential for nucleic acid synthesis. The conversion of 

phosphogluconic acid to ribulose-5-phosphate is also not reversible, and reduced NADP is 

formed. The two initial reactions are the only oxidative (i.e., removal of electrons) steps in the 

pathway, and the second is the only point in the entire pathway at which carbon dioxide is re 

moved. Subsequent steps are reversible and can recycle back to glucose-6-phosphate, the ini 

tial substrate. 

Since the pentose phosphate pathway is an alternative means of oxidizing sugars, it is of 

interest to know which system is operative in harvested tissue. Existing evidence indicates that 

the glycolysis, tricarboxylic acid and pentose phosphate pathways are operative to some ex 

tent in all tissue; however, it is difficult to accurately measure the precise contribution of each 

pathway. In tomato fruit, the pentose phosphate pathway is thought to account for only about 

16% of the total carbohydrates oxidized, a level probably common in many tissues. However, 

in some tissues such as storage roots, the pentose pathway appears to be responsible for 25 to 

50% of the oxidation of sugars. 

1.2. Photorespiration 

The acquisition of carbon via photosynthesis and the loss of carbon through respiration can 

be seen as opposing processes in chlorophyll containing plant tissues. Growth is achieved 

when the gain in carbon exceeds losses, i.e., is above the carbon dioxide compensation point. 

In most species, it is known that the respiratory rate of chlorophyll containing tissue, as mea 

sured by the loss of CO2 from the tissue, proceeds at a higher rate in the light than in the dark. 

This light-stimulated loss of carbon, termed photorespiration, is a process that occurs in ad-



NADP+ 
HCOH 

HOCH 

HCOH 

HCOH 

CH2OPO32" 

GLUCOSE-6-P 

NADPH+H 

H9O 

COH 

CH 

COH 

COH 

CH9OPO,2" 

6-PHOSPHOGLUCONATE 

NADP+ NADPH+H 

f 
CH2OH 

C=O 

HOCH 

HCOH 

CH2OPO32" 

XYLULOSE-5-P 

CH2OPO32 

HOCH 
I 

GLYCERALDEHYDE-3-P 

GLYCOLYSIS 

CH2OH 

C=O 

HOCH 

HCOH 

HCOH 

CH2OPO32-

FRUCTOSE-6-P 

^C^ 

HCOH 

HCOH 

HCOH 

HCOH 

CH2OPO2" 

RIBOSE-5-P 

transketolase 

CH2OH 

C=O 

HOCH 

HCOH 

HCOH 

HCOH 

CH2OPO32" 

SEDOHEPTULOSE-7-P 

transaldolase 

HCOH 

HCOH 

HCOH 

CH2OPO32-

ERYTHOSE-4-P 

LIGNIN 

POLYPHENOLS 

AMINO ACIDS 

CH2OH 

C=O 

HCOH 

HCOH 

CH,OPO2-

RIBULOSE-5-P 

J) 

XYLULOSE-5-P 

CH2OPO32 

FRUCTOSE-6-P 

GLYCERALDEHYDE-3-P 

GLUCOSE-6-P 

GLUCOSE-6-P 

Figure 3.6. The pentose phosphate pathway, represents an alternative means for the oxidation of sugars and 

provides a ready mechanism for the formation of 3,4, 5,6 and 7 carbon skeletons for synthetic reactions. The 

pathway also provides NADPH + H+ and ribose-5-phosphate, needed for nucleic acid production. 
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dition to or superimposed upon the normal dark respiratory processes in the plant, discussed 

previously. 

If one uses a strict interpretation, photorespiration should not be considered a respira 

tory process since there is no transfer of energy between molecules, a classical requirement for 

respiration. Rather, it represents a form of oxidative photosynthesis. A significant portion of 

the carbon that is fixed into sugars in many species actually moves through this pathway. Since 

it has, however, generally been viewed as a respiratory process, for continuity we utilized this 

conventional approach. 

In contrast to photorespiration, dark respiration (glycolysis, tricarboxylic acid cycle, 

pentose phosphate pathway and electron transport system) proceeds at essentially the same 

rate whether in the dark or in the light. The rate is determined by both metabolic demand and 

temperature. It has been estimated that 30 to 50% of the photosynthetically assimilated car 

bon in the leaves of some C3 plants may be lost through photorespiration.109 

The relative importance of photorespiration, and for that matter photobiology in gen 

eral during the postharvest period, has not been studied to any appreciable extent since most 

products are stored in the dark or at low light levels. As a consequence, the degree to which 

we need to be concerned with detrimental effects of light and the potential usefulness of light 

during this time frame remains to be ascertained. Since photorespiration occurs in chloro 

phyll containing tissues that are actively photosynthesizing, it is assumed to be of greater im 

portance in intact plants (e.g., bedding plants, woody ornamentals, transplants) than in de 

tached plant parts. Since photorespiration decreases with both decreasing light intensity and 

oxygen concentration, both conditions common in postharvest handling, its rate could be 

readily altered. 

The primary objective during the postharvest period is to maintain the product as close 

to the preharvest condition as possible (i.e., no significant growth in intact plants). Conse 

quently, the balance between photosynthesis and respiratory losses may be more critical than 

the actual rates of each process. 

Of the three primary photosynthetic carbon fixation pathways operative in higher plants, 

approximately 500 species possess the C4 pathway, 250 species the CAM pathway; the remain 

ing 300,000 are generally thought to utilize the C3 pathway (for additional details of the path 

ways, see 2.2. Dark Reactions). In comparing the two primary groups, C3 and C4, there are a 

number of important characteristics that distinguish them. For example, plants having the C3 

photosynthetic pathway for carbon fixation have distinctly higher levels of photorespiration 

and carbon dioxide compensation points than do C4 species (Table 3.3). The C3 species, which 

comprise the majority of the woody and herbaceous ornamentals and transplants in posthar 

vest handling and marketing, also differ in a number of other important characteristics. Pho 

tosynthesis in C3 species is significantly inhibited by ambient oxygen levels (21%), and as a 

consequence, net photosynthesis is elevated and photorespiration depressed with low oxygen 

conditions. In addition, photosynthesis in many C3 species also tends to saturate at lower light 

intensities than in C4 species, and the optimum temperature for photosynthesis is significantly 

lower (Table 3.3). 

During photosynthesis in C3 species, a relatively large amount of glycolic acid is synthe 

sized; however, the molecule cannot be metabolized in the chloroplasts. Upon movement out 

of the chloroplast and into peroxisomes, glycolic acid is oxidized to glyoxylic acid, which is 

subsequently converted to glycine (Figure 3.7). Glycine then moves into adjacent mitochon 

dria where two molecules of glycine react to produce one molecule of serine and carbon diox 

ide. Since the oxidation step is not linked to ATP formation, photorespiration results in a loss 

of both energy and photosynthetic carbon from the plant. 

The inhibition of photosynthesis by oxygen was first observed by Otto Warburg in 1929 
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Table 3.3. Several Characteristics Which Distinguish C3 and C4 Species.* 

* After: Kanai and Black56 

and has subsequently been known as the Warburg effect, in the same manner as the inhibition 

of sugar breakdown by oxygen was named the Pasteur effect after Louis Pasteur. The inhibi 

tion of photosynthesis by oxygen involves the competition between molecules of carbon diox 

ide and oxygen for the same binding site on ribulose bisphosphate carboxylase, the primary 

photosynthetic carboxylation enzyme. The higher the oxygen level, the more favored the oxy-

genation reaction and the greater the production of glycolic acid, the substrate for photores 

piration. 
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When the oxygen concentration is lowered, the carboxylation reaction is increasingly 

favored. 
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Figure 3.7. The metabolic pathway for carbon metabolism during photorespiration. Glycolate produced in 

the chloroplasts is transported to peroxisomes, where it is oxidized to glycine. Glycine is then converted in the 

mitochondria, forming serine and liberating carbon dioxide. Serine can then be cycled back through the per 

oxisomes and converted to glycerate, which re-enters the C3 cycle giving a net loss of 1 molecule of carbon 

dioxide per molecule of glycolate formed. 
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The rate of photorespiration is difficult to measure precisely in an illuminated leaf since 

a portion of the carbon dioxide respired is photosynthetically refixed before it escapes from 

the leaf. The carbon dioxide compensation point, the concentration of carbon dioxide in the at 

mosphere where carbon dioxide fixed equals that respired, is often used as an index of pho 

torespiration. Species which have high compensation points (30-70 ppm carbon dioxide) have 

high rates of photorespiration, and conversely, those with low compensation points (0-10 ppm 

carbon dioxide) have low photorespiration rates. For C3 species, the difference in the rate of 

photosynthesis at 21% oxygen and 2% oxygen is also used as a measure of photorespiration, 

since photorespiration is almost totally blocked (the oxidation of ribulose-l,5-bisphosphate) 

by low oxygen. 

2. PHOTOSYNTHESIS 

Photosynthesis is the process by which green plants capture light energy and convert it into 

chemical energy that is allocated between growth and maintenance reactions.104 Photosynthe 

sis is not commonly considered a significant postharvest metabolic process, since many har 

vested products contain few chloroplasts and/or are usually stored in the dark. However, a 

number of products have the potential to photosynthesize, and many, although not all, may 

derive a benefit from this process upon removal from the production area. These products fall 

into two major groups: 1) intact plants such as ornamentals, leafy cuttings and tissue cultures; 

and 2) chlorophyll containing detached plant parts such as green apples or pepper fruits, peti 

oles, shoots, leaves and others. Therefore, a distinct group of postharvest products are, at least 

theoretically, not totally severed from an external source of energy that may be used for main 

tenance. In some cases, even small inputs of free energy after harvest may substantially reduce 

or eliminate the products' dependence upon stored reserves.68 

With intact plants, there are two general options for handling the product. Conditions 

can be created or selected that will maintain the plants' photosynthetic environment. This re 

quires light, an appropriate carbon dioxide concentration and temperature, and sufficient wa 

ter to maintain an adequate moisture balance within the plant. In contrast to the site of pro 

duction, the postharvest environment is maintained at a lower level of these parameters, a level 

that will ensure maintenance of the product rather than enhanced growth and development. 

In many postharvest environments for intact plants, appropriate plant moisture status is the 

parameter that is most commonly handled improperly. 

A postharvest environment may also be selected for intact plants that will minimize the 
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metabolic rate of the product. Therefore, in contrast to an environment conducive for photo 

synthesis, an environment can be selected to minimize the utilization of stored energy reserves. 

This is the primary option selected for the handling of both intact plants and detached plant 

parts and is accomplished largely by product temperature management. 

Products that were photosynthetic organs prior to being severed from the plant at harvest 

(e.g., lettuce, amaranths, spinach) are logical candidates to derive a benefit from light during 

storage. This, however, is rarely the case. One reason is that the light energy trapping efficiency 

of plants, even under optimum conditions, is low (usually under 5%), the remaining energy 

being dissipated primarily as heat. This elevates the leaf temperature and leads to counter 

productive increases in the use of stored energy reserves via the respiratory pathways. In intact 

plants, leaf temperature is decreased through the cooling effect of evapo transpiration. One 

gram of water removes 540 calories of heat upon being transformed from a liquid to a gas. Sev 

ered plant parts, however, do not have a readily replenishable source of water that can be used 

for cooling via evapotranspiration. As a consequence, product temperature increases. 

An additional problem with utilizing photosynthesis to help maintain harvested chloro 

phyll containing plant parts is that the temperatures at which the products are normally stored 

are substantially below those required for optimum photosynthesis. The lower temperatures 

are essential, however, for successful storage since they decrease the metabolic rate of the prod 

uct and the utilization of stored energy reserves. 

In products that benefit from photosynthesis after harvest, the amount of external energy 

needed prior to harvest differs from that required after harvest. This difference is based on a 

distinction between the primary goals of the product before and after harvest. Prior to har 

vest, growth is a primary goal; therefore, carbon and energy acquisition must be greater than 

respiratory utilization. After harvest, during the postharvest handling period, growth is sel 

dom desirable. Rather, the objective is to maintain the product as close to its harvested condi 

tion as possible (i.e., minimize change). Therefore, photosynthesis after harvest is seen as way 

of maintaining the energy balance within the plant, rather than as a means of providing excess 

energy for the purpose of carbon accumulation. 

Photosynthesis occurs within specialized plastids, the chloroplasts, found primarily in 

leaves. The most important pigment in these plastids is chlorophyll, but other pigments such 

as carotenoids and phycobilins also participate in photosynthesis. The simplified overall 

reaction occurring in photosynthesis can be written as: 

6 CO2 + 6 H2O + light (hv) -> C6H12O6 + 6 O2 

green plant 

where carbon dioxide is fixed and oxygen from water is released. Photosynthesis can be di 

vided into two interconnected processes: the light reactions that trap energy from light and re 

lease oxygen from water, and the dark reactions that use the energy to fix carbon dioxide. 

2.1. Light Reactions 

The light reactions involve the splitting of water with the release of oxygen: 

light (hv) + H2O + NADP -> ViO2 + NADPH + H 

and the light driven formation of ATP from ADP and Pi (photophosphorylation). The reac 

tions trap light energy (photons) and transport it in the form of electrons from water through 

a series of intermediates to NADP, where it can be stored as NADPH (Figure 3.8). Two sepa 

rate light reactions act cooperatively in elevating the electrons to the energy level required for 
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Figure 3.8. The two light reactions in photosynthesis, photosystems II (PSII) and I (PSI), trap light energy 

and convert it to ATP and NADPH + H+; oxygen is also liberated in the process. Energy is absorbed by pho-

tosystem II which results in the splitting of water (photolysis), releasing O2 and H+ and the excitation of elec 

trons to a high energy level where they can be accepted by the first carrier in a series which transfers the elec 

trons to the chlorophyll of photosystem I. Additional light energy absorbed by the chlorophyll molecule 

increases the energy level of the electrons which are trapped by an electron acceptor and subsequently trans 

ferred to ferredoxin (FD). NADP is reduced, utilizing the H+ formed in the photolysis of water, yielding 

NADPH + H+. 

their transfer to NADP. In this process, the electrons are transported via an electron transport 

chain that operates on the same alternating oxidation-reduction principle as the respiratory 

electron transport system, though it is distinctly different. 

2.2. Dark Reactions 

The energy trapped in the light reactions as NADPH and ATP can be used in a number of re 

actions within the plant; however, its primary role is in the fixation of carbon from atmospheric 

CO2 (dark reactions). In plants commonly encountered after harvest, there are three primary 

means of fixation of CO2: the C3, C4, and CAM pathways. 

2.2.7. C3-Reductive Pentose Phosphate Pathway 

The C3 or reductive pentose phosphate pathway (PPP) is operative within the majority of plant 

species. The name reductive PPP is to distinguish it from the oxidative PPP which shares some 

of the same enzymes. The pathway is also referred to as the Calvin cycle after Melvin Calvin, 
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who with his colleagues elucidated the cyclic pathway in the 1950's. In the pathway, CO2 from 

the air is fixed by reacting with ribulose-1,5-bisphosphate (5 carbon sugar) to form two 3-

carbon phosphoglycerate (PGA) molecules. 
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The energy captured in the light reactions is used to convert PGA back to ribulose-1,5-

bisphosphate (Figure 3.9) for the continuation of the process. Each cycle fixes a single carbon 
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Figure 3.9. An overview of the reductive pentose phosphate or Calvin-

Benson photosynthetic cycle. NADPH and ATP formed in the light re 

actions (Figure 3.8) are used to convert 3-phosphoglyceraldehyde back 

to ribulose- 1,5-diphosphate to complete the cycle. As the number of 3-

phosphoglyceraldehyde molecules increases, they are converted to hex-

ose sugars and subsequently into the diverse array of carbon com 

pounds found within the plant. 



2. Photosynthesis I 99 

co2 

DECARBOXYLATION 

CARBOXYLATION 

/ REDUCTIVE 

PENTOSE 

PHOSPHATE 

CYCLE 

RuBP 

MESOPHYLL CELL BUNDLE SHEATH CELL 

Figure 3.10. In C4 plants, carbon dioxide is initially fixed (carboxylated) in the mesophyll cells of the leaf by 

reacting with phosphoenolpyruvate, forming oxaloacetate and subsequently malate. Malate is transported 

into bundle sheath cells, where it is decarboxylated, liberating CO2 that is refixed via the reductive pentose 

phosphate pathway. Decarboxylation in the bundle sheath cells greatly increases the CO2 concentration, in 

creasing the efficiency of the C3 pathway. 

dioxide molecule. The chemical energy captured (nine ATP equivalents) is required for the fix 

ation of one molecule of carbon dioxide, three as ATP and six equivalents in the reducing 

power of two NADPH molecules. 

2.2.2. C4 Pathway 

In some species of plants, carbon dioxide reacts with phosphoenolpyruvic acid in the meso 

phyll cells, forming the four carbon compound oxaloacetate (hence the name C4 pathway). 

Oxaloacetate is then converted to malate (Figure 3.10) that diffuses into the bundle sheath cells 

of the vascular bundles, where a carbon dioxide molecule is removed (decarboxylated) from 

the malate, yielding pyruvate that subsequently recycles back to phosphoenolpyruvate. The 

carbon dioxide removed is not lost but is refixed via the reductive pentose phosphate pathway 

in the bundle sheath cells. Here the oxygen concentration is low, and because of the release of 

carbon dioxide, its concentration is higher, greatly increasing the efficiency of the carboxyla-

tion reaction of the C3 pathway (i.e., very low photorespiration).19 Two variations of the path 

way have also been found: 1) oxaloacetate —> asparate —> oxalacetate —» malate —> pyruvate; 

and 2) oxaloacetate —» asparate —> oxalacetate -^ phosphoenolpyruvate. In each case, the 

product formed in the bundle sheath cells with the removal of carbon dioxide (e.g., pyruvate 

or phosphoenolpyruvate) cycles through a series of reactions back to phosphoenolpyruvate in 

the mesophyll cells. Therefore in C4 plants, the enzymes required for both the C4 and C3 path 

ways are present but in different cells. The C4 pathway, however, is a more efficient means of 

carbon fixation than the reductive pentose phosphate pathway. Many species with the C4 path 

way (e.g., corn) evolved in geographical regions with hot, dry climates, enhancing their resist 

ance to high temperatures and water use efficiency. 
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Figure 3.11. The CAM or crassulacean acid cycle found in some plants 

fixes CO2 at night via the C4 pathway when the stomata are open, with 

the formation of malic acid that is stored in the vacuole. During the day 

(stomata closed), malic acid moves out of the vacuole and is decar-

boxylated. The CO2 is refixed in the chloroplasts, using the reductive 

pentose phosphate pathway. Some of the carbon is converted to starch 

that is recycled in a series of reactions, eventually forming phospho-

enolpyruvic acid, starting the CAM cycle over again. 

2.2.3. Crassulacean Acid Metabolism 

A third means of fixing carbon is found in crassulacean acid metabolism (CAM) plants (e.g., 

pineapple). These plants trap carbon dioxide at night when their stomates are open rather than 

during the day as in C3 and C4 species whose stomates open in the light. Carbon dioxide is fixed 

through the action of the enzyme phosphoenolpyruvate carboxylase, forming oxaloacetate 

from phosphoenolpyruvate (Figure 3.11). During the day, when the stomates are closed, 

malate formed from oxaloacetate has carbon dioxide removed (decarboxylated) and refixed 

via the reductive pentose phosphate cycle. In CAM plants, both the C3 and C4 cycles are op 

erative and found within the same cells as the CAM cycle. The pathway has evolved in plants 

that grow in very hot, arid regions where opening their stomates at night, rather than during 

the day, minimizes water loss. 

3. METABOLIC CONSIDERATIONS IN HARVESTED PRODUCTS 

3.1. Dark Respiration 

3.1.1. Effects of Respiration 

Photosynthesis provides the carbohydrates that plants use for growth and storage, while res 

piration is a mechanism by which the energy stored in the form of carbon compounds is re 

leased. In the general equation for the oxidation of a hexose sugar, the substrate and oxygen 

are converted into carbon dioxide, water and energy. The rate of conversion is modulated by 

temperature and the concentration of oxygen and carbon dioxide. The conversion is therefore 
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significant for both the stored product and the environment surrounding the product. The two 

major functions of dark respiration are the release of energy stored in chemical form as starch, 

sugars, lipids, and other substrates, and the formation of carbon skeletons to be used in vari 

ous synthetic and maintenance reactions. The effects of respiration substantially alter the 

methods employed in handling and storing many products and, hence, are of considerable 

commercial importance. 

The loss of substrate from stored plant products results in a decrease in energy reserves 

within the tissue. This loss decreases the length of time the product can effectively maintain its 

condition. Loss of energy reserves eventually results in tissue starvation and accelerated senes 

cence, and is especially critical in products such as leaves, flowers and other structures that are 

not carbon storage sites. Likewise, in a marketing system based on weight, respiratory losses 

of carbon represent weight losses in the product, hence a decreased value. The rate of respira 

tion can in fact be used to predict the loss of dry weight from stored products (Figure 3.12). 

Respiratory losses also decrease the total food value (i.e., energy content) of edible products. 

Respiration removes oxygen from the storage environment. If the oxygen concentration 

in the environment is severely depleted, anaerobic conditions occur that can rapidly spoil most 

plant products. As a consequence, the rate of respiration is important for determining the 

amount of ventilation required in the storage area. It is also critical in determining the type 

and design of packaging materials to be used, as well as the use of artificial surface coating on 

the product (e.g., waxes on citrus or cucumbers). The respiratory reduction in oxygen con 

centration in the storage environment can also be used as a tool to extend the storage life of 

a product. Since oxygen concentration has a pronounced effect on the rate at which respira 

tion proceeds, a respiration mediated decrease in the ambient oxygen concentration can cre 

ate a modified environment that may be used to slow respiration. This principle, used since Ro 

man times, represents the basis for present day storage practices for several highly perishable 

products. 

Elevated ambient levels of carbon dioxide generated by respiration can also be used to de 

crease respiration since its accumulation impedes the rate at which the process proceeds. The 

degree of inhibition of respiration by carbon dioxide and the sensitivity of the tissue to high 

carbon dioxide concentration varies widely among products. Carbon dioxide produced dur 

ing the respiratory process, if allowed to accumulate, can be harmful to many stored products. 

For example, lettuce,72 mature green tomatoes, bell peppers82 and other products are damaged 

by high carbon dioxide. So it is essential that the carbon dioxide concentration be maintained 

at a safe level through adequate ventilation or absorption. 

Water is produced during the respiratory process (termed metabolic water) and becomes 

part of the water present within the tissue. Metabolic water, however, represents only a very 

minor addition to the total volume of water within the tissue and hence is of minimal signifi 

cance (Figure 3.12). 

Energy, the final product in the respiratory equation, has a significant influence both 

upon the maintenance of the product and the preferred storage environment. The complete 

oxidation of one mole of a six carbon sugar such as glucose results in the formation of 686 kcal 

(2,868 kJ • mol1) of energy. In actively growing tissues, a significant portion of this energy is 

utilized in chemical forms by the cell for synthetic and maintenance reactions. A substantial 

amount of energy is lost, however, as heat, also referred to as "vital" heat, since the energy con 

servation during the transfer among molecules is not 100% efficient. In actively metabolizing 

tissues, around 46% of the total respiratory energy is lost as heat. This amount, however, varies 

among different types of plants and organs, and the general condition of the tissue. The 

amount of heat produced by the product can be calculated (i.e., within ~10%)41 directly from 

the respiratory rate of the product (Figure 3.12). Knowledge of the amount of heat produced 

is important in determining the cooling requirements for a product and therefore the size of 



+C0 

CARBON WATER 

DIOXIDE 

6 

108 g 

Muskmelons (100 kg) which are 90% moisture are stored at 5°C and have a respiratory rate of 9 mg CO2/kg • hr 
and a fresh rate loss of 3%/day. 

RATE OF DRY WEIGHT LOSS 

For every 180 g of sugar oxidized, 264 g of CO2is produced by the product. Therefore, the rate of dry rur every iou g 01 sugar oxiaizea, zo^f g 01 ̂ u2is produced by the product, lnerelore, the rate of c 

matter loss in grams of glucose/kg fwt of fruit/day is equal to: [respiration (mg CO2/ kg • hr)] I" 1801 

L 1000 (mg/g) J L264J 
"24hrl 

day_ 

The muskmelons lose: pmgCXykg'hrl [.68] [24] = 0.147 g/kg fwt/day or with 100 kg of fruit 
L 1000 J 

= 14.7 g/load/day. 

RESPIRATORY OR VITAL HEAT PRODUCED 

One mole of glucose yields 686 kcal, therefore, for every 6 moles of CO2 given off, 686/6 kcal has 
been produced.Then one mole of CO2 represents 114 kcal or 114,000 cal/44g (weight of 1 mole of CO2) 
= 2,591cal/mg CO2. One Btu = 252 cal. Then the number of Btu's produced by 1 ton when 
1 mg of CO2/kg • hr is given off can be calculated by: 

1 mg 

kg.hr 

["2,591 cal 1 

[252 cal/BtuJ 
1000 kg 

metric ton 

r"24hr] = 247 Btu/metric ton• day or 224 Btu/British ton • day. 
Ldayj 

Therefore, the 100 kg of melons will produce the following number of Btu's/day: 

[9 mg CO2/ kg *hrir247 Btu] [100 kg fruit weight] = 222 Btu/day 

L kg.hr Ikg.dayj 

moles 1 

weight 180 g 

METABOLIC WATER PRODUCED 

The radio of the weight of CO2 to water produced = 264/108. Therefore, the melons produce the 
following metabolic water: 264 g CO2 x 9 mg CO2/kg • hr = 3.68 mg H2O/kg • hr or 

108 gH2O xmgH2O/kg.hr 
.00000368 mgH2O/kg.hr. 

The total amount of water produced by all of the melons per week 

= r.00000368 kg H2O"[p4 hrjp days] [100 kg fruit weight] = .0618 kg H2O/week. The percent of the total water. 
[ kg • hr J[ day _][_ weekj 

that is metabolic water in one week = .0618 kg H2O / 100 kg»week = .0687% of the total water in the fruit. 

90 kg H2O in 100 kg fruit 

Therefore, the 3% weight loss/week represents: 3 kg fresh weight - .0103 kg CO2/100 kg • week + .0618 kg metabolic 
water/100 kg • week = 2.96 kg fresh weight lost due to evapotranspiration. 

Figure 3.12. Respiration results in the utilization of substrate (e.g., glucose) and oxygen and the formation of carbon dioxide, water and energy. Knowing the rate 

of respiration (mg CO2 produced per kg of product each hour), we can calculate the rate of dry weight loss and the amount of heat and metabolic water produced. 
Examples of these calculations for muskmelons are illustrated in the figure. 



3. Metabolic Considerations in Harvested Products I 103 

the refrigeration system needed to maintain the desired temperature of the storage room. The 

amount of heat produced also influences the size of the fans required to move air around the 

product in storage, package design and stacking method. 

3.1.2. Respiratory Substrates 

Respiration depends on the presence of a substrate. In many tissues, this substrate is a storage 

form of carbohydrate such as starch in the sweetpotato root or inulin in Jerusalem artichoke 

tubers. These more complex molecules are broken down into simple sugars that enter the res 

piratory pathways to provide energy for the plant. In some species, carbon may be stored as 

lipids. The avocado fruit contains approximately 25% lipid on a fresh weight basis and pecan 

kernels approximately 74%. Organic acids, proteins and other molecules may also be utilized 

as respiratory substrates in plants, although in most cases these secondary substrates are not 

produced for this purpose. Under conditions where the tissue is depleted or "starved" of car 

bohydrate or lipid reserves, these secondary respiratory substrates are utilized. This situation 

is more likely to occur in postharvest products such as leaves or flowers that do not represent 

storage organs and therefore have relatively little reserve substrate. Proteins may also be hy-

drolyzed into their component amino acids and catabolized in the glycolytic pathway and tri-

carboxylic acid cycle. 

When these various substrates are utilized and completely oxidized, different amounts of 

oxygen are consumed in relation to the amount of carbon dioxide evolved. The ratio of the two 

is called the respiratory quotient (RQ). The RQ provides a general indication of the particular 

substrate being used as the primary source of respiratory energy. For example, the oxidation 

of a common carbohydrate, lipid and organic acid give the following respiratory quotients. 

Respiratory 

Type of Quotient 

Substrate Substrate Reaction (CO2/O2) 

Carbohydrate glucose C6H12O6 + 6 O2 -> 6 CO2 + 6 H2O 1.00 

Lipid fatty acid palmitic acid C16H32O2 + 11O2 -> C12H22On+ 4 CO2 + 5 H2O 0.36 

Organic acid malic acid QH6O5 + 3 O2 -> 4 CO2 + 3 H2O 1.33 

The RQ was of greater interest early last century when analytical techniques were limited. 

There is still a diversity of opinions as to the actual value of the RQ. Along with tissue type, 

temperature and tissue age, a number of other factors significantly alter the RQ. In addition, 

substrates are not always completely oxidized, and several types of substrates may be used si 

multaneously by the cells, each greatly complicating interpretation of the RQ obtained. Other 

factors that affect the apparent RQ are the differential permeabilities of the tissues to oxygen 

and carbon dioxide, as well as respiration at oxygen levels approaching anaerobic conditions. 

3.1.3. Control Points in the Respiratory Pathway 

Changes in the cell's internal environment by external (e.g., temperature) or internal (e.g., sub 

strate availability) factors often result in significant alterations in the respiration rate. The al 

teration may be due to shifts in the activity at the regulatory sites in the pathways or due to 

changing priorities among different pathways. Control of respiration rate in plant cells can be 

regulated at various points in the respiratory pathways and by a number of means. Substrate 

supply can control the rate of respiration by regulating substrate available for a particular 
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reaction. For example, if glucose-6-phosphate levels are high, the reaction catalyzed by phos-

phoglucoisomerase shifts toward the formation of fructose-6-phosphate in order to maintain 

an equilibrium. Substrate control is probably more important when demand for intermediates 

generated by the tricarboxylic acid cycle is high. Control can occur through the activity of an 

enzyme and to a lesser extent the enzymes concentration. Enzyme activities are modulated by 

substrate and product concentration, cofactors such as metal ions, compounds that activate 

or inhibit the enzyme, and the rate of enzyme synthesis and degradation. For rate limiting re 

actions, the concentration of an enzyme is thought to represent a coarse control. In contrast, 

enzyme activation is considered a means of fine control. The availability of phosphate accep 

tors (ADP) represents an extremely important means of respiratory control. Restricting the 

rate of flow of electrons through the electron transport chain and, hence, the rate of oxidation 

of NADH limits the rate of a number of reactions. However, if NADH is reoxidized by an al 

ternative reaction, oxidative phosphorylation is diminished in its regulatory role. High levels 

of ATP also directly inhibit certain enzyme reactions (e.g., phosphofructokinase and pyruvate 

kinase). Therefore, the levels of ADP, NAD and NADP and their reduced products represent 

important modulators of respiration. 

The tricarboxylic acid cycle appears to be largely regulated by mitochondrial energy sta 

tus (ADP, ATP). However, low oxygen and high carbon dioxide are also known to have a pro 

nounced effect on the rates of specific enzymes in the cycle. High carbon dioxide inhibits the 

conversion of succinate to malate, and malate to pyruvate, in apple fruit tissue.63 Key enzymes 

controlling the rate of the glycolytic pathway are phosphofructokinase and pyruvate kinase, 

while in the pentose phosphate pathway the activity of glucose-6-phosphate dehydrogenase is 

controlled by the NADPH/NADP ratio. 

3.1.4. Factors Affecting the Rate of Dark Respiration 

The control of postharvest respiratory responses is strongly influenced by a number of com 

modity and environmental factors. For many products, high respiratory rates are closely cor 

related with reduced storage life. Proper management of these factors is imperative for main 

taining quality and maximizing storage life. 

a. Temperature 

Temperature has a pronounced effect on the respiratory rate of harvested products. As prod 

uct temperature increases, reaction rates increase;90 however, the degree of increase is not the 

same for all the reactions within a tissue (e.g., the optimum temperature for photosynthesis is 

usually lower than the optimum temperature for respiration). The rate of change in reactions 

due to temperature is commonly characterized using a measure called the Q10, which is the ra 

tio of the rate of a reaction at one temperature (Tt) versus the rate at that temperature plus 

10°C [(rate at T1+10oC)/rate at TJ. The Q10 is often quoted for respiration, in that it gives a very 

general estimate of the effect of temperature on the overall tissue metabolic rate. There are, 

however, many exceptions in different metabolic pathways; for example the respiratory rate of 

potato tubers decreases with decreasing temperature while the formation of sugars from 

starch increases below 10°C (Figure 3.13). For many products the Q10 for respiration is be 

tween 2.0 and 2.5 for every 10°C increase in temperature within the 5°C to 25°C range. If we 

are interested in maintaining a product as close to its condition at harvest, the use of low tem 

peratures to reduce changes due to metabolism is essential. By decreasing the temperature 

from 25°C to 15°C when the Q10 is 2, the respiration rate will be half that at 25°C and halved 

again if the temperature is reduced from 15°C to 5°C. As the temperature increases from 25°C 
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Figure 3.13. The effect of temperature on the formation of sugars from 

starch in potato tubers cv. Majestic (redrawn from Burton).14 
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into the 30°C to 35°C range, the Q10 declines for most products, and at very high temperatures 

reaction rates are actually depressed, probably due to the loss of enzyme activity. The actual 

temperature range over which there is a linear increase in Q10 and the maximum and minimum 

temperature for a particular metabolic process vary widely among species and the type of tis 

sue monitored (Figure 3.14). For example, respiration in Populus tremuloides stems can be 

measured at -11°C,35 a temperature at which an apple fruit would be frozen solid, terminating 

respiration. 

It is important to note that while the ambient temperature at which the product is stored 

is of critical importance in determining the metabolic rate, the product temperature is typically 
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STORAGE 

ROOM WALL 

Figure 3.15. Diagrammatic presentation of the resistances to gas ex 

change in a harvested product. Total resistance is rw (storage walls) + rp 

(package wall) + rb (boundry layer) + rps (product surface) + rt (tissue). 

The resistances for rw, rp and rps are often manipulated for certain 

postharvest products to extend storage life. 

slightly higher than the ambient temperature due to the heat liberated from the respiratory 

process. This often slight difference in temperature is quite important due to its effect on main 

taining the moisture balance of the harvested product (see chapter 9). 

b. Gas Composition 

The gas composition of the atmosphere that surrounds the product can influence both its res 

piratory and general metabolic rate. Oxygen, carbon dioxide and ethylene are the most im 

portant gases influencing respiration. Pollutant gases such as sulfur dioxide, ozone, propylene, 

and others can also have a significant effect if their concentration becomes sufficiently high. 

During normal plant growth and development in the field, there are seldom large or long 

term alterations in gas atmosphere composition. After harvest, however, plant products are 

normally bulked tightly together and placed in containers and storage areas that have re 

stricted air flow (Figure 3.15). Restricted air flow creates additional resistances for gas move 

ment into and out of the product and hence alters the concentration of gases within the tissue. 

Typically, reduced gas exchange leads to a decrease in the internal oxygen and an increase in 

carbon dioxide. However in some crops, such as submerged aquatics (e.g., Chinese water 

chestnut, lotus root) and some root and tuber crops that grow normally under conditions of 

high gas diffusion resistance, the opposite may be true. Therefore, postharvest conditions 

commonly result in significant alterations in the gas environment to which the product expe 

rienced prior to harvest, and these changes can influence metabolic activity. 
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Figure 3.16. The effect of oxygen concentration on the respiration of 

Fuerte avocadoes and Valencia oranges. Note the "Pasteur effect" 

(stimulated respiration) on oranges at very low oxygen levels (redrawn 

from Baile).10-12 

The effect of oxygen concentration on harvested plant products has been known since 

around the beginning of the 19th century.50 Berard in 1821 noted that fruits held in an environ 

ment devoid of oxygen did not ripen, and if not kept too long under the low oxygen conditions, 

ripened normally upon return to air.9 The rate of respiration is closely tied to the oxygen con 

centration in harvested products. As the internal oxygen concentration decreases, respiration 

decreases (Figure 3.16) until the oxygen concentration reaches the extinction point or critical 

concentration at about 1 to 3% oxygen. This concentration represents the point at which aero 

bic respiration via the tricarboxylic acid cycle is blocked and anaerobic fermentation begins. Be 

low the extinction point, the rate of respiration increases. The increase in respiration at very low 

oxygen concentrations is known as the Pasteur effect, after Louis Pasteur, who first studied the 

phenomenon in microorganisms. Although the Pasteur effect is found widely in plants, it does 

not occur in all harvested products. For example, there is no increase in respiration of the avo 

cado fruit even at 0% oxygen (Figure 3.16). The Pasteur effect is due to a cessation of the tri 

carboxylic acid cycle, as NAD and NADP are not available, having been converted to the re 

duced forms (NADH and NADPH). The reduced forms cannot transfer their energy to the 

electron transport chain in the mitochondria to produce ATP as the final step in the chain re 

quires oxygen. For the cell to maintain itself, ATP is required; hence the rate of glycolysis has 

to be increased, since it does not directly require oxygen. This change also leads to the produc 

tion of ethanol and lactic acid that requires the NADH produced in the glycolytic pathway. 

The precise reason why the respiration rate is reduced at oxygen concentrations above the 

critical concentration in most products is not known. A number of possible explanations have 

been suggested. The enzyme phosphofructokinase, which catalyzes the conversion of fruc 

toses-phosphate to fructose-1,6-bisphosphate in the glycolytic pathway, is inhibited by ATP 

and citric acid, both of which are formed in the oxygen dependent tricarboxylic acid cycle and 

may represent the modulating factors. It is also possible that oxygen concentration modulates 

one or more of the glycolytic enzymes. Respiration rate could also be decreased through an 

effect on several of the enzymes in the tricarboxylic acid cycle. In green banana fruit, low oxy 

gen limits the rate of the enzymatic steps between either oxaloacetate or pyruvate and citrate 

and between 2-oxoglutarate and succinate.78 
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Table 3.4. Effect of Temperature and Oxygen Concentration on the Respiratory Rate of Various 

Commodities.* 

*Source: Robinson et al.94 

The respiratory rate of most stored products can be decreased by lowering the oxygen to 

a concentration that is not below the extinction point for that product (Table 3.4). The actual 

critical concentration of oxygen appears to vary among products. In addition, the external 

concentration of oxygen that gives the appropriate internal concentration for minimizing res 

piration varies with the rate of oxygen utilization by the tissue, the tissue's diffusive resistance, 

and the differential in oxygen partial pressures between the interior and the exterior. There-
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fore, at higher temperatures, the external concentration of oxygen must be increased to main 

tain a given oxygen level within the tissue due to the increased rate of utilization of the oxygen 
by the tissue. 

In general, a significant decrease in the respiratory rate for most stored products does not 

occur until the external oxygen concentration is below 10%. The optimum external concen 

tration for a number of products held in cold storage is in the 1 to 3% range; however, there are 

exceptions. For example, sweetpotatoes shift to anaerobic metabolism at external oxygen con 

centrations below 5 to 7 percent.25 Much of the variation in optimum external oxygen con 

centration among types of products and even among cultivars can be accounted for by factors 

other than the external oxygen concentration. 

The use of low oxygen in the storage of plant products has the potential to decrease the 

overall metabolic rate and a diverse array of specific biochemical changes. At the product level, 

the net effect may be seen as delayed ripening, aging or the development of certain storage dis 

orders. Low oxygen environments, however, are not commercially used for many commodities 

for several reasons. The very short time span between harvest and the retail sale of many prod 

ucts and the availability of the product year round from different production locations often 

makes its use unnecessary. Likewise, for most products the costs are substantially greater than 

the benefits obtained, though there are notable exceptions. Approximately a half a million 

metric tons of apples are stored each year, in the United States alone, utilizing low oxygen con 

ditions. This storage method extends the availability of the crop for 4 to 10 months over con 

ventional storage practices, greatly increasing the net worth of the industry. 

Carbon dioxide impedes respiration, resulting in a net and often quite significant de 

crease in respiration in some products. The effect of carbon dioxide, although not universal, 

has been shown in seedlings, intact plants and detached plant parts, and occurs both under 

aerobic and anaerobic respiratory conditions. The degree to which respiration is impeded in 

creases in relation to the concentration of carbon dioxide in the atmosphere. For example, in 

pea seedlings, the inhibitory action of carbon dioxide at concentrations up to 50% increases 

approximately with the square root of the concentration.58 Carbon dioxide, therefore, appears 

to retard the rate of respiration but does not totally block it.75 

Under aerobic conditions respiration is impeded by high carbon dioxide when sufficient 

respiratory reserves are present, a common condition with most postharvest products. How 

ever, under conditions where the tissue is depleted of a ready source of stored reserves, respi 

ration is no longer decreased by high carbon dioxide. The precise mechanisms of action of 

high carbon dioxide that results in a decrease in respiration are not known. The inhibitory 

effect is not due to permanent injury to the tissue, since upon removal of the carbon dioxide, 

respiration returns to normal. High carbon dioxide concentrations under aerobic conditions 

affect the tricarboxylic acid cycle at the conversion of succinate to malate and malate to pyru-

vate in apple fruit.63 Succinate dehydrogenase, which converts succinate to malate, is the en 

zyme most significantly impeded. The level of reduction in the presence of 15% carbon diox 

ide results in toxic levels of succinate accumulating in apples, causing damage to the tissue.53 

The influence of carbon dioxide on other tricarboxylic acid cycle enzymes appears negligible. 

A high carbon dioxide concentration during storage does not depress respiration in all 

tissues. In some cases, respiration may be unaffected or even significantly increased by elevated 

carbon dioxide. The respiratory rate of potato tubers, onion and tulip bulbs, and beetroot has 

been shown to be substantially increased, in some instances up to 200%, upon exposure to ex 

tremely high levels of carbon dioxide (30 to 70%)100 and in lemon fruits by 10% carbon diox 

ide. Carrot roots are not affected. 

The mechanisms that lead to the stimulation of respiration by high carbon dioxide may 

be attributable in part to the fixation of carbon dioxide by malic enzyme and phospho-

enolpyruvate carboxylase (Figure 3.2). The initial products formed in lemon fruit after brief 
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Table 3.5. Effect of Ethylene and Cyanide on the Respiratory Rate as 

Measured by Oxygen Uptake of Various Types of Plant Tissue.* 

* Source: Solomos and Biale.98 

exposure to 14CO2 are malic, citric and aspartic acids.108 High concentrations of carbon di 

oxide may, therefore, facilitate the formation of tricarboxylic acid cycle intermediates and 

thereby stimulate respiration. The stimulation may also be related to secondary effects of the 

carbon dioxide molecule on the pH of the cytoplasm. The effect of elevated carbon dioxide on 

cellular pH is complex and varies with tissue. Carbon dioxide is readily soluble in the cyto 

plasm and the vacuole, existing as bicarbonate and hydrogen ions with the dissociation of car 

bonic acid. When lettuce was exposed to 15% carbon dioxide96 and avocado to 20%,71 the pH 

of the cytoplasm declined 0.4 units while the lettuce vacuole pH declined 0.1 units. When the 

lettuce and avocado were moved back into air, the pH returned to near the pretreatment level. 

The change in pH of freshly harvested green peas exposed to elevated carbon dioxide was 

compensated for by a decrease in malic acid concentration giving essentially no net change.105 

Short transitory changes in pH caused by returning the tissue to ambient carbon dioxide con 

ditions may activate the carboxylation of phosphoenolpyruvate to oxaloacetate and subse 

quently malate.106 At present the effect of even small changes in cellular pH on respiration is 

not known. It is known that along with a change in cellular pH in avocado, there is a decline 

in ATP levels and respiratory enzymes, which are also transitory.7071 

Ethylene is a phytohormone that can significantly stimulate the respiratory rate of a num 

ber of harvested products. This was first illustrated by the work of Denny3031 on citrus fruit 

and later with bananas.48 The effect of ethylene is of considerable interest to postharvest biol 

ogists in that harvested products synthesize ethylene. In most cases, however, an increase 

in respiratory rate per se represents only a minor concern in relation to major biochemical 

changes in quality that may also be induced by ethylene (e.g., accelerated floral senescence, 

loss of chlorophyll, abscission). 

A relatively wide range of vegetative and reproductive tissues respond to ethylene by in 

creasing their respiratory rate (Table 3.5), and the increase is dependent upon the continued 

presence of the gas.9398 Respiration is not stimulated by ethylene in all tissue. For example, the 

respiration of strawberry fruit, pea39 and wheat seedlings,73 and peanut leaves57 is not stimu 

lated. Flower respiration typically declines after harvest, followed by an increase as they be 

gin to senesce. Enhanced respiration induced by ethylene in flowers may be an indirect effect, 

through an acceleration of the senescence process. Many of the tissues in which respiration is 
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Figure 3.17. Effect of seed moisture level on respiration rates (redrawn 

from Bailey).4 

accelerated by ethylene have significant storage energy reserves. It has been suggested that the 

ability of a tissue to respond to ethylene with an increase in respiration is closely correlated 

with the presence of the alternative electron transport pathway (Table 3.5). In these tissues, 

both cyanide and ethylene stimulate respiration, although through different mechanisms. The 

respiratory increase in either case does not necessarily involve the induction of ripening or 

stimulated ethylene synthesis, since it can be found in potato tuber tissue that neither ripens 

nor has autocatalytic ethylene synthesis. 

a Moisture content of the tissue 

In general, respiration and metabolic processes decrease with decreasing tissue moisture con 

tent. There are, however, many interacting factors such as species, tissue type and physiologi 

cal condition that significantly alter the plant or plant part's response to a particular moisture 

status. The change in respiratory rate can be influenced by moisture changes after harvest or 

preharvest differences in moisture content. For example, the respiratory rate of the storage 

roots of sweetpotato cultivars is closely related to the cultivar's percent moisture. 

Seeds show the most dramatic effect of postharvest changes in the product's moisture sta 

tus on respiration (Figure 3.17). The respiratory rate closely parallels the seed's moisture con 

tent as the seed imbibes or loses water. The respiration rate of leaves on an intact plant also de 

clines with decreasing leaf water content; however, under severe dehydration it may temporarily 

increase.21 Leaf water status is determined by soil moisture deficits or excesses.26 In fleshy fruit, 

postharvest respiratory changes normally occur only after a substantial change in the internal 

water concentration. Hence, with most fleshy or succulent postharvest products, decreasing the 

internal moisture content is not a viable method for controlling the rate of respiration of the tis 

sue. In these tissues, moisture content is often closely tied to product quality,90 and a decrease 

in moisture is counterproductive. In many other products, however, longevity can be greatly ex-
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tended through the repression of respiratory and metabolic activity with reduced product mois 

ture. For example, in the storage of grains, seeds, dates, and most nuts, moisture status alter 

ation represents an excellent means of extending a product's useful life. 

d. Wounding 

Wounding of plant tissue stimulates the respiratory rate of the affected cells, a response that 

has been known for nearly a century. Boehn18 demonstrated that cutting potato tubers resulted 

in an abnormal rate of carbon dioxide production. Cutting the roots of trees4647 and the 

handling of leaves338 also results in a stimulation of respiration. 

Respiratory increases from wounds to plant tissue are often grouped into two general 

classes: a) those caused by mechanical damage—wound respiration, and b) those caused by in 

fection by another organism such as fungi or viruses—infection-induced respiration.103 This 

classification is not, however, definitive in that wounds induced by other means, although 

normally less frequent, are found (e.g., chemical sprays, light, pollutants). In addition, several 

types of wounds may occur simultaneously in the same tissue. 

Mechanically induced wounds include those caused by harvesting, handling, wind, rain, 

hail, insects and animals. The wounds can be separated into subclasses based upon the pres 

ence or absence of surface punctures, cuts or lesions. Injuries which facilitate the diffusion of 

gasses to or from the underlying tissue often result in a substantial, but transient, increase in 

apparent respiration due to the escape of carbon dioxide that has accumulated in the inter 

cellular spaces of the tissue. As a consequence, it is often difficult to make a clear distinction 

between altered gas exchange and wound effects on respiration when carbon dioxide produc 

tion is used as sole means of measuring respiration. 

Uritani and Asahi103 characterized the differences in respiratory response between me 

chanically wounded and infected tissue (Figure 3.18), illustrating two distinct patterns. In both 

cases, increases in respiration coincided with increases in storage carbohydrate catabolism 

and an increase in soluble sugars in some tissues. Both the glycolytic55 and pentose phosphate 

pathways are stimulated in response to increased demand for both primary and secondary 

plant products needed for wound healing. Healing includes the formation of lignin, suberin 

and in some cases, callus. Wound respiration, therefore, facilitates the supply of precursors 

and cofactors required for the biosynthesis of these wound healing layers (see Bloch1617). 

Infection-induced-respiratory increases are related to primary and secondary defense re 

actions by the cells. Plants have evolved multiple and varied techniques to combat the invasion 

of microorganisms. For example, rapid cell death resulting in necrotic areas confines the 

mycelia, limiting the number of cells infected (hypersensitive response). In addition, second 

ary products such as phytoalexins may be formed to minimize invasion. These infection in 

duced processes, like those of mechanical wounding, require respiratory derived energy and 

secondary metabolic products, resulting in the observed increases in tissue respiration. 

e. Species and plant part 

Extremely large differences in respiratory rates can be found among different plant parts. The 

respiration rate of harvested vegetables, representing a range of plant parts, could be ranked 

on a dry weight basis in the following order: asparagus, lettuce, green bean, okra, green onion, 

carrot, tomato, beet root, green mango, red pimento8 and other crops.88 Differences include 

variation due to species and cultivar. Likewise, the respiratory rate of different plant parts, 

even within the same species and cultivar, can vary significantly, and there is often a wide range 

among parts of the same organ (e.g., the respiratory activity of the wheat seed embryo was 

twenty times that of the adjoining endosperm).23 
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Figure 3.18. The effect of mechanical wounding (•) or infection (A) 

by the fungus Ceratocystis fimbriata on the respiratory rate of sweet-

potato storage root tissue {redrawn from Uritani and Asahi).m 

The intensity of respiration of harvested products can vary widely among similar plant 

parts from different species. For example, flax seed have a respiratory rate that is 14 times that 

of barley seed at the same temperature and moisture content (11%).4 Avocado fruit have a 

maximum rate of respiration at their climacteric peak nearly 8 times that of apple.11 

/ Cultivar 

While one could anticipate a significant range in respiratory rates among species, differences 

at the cultivar level may also be substantial. For example, cut flowers of the chrysanthemum 

cultivar Indianapolis White had a respiratory rate of 1.6 times that of the cultivar Indianapo 

lis Pink, based on flower fresh weight, and 4.3 times greater expressed on a per flower basis.67 
Likewise 'Mclntosh' apple fruit have been shown to have preharvest respiratory rates double 
that of'Delicious'.4243 While not all cultivars exhibit this degree of variation, it is common and, 

depending on the postharvest conditions, may pose a factor for consideration during storage. 

g Stage of development 

The stage of development of a plant or plant part can have a pronounced effect on the respi 

ratory and metabolic rate of the tissue after harvest. In general, young actively growing cells 

tend to have higher respiratory rates than older, more mature cells. A number of factors, how-
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Figure 3.19. The effect of chrysanthemum (Chrysanthemum mori-

folium Ramat. cv. Indianapolis White) flower maturity (■—intermedi 

ate; A—mature; •—fully mature) on flower respiration (--- = ml 

CO2/kg/hr; — = ml CO2/blossom/hr) at harvest (0 time) and during 

storage (redrawn from Kuc and Workman).61 

ever, affect this relationship between maturity and respiratory rate, for example, species, plant 

part and stage of maturity. Therefore, generalizations on the effect of maturity on respiratory 

rate should be kept within fairly strict commodity-species bounds, and in some cases excep 

tions become more numerous than the rule. 

The effect of maturity within a general commodity type is well illustrated in cut flowers. 

Carnations ('White Sims') harvested at varying stages of maturity between the tight bud stage 

and fully opened displayed significant differences in their respiratory rate expressed on either 

a weight or per blossom basis.67 When flowers were harvested at a more mature stage of de 

velopment (Figure 3.19), the respiratory rate rose. In addition, these differences tended to be 

maintained during the postharvest period. In contrast, however, chrysanthemum (cv. Indi 

anapolis White) displayed the opposite trend, with the respiratory rate decreasing with ma 

turity. Even more pronounced effects of maturation on respiratory rate can be seen in cli 

macteric fruits when the range in maturities tested include preclimacteric, climacteric and 

postclimacteric stages.33 Young apple leaves and stems have from three to seven times the rate 

of respiration of corresponding fully developed organs from the same plant.85 

h. Surface area to volume ratio 

The surface to volume ratio may influence the respiratory rate of some products due to its effect 

on gas exchange. As an object increases in size, assuming the shape is not altered, there is a pro 

gressive decrease in surface area relative to its volume. This is because volume increases as the 

cube of length (length X length X length) while surface area increases only as the square 

(length X length), as illustrated in Figure 3.20 with the comparison of two sizes of spherical 

fruit placed in a cubic box (20 X 20 X 20 cm). One sphere 20 cm in diameter will fit into the con 

tainer or eight 10 cm diameter spheres. The composite surface area of the smaller spheres is 

double that of the larger sphere while the total volumes are equal. This difference provides in a 
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Figure 3.20. The relationship between product size and the surface area available for the diffusion of gases into and out of tissue. 
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small diameter product a larger surface area for gas exchange for the underlying cells, shifting 

the uptake-utilization (oxygen) and production-emanation (carbon dioxide) equilibrium. 

The shape of the majority of harvested products (leaves, flowers, nuts, etc.) deviates sub 

stantially from spherical and in some cases, they also have rough or uneven surfaces. This in 

creases the surface area to volume ratio, facilitating diffusion. In products where the surface 

represents a significant barrier to diffusion due to the presence of the cuticle or periderm, in 

creased surface area may be important. Although the actual surface to volume ratio can be 

substantially altered by environmental conditions during growth (e.g., the effect of thinning 

on fruit size), little control can be exerted over it during the postharvest period. The posthar-

vest environment, however, can be adjusted to compensate for surface/volume conditions of a 

specific product to prevent undesirable internal conditions from developing. 

i. Nature of the harvested product's surface 

The composition of the gas atmosphere within most harvested products has an effect on their 

respiratory rate. Both high carbon dioxide and low oxygen concentrations have been shown 

to decrease the respiratory rate of cells. The internal gas composition is controlled by the rate 

of oxygen use and carbon dioxide production by the tissue, differences in the partial pressures 

of these gases between the interior and exterior environment, and the gas permeability of the 

tissue and any applied surface coatings. The nature of the surface of the harvested product, 

therefore, can have an impact upon gas diffusion resistance. High diffusion resistances result 

in a greater difference between the internal and external gas atmosphere. If the differential be 

tween internal and external oxygen and carbon dioxide concentration is sufficiently large, the 

respiratory rate of the internal cells can be altered. 

Surface resistances are generally much larger than internal diffusion resistances, since there 

is a significant volume of intercellular air space. Surface cells are arranged much more tightly 

(little intercellular space), and compounds that resist gas movement (e.g., cutin, waxes) are pres 

ent on the surface. Therefore, the nature of the surface of harvested products and postharvest 

practices that alter these surface characteristics (e.g., application of waxes) can exert a consider 

able influence over respiratory and metabolic rates. Lenticels, stomates, surface cuts or abra 

sions, fruit stem or peduncle scars, and other openings provide localized areas that have lower 

diffusion resistances than the majority of the product surface. Natural surface coatings of epi-

cuticular waxes and cutin tend to increase the diffusive resistance to oxygen, carbon dioxide and 

water movement into and out of the tissue.65 When gas diffusion is sufficiently restricted, the in 

ternal concentration of carbon dioxide increases and oxygen decreases. For example, apples of 

the 'Granny Smith' cultivar held in air had an internal oxygen concentration of 17% at 7°C and 

2% at 29°C, while the respective internal carbon dioxide concentrations were 2% and 17%.102 The 

surface of the tomato fruit restricts all but around 5% of the total gas exchange between the in 

terior and the exterior, the primary path of exchange being via the stem scar. 

In some postharvest products, it is advantageous to apply an artificial coating of waxes or 

similar material on the surface. Citrus fruit, apples, cucumbers, pineapples, rutabagas, cassava 

and dormant rose plants are commonly waxed. This not only alters the internal gas concentra 

tion of the product32 but has the additional advantage of decreasing water loss. In many cases, 

the waxes also enhance the appearance of the product by imparting a shiny gloss to the surface 

/ Preharvest cultural and postharvest handling conditions 

Preharvest factors can significantly influence the respiratory behavior of a harvested product. 

The nutrient composition of the harvested product is strongly affected by the nutrition of the 

parent plant. Preharvest nutrition alters not only the elemental composition of the product 

but also the relative amount of many organic compounds.83 Plant tissues low in potassium and 



3. Metabolic Considerations in Harvested Products I 117 

44-

40-

c\2 

8 36^ 

32-

PL, 

28-

24-

20 

400-600 ppm 

JS00-700 

ppm 

700-1000 ppm 

4 6 8 10 12 14 16 

DAYS AT 21°C 

Figure 3.21. Respiratory climacteric in apple fruit (Mains sylvestris 

Mill. cv. Baldwin) with varying peel calcium contents (redrawn from 

Bramlage et al.).20 

calcium often have substantially higher respiratory rates.1234'44 This is illustrated by the corre 

lation between the peel calcium content of apples and their subsequent postharvest respira 

tory rate (Figure 3.21). Apples with a low calcium concentration have higher respiratory rates 

at the preclimacteric stage, the climacteric peak and during the postclimacteric period than 

apples with a higher calcium content.20 High tissue nitrogen concentration (apples, strawber 

ries) is also correlated with elevated respiration; in the case of apple fruit the effect of high ni 

trogen is pronounced only when the fruit calcium concentration is low.3487 

Other factors such as preharvest sprays,97 rough handling,74 orchard temperature,80 pro 

duction year20 and acclimatization can also significantly influence postharvest respiratory re 
sponses. 

3.1.5. Methods of Measuring Respiration 

The respiratory rate of a stored product can be used as an indicator for adjusting the storage 

conditions to maximize the longevity of the commodity. As a consequence, it is often desirable 

to measure respiration in commercial storage houses. These measures can also be used in 

many cases as a general index of the potential storage life of the product. In addition, the rate 

of respiration can be used to calculate the loss of dry matter from the product during storage, 

the rate of oxygen removal from storage room air, and the heat generated during storage. 

As discussed in section 3.1.1. of this chapter, respiration consumes oxygen from the sur 

rounding environment and substrate from the commodity. Carbon dioxide, water and energy 

(both chemical and heat) are produced. 

Substrate + O2 -> CO2 + H2O + energy (chemical and heat) 



CLOSED SYSTEM CONTINUOUS FLOW SYSTEM 

ACO2" 

ACO2= concentration time 2 - concentration time 1 

AO2= concentration time 1 - concentration time 2 

ACO2= concentration out - concentration in 

(A % x 10)(free space volume of container in liters) _ ̂  k -i j^i 

(product fwt in kg)(time container is closed in hours) 

(A % x 10)(air flow rate in ml/min x 60)71000 _ ̂ , 1 

(product fwt in kg) 

* Milliliters of gas are normally converted to milligrams to remove the effect of temperature on the volume 

of gas so that direct comparisons can be made. To do this, a temperature correction must be used. 

One mole of gas is equal to 22.4 L at O°C at 1 atmosphere, therefore, its volume (V2) at the temperature of 

the product can be calculated with the following equation: 

Vt = 22.4 (1 + Temperature of product in °C) 

273° Kelvin 

For example, the volume of 1 mole of CO2 at 25°C = 24.45 L. The volume of gas per gram is calculated by 

dividing the correct volume by the molecular weight of the gas (CO2 = 44, O2 = 32), i.e. 24.45 L/44 = .556 L/g 

or 556 ml/1000 mg (the volume of CO2 at 25°C divided by its molecular weight). Then the weight of gas from 

the respiration sample can be calculated by: 

556 ml measured ml from sample 

1000 mg= x 

Corrections for common temperatures are: 

0°C = 509 ml CO2/1000 mg or 700 ml O2/1000 mg 

5°C = 518 ml CO2/1000 mg or 712 ml O2/1000 mg 

10°C = 528 ml CO2/1000 mg or 726 ml O2/1000 mg 

15°C = 537 ml CO2/1000 mg or 738 ml O2/1000 mg 

20°C = 546 ml CO2/1000 mg or 751 ml O2/1000 mg 

25°C = 556 ml CO2/1000 mg or 764 ml O2/1000 mg 

30°C = 565 ml CO2/1000 mg or 777 ml O2/1000 mg 

Figure 3.22. Techniques for collecting respiratory gas samples and calculating respiratory rates of 

harvested products. 
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Theoretically, changes in any of these reactants or products could be used as a measure of res 

piration. In general practice, however, measurement of carbon dioxide production is used due 

to its relative ease of measurement and accuracy. Oxygen is more difficult to accurately detect 

in that relatively small changes in concentration are against a high background oxygen con 

centration (21%) in air, while changes in carbon dioxide are large compared to the background 

(0.033%). Since the respiratory reactions take place in an aqueous medium, the small quantity 

of water produced in relation to the total volume of water present in the tissue cannot be ac 

curately measured. Similarly, relatively large rates of respiration over a short measurement 

period result in only small total substrate or dry matter changes. Energy production, whether 

chemically trapped or liberated as heat, is also difficult to measure precisely. As a consequence, 

either the production of carbon dioxide or the utilization of oxygen is almost invariably used 

to monitor respiration. 

Several techniques may be used for collecting gas samples from a respiring product. The 

product may be placed in a closed (gas tight) container and the decrease in oxygen or increase 

in carbon dioxide measured over a known period of time. Small samples are withdrawn from 

the enclosed atmosphere and either or both gases are measured (Figure 3.22). By measuring 

the change (A) in concentration as a function of time (i.e., concentration of oxygen at timej mi 

nus the concentration of oxygen at time2 divided by time2 minus time! gives Aoxygen/unit of 

time), the volume of free space in the container and the weight of the enclosed product, the res 

piratory rate can be expressed as weight of gas/weight of product unit of time (see Figure 3.22). 

In closed systems, care must be taken not to leave the product enclosed for too long, since the 

decreasing oxygen and increasing carbon dioxide concentrations will begin to affect the rate 

of respiration of the product. For many products, it is not desirable to let the carbon dioxide 

concentration increase to much above 0.5%. A second technique employs a continuous flow 

of air or gas of known composition through the container holding the product (Figure 3.22). 

The difference (A) between the concentration of oxygen and/or carbon dioxide going into the 

container and that leaving the container is used to calculate the respiratory rate. In addition 

to the difference in gas concentration, the rate of air flow through the container and the weight 

of the product must be known. Care must be taken to adjust the air flow rate through the con 

tainer to an appropriate level. An excessively high flow rate results in extremely small differ 

ences between incoming and exiting gases, making measurement with an acceptable level of 

accuracy difficult. Air flow rates that are too slow result in the same problem that can be en 

countered with a closed system, the buildup of carbon dioxide or depletion of oxygen altering 

the rate of respiration. Care should also be taken to allow the system sufficient time to develop 

a steady-state equilibrium before measurements are made. 

The oxygen and/or carbon dioxide concentrations in gas samples from either system can 

be measured by utilizing any of a number of different methods (Table 3.6). 

Table 3.6. Comparison of Techniques Available for Measuring Respiration of Plants. 

Technique Gas measured Sample Type 

Sample 

size 

Initial 

Expense 

Recurring 

Expense 

Requirement 

for Electricity 
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a. Gas chromatography 

Carbon dioxide and oxygen can be measured with gas chromatographs equipped with ther 

mal conductivity detectors and dual columns. Gas chromatographic analysis is used widely 

because of its accuracy and the small gas samples (i.e., 0.1-5 mL) needed. 

b. Infrared gas analyzer for carbon dioxide 

This instrument is used to measure carbon dioxide in a continuous flow of air and has the ad 

vantage over many techniques of being extremely accurate at very low carbon dioxide con 

centrations. The molecules of carbon dioxide in the sample absorb infrared radiation at a 

specific wavelength, and this absorption is used as a measure of the carbon dioxide concen 

tration in the air stream. 

a Paramagnetic oxygen analyzers 

Oxygen is strongly paramagnetic, and since no other gases commonly present in the air exert 

a magnetic influence, this characteristic can be monitored and used as a measure of the oxy 

gen concentration in a continuous stream of air. 

d. Titration/colorimetry for carbon dioxide 

When a stream of air is passed through a sodium hydroxide or calcium hydroxide solution, the 

carbon dioxide is absorbed, and sodium or calcium carbonate is formed, decreasing the solu 

tion's pH. The change in alkalinity (decrease in pH) is used to determine the quantity of car 

bon dioxide absorbed,27 a technique that can measure carbon dioxide concentrations up to 

1.0%. The pH change is measured either by titration or colormetrically with the addition of 

bromthymol blue91 and monitored with a spectrophotometer. As with other continuous flow 

systems, the flow rate of air needs to be known to calculate the final respiratory rate. This tech 

nique has the advantage of being relatively inexpensive and requiring only a limited amount 

of equipment. 

e. Kitagawa detectors 

Carbon dioxide, oxygen and a number of other gases can be measured quickly, relatively ac 

curately and without significant expense using Kitagawa detectors. Gas is pulled into a re 

action tube (specific for each gas monitored) where it is absorbed and reacts with a chemi 

cal reagent. The color change produced is used as a measure of the concentration of the gas. 

Carbon dioxide can be accurately measured between 0.01 and 2.6% and oxygen from 2 to 30%. 

/ Pressure/volume changes 

Samples of gas are placed in sealed containers of known volume and either carbon dioxide or 

oxygen is absorbed by a suitable reactant. The change in the internal pressure of the container 

or in the volume of gas within the container is used as a measure of the concentration of the 

respective gas.29 The absorption principle is similar to that used in the titration/colorimetry 

method; however, instead of measuring changes in the absorbing material (e.g., pH), pressure 

or volume changes within the chamber are determined. Relatively large gas samples (e.g., 100 

mL) are required; however, analyses are accurate to approximately 0.5%. 
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g. Polarography 

The oxygen concentration in a gas sample can be measured with a polarographic oxygen elec 

trode. The differential in electrical potential across a pair of electrodes is measured. 

3.1.6. Respiratory Patterns 

In the 1920's, Kidd and West studied the respiratory patterns of sunflower plants and their 

component parts during an entire growing season (Figure 3.23). In general they found that res 

piration closely paralleled the rate of plant growth (i.e., young, rapidly metabolizing cells have 

the highest respiratory rates). The high demand for energy and carbon compounds in actively 

growing cells results in a stimulation of respiration. As the age of the plant or individual organ 

(stem, leaves, flowers) increases, the respiratory rate decreases. This decline in respiration of 

the whole plant could not be attributed simply to an increased percentage of non-respiring 

structural material in the plant, since the initial respiratory rate of successive new leaves also 

decreased with the age of the plant. Hence, internal factors have a pronounced influence on 
respiration. 

A number of external (environmental) and internal (commodity) factors have a pro 

nounced influence on the rate of respiration of plant tissues (section 3.1.4). While environ 

mental factors such as temperature are routinely studied with each postharvest product, con 

siderable effort has been directed toward understanding the more elusive commodity factors 

that influence respiration. Changes in respiratory rate during growth, development and senes 

cence of a plant or plant part under standard conditions display distinctive patterns, and these 

can often be related to other functional processes that occur concurrently. 

Fruits are typically classed into one of two groups based on their pattern in respiratory 
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Figure 3.23. Changes in the respiratory rate of sunflower plants and se 

lected plant parts during development {data from Kiddet al.).61 
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Figure 3.24. General respiratory pattern of 

climacteric and non-climacteric fruits during 

development, maturation, ripening and senes 

cence. 
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behavior during the final stages of ontogeny of the organ (e.g., fruit ripening, Figure 3.24). 

Fruits classified as having a respiratory climacteric exhibit a marked upsurge in respiratory ac 

tivity at the end of the maturation phase. These marked changes in the rate of respiration of 

climacteric fruit have long fascinated postharvest biologists. Although climacteric fruit repre 

sent an extremely small percentage of the plant products handled in agriculture, the dramatic 

shift in respiration during ripening has stimulated research into the function and control of 

respiratory patterns. The respiratory climacteric represents a transition between maturation 

and senescence. Nonclimacteric fruit (Figure 3.24) do not exhibit an upsurge in respiration, 

but rather a progressive, slow decline during senescence until microbial or fungal invasion. 

The climacteric rise in respiration was described as early as 190884 in apple and pear fruit. 

Later, Kidd and West60 detailed the relationship between changes in respiratory rate and 

changes in quality attributes occurring during the climacteric period. The dark respiration of 

an unripe fruit declines to what is termed the preclimacteric minimum just before the climac 

teric rise in respiration (Figure 3.24). Subsequently, respiration increases dramatically, often 

to levels 2 to 4 times that of the preclimacteric minimum. A similar trend occurs if the fruit is 

allowed to ripen on the tree,64 although the respiratory pattern is modified somewhat [e.g., the 

rate at which it proceeds (slower) and the peak value (higher)]. Interpretation of the overall re 

sponse is complicated by the fact that photosynthesis and photorespiration are occurring con 

currently. An exception is found in some avocado cultivars, where the respiratory upsurge is 

inhibited while the fruit remains attached to the tree. 

The respiratory climacteric is substantially altered by temperature. At both low and high 

temperatures, the climacteric can be suppressed. As storage temperature decreases from 

around 25°C, the duration of the climacteric rise is prolonged and the rate of respiration at the 

climacteric peak depressed. In addition, the ambient oxygen and carbon dioxide concentra 

tion can markedly alter the respiratory climacteric. Low oxygen and high carbon dioxide (up 

to approximately 10%) can prolong the length of time to the climacteric peak in a number of 

fruit, thus extending storage life. In many nonclimacteric fruit, respiration can also be de 

pressed by low oxygen and high carbon dioxide concentrations. There are exceptions, how 

ever. For example, high carbon dioxide tends to stimulate the respiration of lemon fruit,14 
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probably through the fixation and incorporation of the molecule into organic acids utilized in 
the tricarboxylic acid cycle. 

The unsaturated hydrocarbon gas ethylene stimulates the respiration of a wide range of 

plant tissues. The response differs for climacteric and nonclimacteric fruit (Figure 3.25). Expo 

sure of climacteric fruits to relatively low levels of ethylene decreases the preclimacteric period 

without a substantial effect on the rate of respiration at the climacteric peak. The concentra 

tion required for maximum acceleration varies with different fruits (e.g., 1 jiL • L1 for banana, 

10 |liL • L1 for avocado). The shortening of the preclimacteric period is approximately propor 

tional to the logarithm of the concentration applied.22 Once ripening is initiated, removal of the 
external ethylene has no effect on the subsequent respiratory rate or pattern. Respiration in 
nonclimacteric fruit is likewise stimulated by ethylene; however, upon removal of ethylene the 

respiratory rate returns to near the value found prior to treatment (Figure 3.25). 

Ethylene is known to be a natural product of fruit ripening.36 The synthesis and the in 

ternal concentration of ethylene increases in most climacteric fruits around the same time the 

upsurge in respiration. Ethylene is thought to accelerate the outset of ripening and to coordi 

nate ripening in the whole fruit. Exposure to an external source of ethylene results in an in 

creased synthesis of ethylene. This stimulated synthesis is due to the effect of ethylene on the 

de novo synthesis of ACC synthase, a critical enzyme in the ethylene synthesis pathway.6 There 
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are at least five ACC synthase genes involved in tomato ripening6 that are expressed in a 

specific order and at different stages of fruit ripening. Exogenous ethylene, therefore, can be 

substituted for the endogenous ethylene normally produced by the plant to initiate the respi 

ratory climacteric and ripening response, allowing earlier ripening of the fruit. Ethylene ap 

plication (exogenous) is most widely used to commercially ripen banana fruit. 

Theories as to the precise cause of the respiratory climacteric have been numerous. In 

1928, Blackman and Parija15 proposed that the increase in respiration was due to the loss of 

organizational resistance between enzymes and substrates. Several other theories have en 

joyed popularity, including: 1) the presence of "active" substrate,59 2) availability of phosphate 

acceptors, 3) availability of cofactors, 4) uncouplers of oxidation and phosphorylation,81 5) 

shifts in metabolic pathways54 and 6) an increase in mitochondria content and/or activity.49 

After 90 years of research, the precise cause of the respiratory climacteric in fruit has yet to be 

elucidated, although our understanding of the physiological, chemical and enzymatic changes 

occurring has increased tremendously. 

Leaves undergo distinct changes in their respiratory behavior at certain stages of their de 

velopment.99 Generally, there is an increase in respiration during the early stages of senescence 

(the period of chlorophyll degradation) followed by a steady decline in the later stages. The res 

piratory increase, although not universal, occurs in a wide range of species in both attached45 

and detached leaves. Severing the leaf from the plant enhances the rate of senescence;95 how 

ever, the timing of the respiratory increase relative to other biochemical and physical changes 

occurs at essentially the same stage in the senescence process. Low light (100-200 lux) delays 

senescence in detached oat leaves and thus can influence the respiratory strategy utilized.97 

When leaves are held in the dark, approximately 25% of the respiratory increase could be ac 

counted for by increases in free amino acids and sugars from catabolic events. The remaining 

respiration (~75%) appears to be due to a partial uncoupling of respiration from phosphory 

lation. 

Many flowers also undergo marked changes in respiration rate, the pattern and control of 

which has many parallels with the respiratory changes in climacteric fruits. In fact, the term 

respiratory climacteric is often used in studies on flower storage and senescence. Respiration 

in many species of cut flowers declines after harvest and then increases as the flowers begin to 

senesce.86 This trend, however, is not universal. For example, cut roses progressively decline in 

respiration following harvest (Figure 3.26). In flowers that exhibit a postharvest respiratory 

rise, the increase in respiration, like that in many climacteric fruits, appears to be closely tied 

to the endogenous synthesis of ethylene by the flower (Figure 3.27). There is an autocatalytic 

synthesis of ethylene in flowers like the carnation, and the increase in ethylene precedes 

changes in membrane permeability and other senescence-related phenomena.77 Chemicals 

such as aminovinylglycine, aminooxyacetic acid, Ag2+ ions, and 1-methylcyclopropene (MCP) 

that inhibit ethylene synthesis or action, can delay senescence in a wide range of ethylene sen 

sitive flowers. 

As the flower proceeds toward the final stages of senescence, there is a gradual reduction 

in respiration that may reflect a decline in respiratory substrate availability. Carbohydrates are 

known to be transported from the petals into the ovary during this period, with the realloca-

tion stimulated by ethylene. 

In summary, many plant products undergo substantial changes in their respiratory pat 

tern after harvest. These changes often reflect significant alterations in metabolism and con 

current physical and chemical alterations within the tissues. Changes in respiration are of in 

terest from an applied point of view, in that specific handling strategies may be required. 

Changes in respiration in part reflect the physiological state of the commodity, which can help 

in predicting the product's storage potential and life expectancy. 
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3.3. Photosynthesis 

The potential for photosynthesis and the rate at which it proceeds in harvested products varies 

widely, influenced by both internal and external factors. Many plant products are devoid of 

chlorophyll, or they are held after harvest under environmental conditions (low light and tem 

perature) that are not conducive to photosynthesis. The importance of photosynthesis in de 

tached chlorophyll containing tissues is probably minimal, but it should not be ignored. 

A significant number of postharvest products not only have the potential for photosyn 

thesis but need to photosynthesize to maintain the product's existing level of quality. Intact 

plants such as actively growing herbaceous and woody ornamentals, vegetable transplants and 

rooted cuttings are typical examples of postharvest products that normally photosynthesize 

during the handling and marketing period. For some protea flowers, photosynthesis can min 

imize postharvest leaf blackening, and illumination of broccoli plantlets during storage, even 

at the light compensation point, maintains their dry weight and subsequent growth poten 

tial.68 The rate at which these plants photosynthesize after removal from the production area 

is governed by a number of internal and external factors. While the internal factors, such as 

stomatal number, photosynthetic pathway and others, influence the rate of photosynthesis, it 

is not possible to alter them. However, a number of external factors such as light, temperature, 

moisture, carbon dioxide and exogenous chemicals that influence photosynthesis can be al 

tered. Manipulation of these external factors, therefore, provides the potential to exert a sig 

nificant level of control over the rate of photosynthesis in many harvested products. 

3.3.1. Tissue Type and Condition 

The ability to photosynthesize and the rate of photosynthesis vary considerably among plant 

species as well as types of tissue. Chloroplasts, which carry out photosynthesis in the cell, are 

found primarily in leaf tissue; however, they also occur in petioles, stems, specialized floral 

parts of many plants and the epidermis of certain fruit. Roots, tubers and other structures, 

normally devoid of chloroplasts and hence chlorophyll, are capable of synthesizing chloro 

phyll when exposed to sufficient light. The pre- or postharvest formation of chlorophyll in 

some products (e.g., potato, Jerusalem artichoke) is detrimental to quality and needs to be 

avoided. The contribution of chloroplasts in organs other than leaves to the total assimilation 

of carbon is generally small due in part to the low number or absence of stomates, reducing 

carbon dioxide availability. In some instances, however, such as the corticular tissue of dor 

mant dogwoods, photosynthesis by non-leaf structures may offset a significant portion of res 

piratory loss of carbon. The capacity of a fruit's epidermal cells to carry out photosynthesis 

declines with ripening, with the majority of photosynthate being supplied from the plant 

leaves.89 

Photosynthetic rate is affected by leaf age (Figure 3.28). Rates are commonly highest 

when leaves first mature and shortly thereafter but tend to decline gradually with age.66 The 

effect of leaf age on photosynthesis is a general phenomenon, found in annuals and perenni 

als, including evergreen species. 

3.3.2. Light 

Whether from the sun or from an artificial source, light provides the energy needed by plants 

to fix carbon from carbon dioxide, allowing them to offset respiratory losses incurred. Light 

is one of the most important postharvest external variables affecting photosynthesis. During 
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Figure 3.28. The effect of leaf age on the rate of photosynthesis (14CO2 

assimilated) of grape leaves (redrawn from Kriedemann et ai).66 

the postharvest handling of plants, especially intact plants, light intensity, quality and dura 

tion are crucial in determining storage potential. 

Individual leaves, when exposed to increasing light intensity, exhibit a typical light re 

sponse pattern (Figure 3.29). As the intensity of the light is increased, the light compensation 

point is reached. At this point, the amount of carbon dioxide trapped is equal to the amount 

of carbon dioxide lost from the tissue due to respiratory processes. Additional increases in in 

tensity result in a proportional increase in photosynthetic rate of carbon fixed, eventually 

reaching a point at which photosynthesis becomes light saturated. At this point, additional in 

creases in light intensity have only a slight effect on increasing the carbon fixation rate. Light 

saturation of individual leaves of full sun plants is often only 1/4 to 1/2 that of full sunlight; 

however, with entire plants, saturation is seldom reached because of mutual shading of the 

leaves within the canopy. With further increases in light, the point of maximum photosynthe 

sis is reached, and additional increases result in a decrease in carbon fixation and sometimes 

damage (Figure 3.29). 

Light is necessary for the formation of chlorophyll in plants, and there is a continuous 

turnover (synthesis and degradation) of chlorophyll molecules under normal conditions. In 

sufficient light, therefore, can result in the net loss of leaf chlorophyll. With prolonged expo 

sure, an indirect loss occurs through abscission of leaves, decreasing the plant's surface area 

of photosynthetic tissue. Normally, abscission progresses from the oldest leaves to the young 

est, with leaves that are shaded by their position at the bottom or interior of the canopy being 

more susceptible to abscission. 

Plant species vary widely in their tolerance to light, and excess light may present a seri 

ous postharvest problem. For example, prolonged exposure of full shade plants such as the 

African violet to full sunlight may result in chlorophyll degradation, leaf burning and a de 

crease in net photosynthesis. The effect of excess light can also be seen in heliotropic responses, 
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Figure 3.29. The relationship between light intensity and the rate of car 

bon uptake by photosynthesizing leaves (C—light compensation point; 

S—light saturation intensity; M—maximum photosynthetic rate) {re 

drawn from Rabinowitch).93 At the light compensation point (C), the 

amount of carbon fixed by the leaf is equal to the amount lost through 

respiration. At very high light intensities, photosynthesis is inhibited. 

where the plant's growth pattern is altered in the direction of the light, which may potentially 

be in an undesirable orientation. 

It is normally desirable to maintain the product in the same qualitative condition as at 

harvest (removal from the production zone for intact plants), and hence the net carbon bal 

ance (acquisition vs. utilization) is important. The precise postharvest photosynthetic re 

quirements for individual species at various stages in their life cycle are not currently known. 

It is probable, however, that the requirements for photosynthetic carbon input needed to 

maintain the existing condition of the plant are slightly above the plant's gross respiratory uti 

lization, due to non-respiratory uses of carbon in maintenance reactions. Photosynthetic ac 

quisition of carbon can be maintained at or above this critical maintenance point with a range 

of light intensity and duration combinations. When some species are exposed to prolonged pe 

riods at higher light intensities, the chloroplasts are unable to store the additional starch 

formed, and photosynthesis is inhibited. 

Of the total spectrum of radiant energy, plants utilize light only from a region between 

400 and 700 nm for photosynthesis (Figure 3.30). Peak photosynthesis and absorption of light 

by chlorophyll and other pigments come from the red and blue portions of the spectrum. In 

natural canopies, light entering the upper leaves is selectively absorbed from the red and blue 

regions, with less photosynthetically active light being transmitted to the lower and inner 

leaves. As the spectral distribution of the light shifts toward a greater percentage of green light, 

the rate of photosynthesis per photon of photosynthetically active light declines. 

Changes in the amount of energy at particular wavelengths (light quality) a plant receives 

after harvest are often also dramatically altered. These changes occur primarily from the use 

of artificial light that does not have the same spectral quality as sunlight and in the use of shad 

ing material that selectively absorbs light from certain regions of the spectrum. While photo-

morphogenic changes in the plant due to light quality are normally of greater postharvest im 

portance than changes in the net photosynthetic rate, prolonged exposure of plants to light 

that is not spectrally suited for photosynthesis will compromise product quality maintenance. 
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Figure 3.30. The change in photosynthetic activity with changes in 

wavelength of the light striking the leaf (redrawn from Balegh and Bid-

dulph).5 

3.3.3. Temperature 

The rate of photosynthesis is highly dependent upon temperature. This dependence varies 

widely, with some species capable of photosynthesizing at temperatures near 0°C, while oth 

ers require substantially higher temperatures. Generally, net photosynthesis (total photosyn 

thesis minus respiration) increases with temperature until reaching a maximum and then de 

clines (Figure 3.14). The decline is probably mediated by several factors, one of which is an 

elevation in respiration that occurs with increasing temperature. As temperature is progres 

sively increased, respiratory losses will eventually be greater than the carbon fixed through 

photosynthesis, giving a net loss of carbon. During the postharvest handling of photosyn-

thetically active products, both excessively low and high temperatures present potential prob 

lems in maintaining an adequate carbon input-output balance. At very low temperatures, 

photosynthesis is insufficient, while at high temperatures, respiratory losses are greater than 

the carbon dioxide fixed. 

3.3.4. Moisture Stress 

The availability of water is an important factor governing the rate of photosynthesis (Figure 

3.31). Upon removal of plants from the production zone, the potential for moisture stress in 

creases substantially due in part to the altered environmental conditions to which the plants 

are exposed. In addition, water management often becomes less organized and structured. 

Lack of precise control over the moisture balance in postharvest products can result in either 

water deficit or excess; each can substantially impede photosynthesis. Leaf water content has 

a direct effect on water's chemical role in photosynthesis and an indirect effect on hydration of 

the protoplasm and closure of stomates. Since the total amount of water that participates di 

rectly in the biochemical reactions of photosynthesis is extremely small, indirect effects on 

stomatal aperture appear to present the greater hindrance to photosynthesis under conditions 

of low moisture. The degree of inhibition of photosynthesis due to water deficit depends to a 

large extent upon both the level of stress imposed and the species involved. Wilted sunflower 

leaves are photosynthetically as much as 10 times less efficient than turgid leaves. As a conse-
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quence, prolonged closure of stomates can result in a serious deficit in carbohydrates within 

the plant. 

3.3.5. Carbon Dioxide 

Photosynthesis in plants exposed to sufficient light is limited primarily by the low carbon diox 

ide concentration in the ambient atmosphere (~330 ̂ iL • L1)- As the carbon dioxide concen 

tration increases up to 1000 to 1500 uX • L1, photosynthesis also increases in many species. At 

high light intensities, the effect of additional carbon dioxide is even greater (Figure 3.32). 

Elevated carbon dioxide concentration has been used successfully to increase the growth 

rate of a number of agricultural crops grown in controlled environment conditions (e.g., green 

houses).107 To date, the beneficial effect of elevated carbon dioxide concentration on the pho-

tosynthetic rate of plants has been used only in the production zone for these crops and not 

during the postharvest handling and sales period. 

3.3.6. Chemicals 

A number of chemical compounds applied directly to plants (e.g., pesticides) or found in the 

ambient atmosphere (air pollutants), can depress photosynthesis. The response may be due to 

a direct effect on the biochemical reactions of photosynthesis or indirect effects such as in 

creases in the diffusive resistance of carbon dioxide into the leaf, changes in the optical prop 

erties of the leaf, changes in the leaf's thermal balance, or the loss of photosynthetic surface 

area. The common air pollutants that can reduce photosynthesis are sulfur dioxide, ozone, 

fluorides, ethylene and particulate matter such as dusts. Brief exposure to sulfur dioxide (4.1 mg 

• nr3 for 2 hours) has been shown to inhibit photosynthesis by as much as 80%. While the effect 

of chemicals on postharvest photosynthesis may be pronounced, more direct effects such as the 

formation of lesions, chlorosis, discoloration, and leaf and flower drop are often economically 

much more significant than impaired photosynthesis in compromising product quality. 
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