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Ethylene is a gaseous plant hormone that regulates many processes in plant growth and 

development. Knowledge of ethylene biosynthesis, perception and signal transduction has helped 

to better understand plants response to ethylene. Response to ethylene was affected by several 

factors such as cultivar, plant organ and stage of development. In this research, differential 

response to exogenous ethylene in citrus during abscission and degreening were explored. 

Expression of genes involved in ethylene biosynthesis and signaling pathways were analyzed to 

determine if transcriptional changes were correlated with differential ethylene response. Partial 

or full-length nucleotide sequences were obtained for „Valencia‟, „Fallglo‟ and „Lee x Orlando‟ 

homologs of biosynthetic genes CsACS1, CsACS2 and CsACO, receptor genes CsERS1, 

CsETR1, CsETR2 and CsETR3, and signaling genes CsCTR1, CsEIN2, CsEIL1 and CsEIL2. 

When applying abscission agents to tree fruit to facilitate harvest, it is desirable to loosen 

fruit and not leaves or other organs, but mechanisms controlling leaf and fruit drop are not fully 

understood. Differential abscission response in leaf and fruit tissues was observed when 

„Valencia‟ orange was treated with ethephon abscission agent (ethylene releasing agent) alone or 

in combination with 1-methylcyclopropene (1-MCP; ethylene perception inhibitor). When 1-
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MCP was combined with ethephon application, leaf abscission was greatly reduced whereas fruit 

loosening was little affected.  

Diurnal fluctuation in ethylene biosynthetic and signaling gene expression levels were 

studied in „Valencia‟. Expression of genes fluctuated diurnally in at least one of the tissues tested 

(leaf blade, leaf abscission zone, fruit peel and fruit abscission zone). Changes in natural 

fluctuations were correlated with changes in sensitivity of mature fruit and leaves to abscission 

agent ethephon. Abscission agent was most effective when applied at 2 pm when expression 

levels of biosynthetic genes were actively increasing. 

Apart from differential abscission response, two citrus types „Fallglo‟ and „Lee x Orlando‟ 

exhibit differential degreening response. When harvested fruit were exposed to ethylene, rate of 

color change was greater in „Fallglo‟ than in „Lee x Orlando‟. Differential degreening was 

correlated with differences in peel maturity between the two types and seedling triple response 

assay indicated no differences in ethylene perception. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Citrus production in the United States was 12 million tons in 845,100 acres during 2008-

2009 (NASS, 2009). Florida is the largest citrus producing state in U.S. accounting for 71% of 

total U.S. citrus production followed by California (26%), and Texas and Arizona accounting for 

the remaining 3%. Florida produced 8.47 million tons during 2008-2009 of which about 90% 

(7.6 million tons) goes to the processing industry while the remaining 10% (0.87 million tons) 

was marketed as fresh citrus (NASS, 2009). A major concern for the Florida citrus industry with 

respect to global marketing and competition is the high cost of production. The cost of harvesting 

(picking and roadsiding) alone for sweet oranges during the 2007-08 season was $1.86 per 40.8-

kg (90-lb) box (Muraro, 2008). Mechanization of citrus harvesting is one way to reduce 

harvesting cost, although it cannot be used for fresh citrus due to external fruit damage. In fruit 

crop situations where abscission agents are used, the goal is to selectively and uniformly loosen 

target fruit and increase efficiency of harvest. In practice, achieving this goal has been 

problematic due to our lack of knowledge about factors controlling abscission.  

With regard to fresh citrus fruit, Florida produced 868,000 tons in 2008-2009 (NASS, 

2009). Although fresh fruit is a small percentage of Florida citrus production, it is a high value 

crop. During 2008-2009, the average on-tree price for fresh citrus produced in Florida ranged 

from $6.10 to $13.25 per 40.8-kg box depending on the variety, accounting for a total value of 

production of $156 million (FASS, 2009). In early season fresh fruit, internal quality attains 

marketable standards even though the peel remains green. At this time there is an absence of cool 

nights that has been associated with poor color development (Grierson et al., 1986). When this 

occurs, ethylene gas is added in a process known as „degreening‟ to accelerate chlorophyll 

destruction, unmask peel pigments, and enhance marketability. However, certain varieties 
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require longer ethylene exposure to completely degreen. But prolonged exposure to ethylene 

enhances peel senescence resulting in reduced storage life and increased vulnerability to 

pathogens. Degreening has been shown to hasten the development of stem-end rot and 

anthracnose in early season fruit (McCornack, 1972; Brown, 1975; Brown, 1978). Increased peel 

senescence also led to enhanced rate of respiration and weight loss which eventually reduced the 

storage life of citrus fruit (Vines et al., 1965; Zamorani et al., 1973). Hence it is important to 

attain full coloration using concentration and duration of ethylene treatment as low as possible. 

Understanding the mechanisms involved during degreening will help to achieve full color 

development with minimum damage to the peel.  

Abscission and degreening are processes regulated by the plant hormone ethylene 

(Grierson and Newhall, 1960; Burg, 1968). Whether applied as a liquid formulation or a gas, 

ethylene has been shown to hasten both processes; however, the horticultural challenge is to 

understand factors affecting the plant response so that each process can be controlled and 

variation in response can be reduced. 

Abscission and Ethylene 

Abscission is a process of separation of plant organs like leaves, flowers and fruit. 

Abscission occurs in abscission zones characterized by 10-20 layers of cells that differ in shape 

and size from the surrounding cells (Scott et al., 1948). Abscission zone cells are characterized 

by dense protoplasm, smaller intercellular spaces, large deposits of starch and highly branched 

plasmodesmata (Sexton and Roberts, 1982). Detachment of plant parts takes place as a result of 

dissolution of cell walls in abscission zone by the activity of hydrolase enzymes cellulase and 

polygalacturonase. Horton and Osborne (1967) reported an increase in cellulase activity during 

abscission of bean explants. In citrus, significant increase in cellulase and polygalacturonase 

activities were observed prior to abscission of leaf explants and intact mature fruit (Ratner et al., 
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1969; Greenberg et al., 1975). Two forms of cellulase were detected in abscission zones. The 

residual cellulase has a pI of 4.5 while the soluble form has a pI of 9.5; only the soluble form was 

found to be involved in the abscission process (Reid et al., 1974).  

Girardin (1864) first observed the induction of leaf abscission in plants during accidental 

exposure to an illuminating gas. Neljubow (1901) identified ethylene as the active component of 

the illuminating gas and the role of ethylene on leaf abscission in plants was later confirmed by 

Doubt (1917). Subsequently, several studies indicated that the plant hormone ethylene plays a 

major role in regulating the abscission process (Burg, 1968; Jackson and Osborne, 1970; 

Bleecker and Patterson, 1997). Apart from ethylene, other plant hormones like auxin, abscisic 

acid and cytokinin were also shown to regulate the abscission process. In contrast to the function 

applied by its name, studies have shown that abscisic acid does not have a direct effect on 

abscission. Abscisic acid promoted ethylene production that consequently induced abscission 

(Sagee et al., 1980). Unlike ethylene, auxin plays an inhibitory role in abscission. Auxin was 

reported to inhibit the increase in cellulase and polygalacturonase activity (Greenberg et al., 

1975; Goren and Huberman, 1976). Balance between ethylene and auxin levels is thought to play 

an important role in regulating abscission (Sexton and Roberts, 1982; Brown 1997; Patterson, 

2001; Taylor and Whitelaw, 2001). Abscission zones of young and immature tissues have high 

auxin levels and low ethylene levels. As senescence and maturity proceeds, auxin level decreases 

and ethylene level increases resulting in the detachment of plant parts. Similar to auxin, 

cytokinin inhibits abscission of plant parts. Application of cytokinin reduced abscission of leaves 

in Poinsettia (King et al., 2001) and phlox flowers (Sankhla et al., 2003). Hence, interplay 

between ethylene and other plant hormones play critical role in regulating the abscission process. 

Although auxin and cytokinin inhibit abscission, they are widely used as thinning agents 
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(Iwahori and Oohata, 1976; Yuan and Greene, 2000). It was reported that auxin and cytokinin 

enhance ethylene production leading to fruitlet abscission (Iwahori and Oohata, 1976), but later 

studies reported no correlation with auxin or cytokinin application and ethylene biosynthesis 

(Dennis, 2002). Hence mechanism(s) underpinning this differential response are not fully 

understood.   

Application of exogenous ethylene hastens abscission by inducing gene expression levels 

of cellulase and polygalacturonase in peach fruit (Bonghi et al., 1992) and tomato leaves, fruit 

and flowers (Kalaitzis et al., 1995; del Campillo and Bennett, 1996). In citrus, enzyme activities 

of cellulase and polygalacturonase increased during ethylene-induced abscission of mature citrus 

fruit (Greenberg et al. 1975; Huberman and Goren, 1979). Burns et al. (1998) showed increase in 

cellulase gene expression and enzyme activity during ethylene-induced abscission in citrus. 

Ethylene not only induces the levels of cellulase but also enhances its secretion into the cell wall 

(Abeles and Leather, 1971). The regulatory role of ethylene in abscission was demonstrated in 

transgenic plants. Tomato transgenes over-expressing the ethylene biosynthetic gene 1-

aminocyclopropane-1-carboxylic acid (ACC) synthase resulted in premature flower abscission, 

while a delay in abscission was noted in Nr plants (mutant of ethylene receptor LeETR3) and in 

LeETR1 antisense plants (Lanahan et al., 1994; Whitelaw et al., 2002). 

Ethephon (2-chloroethylphosphonic acid) is an ethylene-releasing compound that can be 

used to induce abscission. Ethephon is an effective abscission agent in citrus, plums, cherries and 

olives (Bukovac et al., 1969; Martin et al., 1981; Burns, 2002). However, excessive leaf 

abscission occurs at concentrations required for effective fruit loosening in citrus (Burns, 2002). 

Pozo et al. (2004) used 1-methylcyclopropane (1-MCP), an ethylene perception inhibitor, to 

control ethephon-induced leaf drop with minimal effect on ethephon-induced fruit loosening. 
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Application of guanfacine, an agonist of G-protein-coupled α2A-adrenoreceptors, also reduced 

ethephon-induced leaf drop but not fruit loosening (Yuan et al., 2005). These results suggest that 

different abscission control mechanisms may exist in leaf and mature fruit of citrus. Moreover, 

ethylene sensitivity changed in fruit during development (Pozo and Burns, 2009). When 

abscission agents were applied at the same concentration throughout fruit growth and 

development, the response differed. Up to 100 days after bloom (DAB) fruitlets were highly 

sensitive to abscission agents. From 100 to 225 DAB fruitlets were insensitive to abscission 

agents and the sensitivity increased after 225 DAB. Given the established role of ethylene and 

the above results, we hypothesized that examining how ethylene biosynthetic and signaling gene 

expression responded to abscission compound treatments could help explain ethylene-based 

mechanisms involved in differential abscission responses.  

Diurnal Regulation of Ethylene Biosynthesis and Abscission 

Diurnal fluctuations are oscillations or repetitive variations that occur over a period of ~24 

h. Such variations are controlled by external cues such as daily changes in light and temperature. 

Those biological oscillations that fluctuate over a repeating time period but are not regulated by 

external cues are termed circadian rhythms. Circadian rhythms and diurnal fluctuations were 

well documented in daily leaf movements of Mimosa pudica (de Mairan, 1729), and in leaf 

movement, elongation rate of abaxial and adaxial cells of the petiole, elongation of hypocotyl 

and inflorescence stem in Arabidopsis (Engelmann and Johnsson, 1998; Jouve et al., 1998; 

Dowson-Day and Millar, 1999; McClung, 2001). Since many physiological processes are 

regulated by light and plant hormones, the effect of light on hormone synthesis and action play 

important roles in regulating such processes. For example, diurnal regulation has been reported 

for auxin production and signaling (Covington and Harmer, 2007; Liao and Burns, unpublished 

data) and diurnal regulation of hormone levels were reported for ethylene, cytokinin, abscisic 
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acid and gibberellic acid (Lipe and Morgan, 1973; Cowling and Harberd, 1999; Nováková et al., 

2005).  

In ethylene, diurnal fluctuation of ethylene evolution was observed in young fruit of cotton 

(Lipe and Morgan, 1973), leaves of Vicia faba (El-Beltagy and Hall, 1974) and leaves of tomato 

(El-Beltagy et al., 1976). In general, ethylene evolution increased during the light period 

reaching the peak towards the end of the light period and gradually declined during the dark 

period (Lipe and Morgan, 1973, Jasoni et al., 2002). However, in leaves of Vicia faba two peaks 

of ethylene production were noticed, one during the start of the light cycle and other at the end of 

the light cycle (El-Beltagy and Hall, 1974). These fluctuations were correlated with daily 

changes in light and temperature (Lipe and Morgan, 1973). Although daily fluctuations in 

stomatal opening could act as a major diffusion pathway for ethylene and be misinterpreted as 

diurnal synthesis, fluctuation in the internal ethylene concentration in leaves of Vicia faba did 

not correlate with stomatal opening (El-Beltagy and Hall, 1974). Studies with constant light or 

dark growth conditions revealed that ethylene biosynthesis pathway is regulated by the circadian 

clock and diurnal conditions. In detached cotton cotyledons synthesis of the ethylene 

biosynthetic precursor ACC was regulated by the circadian clock, while the conversion of ACC 

to ethylene was regulated by light (Rikin et al., 1984). Later, Jasoni et al. (2002) showed that 

synthesis of ACC in intact seedlings was regulated by light and synthesis of ethylene from ACC 

was controlled by circadian clock. This apparent discrepancy could be due to choice of plant 

material or differences in intact and detached organs; nevertheless, diurnal fluctuations were 

evident. 
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Information on diurnal fluctuation or circadian regulation of ethylene biosynthetic and 

signaling gene transcription is not available. However, recent information is available on diurnal 

response to abscission agents and efficacy. Efficacy of abscission agents in citrus fruit and leaves 

was highest when applied during mid-day and was least when applied at night, even when 

temperatures were held constant over a 72 h light/dark cycle (Pozo et al., 2007; Malladi and 

Burns, 2008). We hypothesized that diurnal fluctuation in ethylene signaling and biosynthetic 

gene expression could play a role in ethylene sensitivity and response to abscission agents during 

different times of the day. Knowledge of such fluctuations may lead to better abscission 

compound application timing in agricultural systems to better manage the abscission response.  

Degreening and Ethylene 

Degreening in citrus is a postharvest treatment during which fruit are exposed to ethylene 

gas to degrade peel chlorophyll. Under cool nights (<12.5 °C) fruit are subjected to mild stress 

that triggers endogenous ethylene production (Grierson et al., 1986), resulting in chlorophyll 

degradation and unmasking and/or synthesis of other natural pigments. Early season fruit in 

Florida are not subjected to cool nights and remain green or partially green in color, even though 

internal quality has reached acceptable maturity standards (°Brix and % acid) for marketing. To 

enhance marketability, application of exogenous ethylene is required to „degreen‟ the fruit.  

Chlorophyllase is the first enzyme in chlorophyll degradation which converts chlorophyll a 

and b to chlorophyllide a and b, respectively. Increased chlorophyllase activity during 

degreening has been reported in several studies (Shimokawa et al., 1978; Purvis and Barmore, 

1981; Amir-Shapira et al., 1987; Trebitsh et al., 1993). Application of 1-MCP (an ethylene 

perception inhibitor) was shown to inhibit or delay chlorophyll loss during degreening 

(Goldschmidt et al., 1993; Porat et al., 1999; McCollum and Maul, 2007), suggesting ethylene 

binding and downstream perception plays an important role. When mature green „Valencia‟ 
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orange fruit were treated with 80 µL L
-1

 ethylene, chlorophyllase activity increased 5- and 12-

fold after 24 h and 72 h of ethylene treatment, respectively (Trebitsh et al., 1993). Synthesis of 

chlorophyllase protein was observed after 24 h of ethylene treatment, whereas no chlorophyllase 

protein was detected for up to 7 d in fruit not exposed to ethylene. Taken together, these results 

indicate that exogenous ethylene plays an important role in triggering chlorophyllase gene 

expression and protein synthesis.  

The response of citrus fruit to ethylene varies between cultivars. Although ethylene-

induced increase in chlorophyllase activity varied among different citrus species; 18-fold in 

Citrus unshiu (Shimokawa et al., 1978), 3-fold in calamondin (Purvis and Barmore, 1981), 4-fold 

in Citrus reticulata (Amir-Shapira et al., 1987) and 5-fold in Citrus sinensis cv. Valencia 

(Trebitsh et al., 1993), differential induction of chlorophyllase between citrus species could not 

be compared because of the varied concentrations and durations of ethylene treatment. However, 

differential ethylene-induced degradation of chlorophyll content in seven cultivars under the 

same degreening conditions (Kitagawa et al., 1978) suggested that chlorophyllase enzyme 

synthesis and activity respond to ethylene differentially in different cultivars. „Fallglo‟ fruit 

responds rapidly to ethylene treatment and is sensitive to low levels. Petracek and Montalvo 

(1997) reported that „Fallglo‟ fruit continued to degreen after transfer to ethylene-free storage 

following a 24-h ethylene treatment. On the contrary, mature fruit of a hybrid „6-15-150‟ in the 

USDA Ft. Pierce breeding program referred to here as „Lee x Orlando‟ responds poorly to 

ethylene treatment (McCollum, personal communication). Poor or variable response to ethylene 

degreening can result in incomplete color development or accelerated senescence due to 

overtreatment with ethylene, resulting in increased decay and loss of storage life (McCornack, 

1972; Brown, 1975). Examining the basis of differential response with regard to ethylene 
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signaling and biosynthesis pathways between two citrus fruit cultivars or the two citrus types 

described above with disparate response to degreening could assist with design of degreening 

strategies that control variation in response. 

Ethylene Sensitivity 

Ethylene sensitivity is described as the response of plants to endogenous and/or exogenous 

ethylene. Ethylene perception and biosynthesis govern ethylene sensitivity and can be 

ascertained through changes in perception and biosynthetic gene expressions, ethylene 

precursors, ethylene production, and downstream biological response(s). 

Ethylene Perception and Signaling 

Ethylene perception and signaling has been shown to play major roles in downstream 

ethylene responses. Changes in perception were shown to influence changes in ethylene response 

during development. Further, the type of receptor involved in perception leads to differential 

ethylene response. Domains present in the receptor proteins vary in each receptor and differential 

ethylene sensitivity was associated with different receptor mutants. Hence, each receptor play 

important role in ethylene perception although functional compensation for the loss of one 

receptor by another receptor has been reported. These roles are described below. 

Discovery of ethylene receptors 

Ethylene perception begins with the receptors located in the endoplasmic reticulum (ER) 

(Nehring and Ecker, 2004). The N-termini of the receptors are bound to the ER membrane while 

the C-termini are located on the cytoplasmic side. Ethylene perception receptors were elucidated 

using the triple response of Arabidopsis seedlings when exposed to ethylene. Ethylene-treated 

seedlings show exaggerated apical hook curvature, radial swelling of the hypocotyl and 

inhibition of hypocotyls and root elongation, and this is termed the „triple response‟. Mutants that 

lack the triple response in the presence of ethylene are insensitive to ethylene and were exploited 
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to study downstream elements of the ethylene signaling pathway, ethylene responses and their 

regulation. Bleecker et al. (1988) isolated the first ethylene receptor ETR in Arabidopsis using an 

ethylene dose-response approach and measured hypocotyl length of the etr mutant and the wild 

type. Treatment with 1 µL L
-1

 ethylene inhibited hypocotyl elongation by 70% in the wild type, 

whereas the etr mutant was not affected. Ethylene insensitivity was also observed in primary root 

growth of the etr mutant. In this same work, chlorophyll loss in leaves of 6-week-old etr mutants 

was impaired when treated with ethylene, whereas loss in the wild type was promoted. Screening 

for ethylene insensitive plants using the triple response led to the isolation of four additional 

ethylene receptors in Arabidopsis: ETR2 (Sakai et al., 1998), ERS1 (Hua et al., 1995), ERS2 

(Hua et al., 1998) and EIN4 (Roman et al., 1995; Hua et al., 1998). 

Structure of receptors 

The five Arabidopsis receptor genes, ERS1 (1842 bp), ERS2 (1938 bp), ETR1 (2217 bp), 

ETR2 (2322 bp) and EIN4 (2301 bp) encode proteins of 613, 645, 738, 773 and 766 amino acids, 

respectively, with calculated molecular weights of 68, 72, 83, 86 and 86 kDa, respectively. The 

N-termini of the receptor proteins contain transmembrane domains, with ETR1 and ERS1 having 

3 transmembrane domains and ETR2, ERS2 and EIN4 have 4 transmembrane domains (Nehring 

and Ecker, 2004). The C-termini contain histidine kinase and receiver domains and share 

similarity with the bacterial 2-component signal transduction system (Chang et al., 1993). ERS1 

and ETR1 receptors have conserved protein motifs (H – histidine, N - asparagine, G - glycine, F 

- phenylalanine and G – glycine) of the histidine kinase domain and are classified as sub-family I 

receptors, whereas sub-family II receptors (ETR2, ERS2 and EIN4) have one or more of the 

protein motifs missing (Schaller and Kieber, 2002). ETR1, ETR2 and EIN4 have receiver 

domain with conserved aspartate residue. Among the five receptors, amino acid sequences of 

sub-family I receptors (ETR1 and ERS1) have high similarity (79%) than with other receptors, 
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attributed in part to the similarities in functional domains present in these two receptors. The sub-

family II receptors shared about 70-75% similarity, while they had only 60-65% similarity with 

sub-family I receptors.  

Six ethylene receptors were identified in tomato (Lashbrook et al., 1998; Tieman and Klee, 

1999). LeETR1 and LeETR2 had ~90% similarity with AtETR1, while LeETR3 was less similar 

to AtETR1. These three tomato receptors contain all conserved histidine kinase domain motifs 

and three transmembrane domains, similar to sub-family I receptors in Arabidopsis. LeETR3 

lacks the receiver domain and has only 83% similarity with LeETR1. Similar to sub-family II 

receptors in Arabidopsis, LeETR4, 5 and 6 contain 4 transmembrane domains but have less 

similarity with LeETR1 (42, 40 and 56% similarity, respectively). While LeETR5 lacks all the 

conserved motifs in the kinase domain, LeETR4 and LeETR6 contain only the H and N motif.  

Similarities and differences among the receptors between species suggest that each 

receptor has differential function or response. Later, ethylene receptors were cloned in several 

plants like citrus (Katz et al., 2004), apple (Dal Cin et al., 2005), muskmelon (Sato-Nara et al., 

1999), strawberry (Trainotti et al., 2005), rose (Müller et al., 2000), chrysanthemum (Narumi et 

al., 2005) and carnation (Tanase et al., 2008) and expression was correlated with different 

ethylene responses.  

Function of receptors and ethylene binding 

Ethylene receptors act as negative regulators in the ethylene signaling pathway (Hua and 

Meyerowitz, 1998; Ciardi et al., 2000; Tieman et al., 2000). In the absence of ethylene, the 

receptors actively suppress ethylene signaling. When ethylene is bound to the receptor(s), 

suppression is relieved and the signaling pathway is activated ultimately resulting in activation or 

suppression of genes that govern ethylene responses. When there are more receptors present, 

more ethylene is needed to illicit a downstream response; hence the tissue is less sensitive to 
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ethylene and vice versa (Klee, 2002). Thus, there is an inverse relationship between receptor 

number and ethylene sensitivity.  

Loss-of-function mutation of a single receptor does not exhibit complete ethylene 

insensitivity (Hua and Meyerowitz, 1998). Double mutants etr1;etr2 and etr2;ein4 did not 

exhibit severe mutant phenotype, whereas double mutant etr1;ein4, triple mutant etr1;etr2;ein4 

and quadruple mutant etr1;etr2;ein4;ers2 were severely abnormal. This study and others in 

tomato (Tieman et al., 2000) indicated that receptors are redundant in function; when a single 

receptor is mutated, its function may be compensated for by other receptors. Antisense lines of 

NR (LeETR3) were not altered in phenotype when compared with wild-type tomato plants. 

However, expression of the NR gene was reduced significantly but simultaneously an increase in 

LeETR4 gene expression was measured, suggesting functional compensation by LeETR4. Also, 

transgenes with NR-overexpressing lines and LeETR4-antisense lines were crossed to study if an 

increase in levels of one ETR can compensate for the decrease in the level of another. NR-

overexpressing lines exhibited decreased ethylene sensitivity and ETR4-antisense plants 

exhibited an increase in ethylene sensitivity. Plants containing both transgenes had increased 

levels of NR gene expression and reduced levels of ETR4 gene expression, but the phenotype 

was similar to that of wild-type tomato plants. Hence, lack of a single receptor may be 

functionally compensated by the other receptors, resulting in little or no change in ethylene 

sensitivity. 

Even though receptors are redundant in function and ethylene responses by different 

receptor mutant plants are similar, the degree of ethylene sensitivity varies depending on the type 

of receptor that is mutated. This is due in part to similarities and differences within structural 

components of the receptors that lead to downstream transduction of signal. The role of histidine 
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kinase domain in ethylene signaling was studied using double mutant ers1;etr1 (Wang et al., 

2003). The double mutant had severe constitutive triple response in seedlings and mature plants 

exhibited miniature rosette size phenotype, delayed flowering and male and female sterility. 

Transgene constructs for each receptor were placed behind the ETR1 promoter and transferred 

into the ers1;etr1 double mutant. Constructs of ERS1 or ETR1 restored normal growth in the 

double mutant whereas ERS2, ETR2 or EIN4 had little or no effect on the phenotype of the 

double mutant. This suggests that sub-family I receptors that contain the conserved histidine 

kinase domain have a unique role in ethylene signaling. A histidine kinase-inactivated ETR1 

construct was then introduced into the double mutant, and interestingly it restored the mutant 

phenotype. Hence, subfamily I receptors may play an important role in ethylene signaling but it 

is not the histidine kinase function per se that is necessary for receptor function. 

The kinetics of ethylene-related growth inhibition and subsequent recovery of growth after 

removal from ethylene was studied in ethylene receptor mutants in Arabidopsis (Binder et al., 

2004). When wild-type Arabidopsis was treated with 10 µL L
-1

 ethylene, the inhibition of growth 

showed two distinct phases. The first phase was characterized by a rapid deceleration of growth 

rate, which began after 15 min of ethylene exposure and continued for 15 min. The growth rate 

was stable for 20 min thereafter, and then a second phase with slower rate of growth inhibition 

began and lasted for about 20 min. Null mutations in any of the ethylene receptors did not have a 

significant effect on both these rates of ethylene-induced growth inhibition. But after removal 

from ethylene, the recovery of growth rate was significantly delayed in the null mutants of ETR1, 

ETR2 and EIN4 when compared with wild type or ERS1 and ERS2 mutant seedlings. Thus, ERS1 

and ERS2 may not play a prominent role in the recovery of growth after ethylene removal. The 

absence of the receiver domain in these 2 receptors may play a part in the absence of this 
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response. Studies such as these demonstrate that different types of receptors may influence 

downstream responses or sensitivity to ethylene. 

Binding of ethylene to the receptors is a crucial step in relieving the suppression of the 

signaling pathway by the receptors. To determine the ethylene binding activity of Arabidopsis 

ETR1, the ETR1 protein was expressed in yeast (Schaller and Bleecker, 1995). Truncated 

proteins of ETR1 were introduced into yeast to determine which region of the protein was 

involved in ethylene binding. When only the C-terminal domain containing the histidine kinase 

and response regulator domain were introduced, no ethylene binding was observed indicating 

that this portion is not required for ethylene binding. When the N-terminal region containing the 

three transmembrane domains alone was introduced, the amount of ethylene binding per unit of 

protein expressed was similar to that of yeast containing the full-length ETR1 protein. 

Studies on the mechanism of ethylene action revealed that metal binding was required for 

ethylene action (Burg and Burg, 1965). Later, copper was found to be required for ethylene 

binding to the receptors (Rodríguez et al., 1999). Cysteine residues present in the transmembrane 

domains of the receptors may be involved in the coordination of copper to the receptors and 

ethylene binding. Point mutation at Cys
65

 (etr1-1 mutant) located in the second transmembrane 

domain resulted in complete inhibition of ethylene binding to the ETR1 protein. But when Cys
99

 

located in the third transmembrane domain was mutated, ethylene binding was not affected. The 

etr1-1 mutant is a null mutant exhibiting complete ethylene insensitive phenotype. Hence, copper 

coordination at the Cys
65

 is necessary for ethylene binding in this mutant and subsequent 

relieving suppression of signaling pathway by the receptors. 
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O‟Malley et al. (2005) studied the ethylene binding ability of the different receptors in 

Arabidopsis and tomato. They calculated the receptor occupancy based on the percentage of total 

receptors bound by ethylene. The receptor occupancy was similar for all the Arabidopsis 

receptors with values ranging from 41% to 59%, indicating that all receptors have similar 

binding affinity to ethylene. In tomato, the receptor occupancy for LeETR1-3 varied from 27% 

to 41% with LeETR3 having the highest occupancy and LeETR2 having the lowest value. The 

values for LeETR4 and LeETR5 were higher than 100% but this may be a quantification error 

due to very low expression levels of these proteins. Overall, the affinity for ethylene binding to 

the receptors was similar in Arabidopsis and tomato, indicating that differences in signaling 

output may not be due to preferential binding of ethylene to any particular receptor. They also 

studied the relationship between the receptor gene expression and ethylene binding activity in 

wild-type and various mutants in Arabidopsis. In ctr1 mutant, the total gene expression of the 

receptors was 1.8-fold higher than the wild-type plants and correspondingly there was a 1.5-fold 

increase in ethylene binding. In etr1-1 null mutant, there was a 2-fold decrease in total gene 

expression and the ethylene binding was also reduced by 2-fold. In triple mutants etr1;etr2;ein4 

and etr2;ers2;ein4, the total receptor gene expression and ethylene binding were similar to that 

of the wild-type. In these systems, there was a direct correlation between receptor gene 

expression and the amount of ethylene bound to the receptors. Although both triple mutants 

exhibit similar ethylene binding ability to the wild-type, they exhibit severe mutant phenotype 

indicating that each receptor type plays an important role in downstream ethylene signaling and 

action. Sensitivity to ethylene could not be correlated with total ethylene bound to the receptors.  
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In summary, ethylene receptors are negative regulators in signaling pathway and are 

redundant in function. Though functional compensation can occur, the function of receptors can 

be linked to the type and structure of receptors. The degree of ethylene response was governed 

by the type of receptor, with sub-family I receptors playing a major role in perception. 

Spatial and temporal expression of receptors 

Hua et al. (1998) studied spatial gene expression patterns of different ethylene receptors in 

Arabidopsis. Though all receptor transcripts were ubiquitously expressed in most tissues, the 

levels of receptor gene expression in different tissues were unique. In tomato six ethylene 

receptors were identified (LeETR1-6). During development and in response to external stimuli, 

each gene was differentially expressed in fruit (Lashbrook et al., 1998; Tieman and Klee, 1999). 

Throughout development, LeETR1 and LeETR2 expression levels remain unchanged, but 

expression of the other genes was differentially regulated during development. The levels of NR 

(LeETR3) increased 10-20 fold during ripening. Reproductive tissues like flowers and fruit show 

high gene expression of LeETR4, LeETR5 and LeETR6 when compared with vegetative tissues. 

Differential expression of receptors suggests that each receptor type may have unique temporal 

and spatial functions that lead to differences in ethylene sensitivity. As development proceeds, 

ethylene sensitivity may also change based on the presence and abundance of a particular type of 

receptor. Sato-Nara et al. (1999) demonstrated that expression of CmERS1 and CmETR1 was 

lower in flesh of melon fruit than on its epidermis. Similar to tomato, fruit ripening in 

muskmelon starts from inside and proceeds outward. Hence, lower receptor transcript levels 

inside the fruit suggest that this tissue is more sensitive to ethylene and ripening is hastened at 

that location. The level of gene expression correlated with ethylene sensitivity of the tissue. They 

also compared expression of CmERS1 and CmETR1 between 2 cultivars of muskmelon. The 

cultivars FuyuA and Natsu4 have different fruit development characteristics and FuyuA sets 
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larger fruit than Natsu4. CmETR1 gene expression started to increase 1 d after pollination in both 

cultivars, but there was a constant increase in gene expression from 7 to 35 d and from 7 to 21 d 

after pollination in the cultivars FuyuA and Natsu4, respectively. Also, a correlation between an 

increase in CmERS1 gene expression and increase in fruit size was observed. This differential 

expression of the ethylene receptors in the 2 cultivars could lead to the differential ethylene 

sensitivity which may be related to the regulation of cell expansion. But since ethylene receptors 

are negative regulators, the correlation between increased gene expression and increased fruit 

size cannot be explained. So, Takahashi et al. (2002) made anti-bodies for CmERS1 protein and 

studied the protein levels in these 2 cultivars. In both the cultivars, there was high accumulation 

of CmERS1 protein immediately after pollination. During the process of fruit development, the 

protein levels decreased in both cultivars but at varying rate. Like changes in gene expression, in 

Natsu4 the protein levels disappeared earlier than in FuyuA. The CmERS1 protein may play an 

important role in cell division and expansion and account for, at least in part, to smaller fruit size 

in Natsu4. 

In strawberry, FaETR1 gene expression was low in flowers and it increased continuously 

in fruit during ripening (Trainotti et al., 2005). The expression of FaERS1 was very high in 

flowers but like FaETR1, the gene expression increased during ripening. Like citrus, strawberry 

is a non-climacteric fruit and no plant hormone has been shown to play a unique role in the 

development of non-climacteric fruit. This study showed a correlation between strawberry fruit 

development and changes in gene expression of ethylene receptors. In citrus, existence of 

autocatalytic system II-like ethylene biosynthesis was reported in detached young fruitlet which 

was accompanied by increase in expression of ethylene biosynthetic and receptor genes (Katz et 
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al., 2004). Hence ethylene might play important roles in non-climacteric fruit during fruit 

development. 

Spatial and temporal expression of ethylene receptors indicates that different receptors 

have unique roles during plant development and responses to various external stimuli. It is 

evident that ethylene plays an important role during development of climacteric fruit, but studies 

in citrus and strawberry suggest that ethylene also plays an important role during development of 

non-climacteric fruit. 

Response to exogenous ethylene 

The effect of ethylene treatment on ethylene receptor gene expression was studied in 

Arabidopsis (Hua et al., 1998; Binder et al., 2004). When seedlings were treated with ethylene, 

only the expression of receptors ERS1, ERS2 and ETR2 were ethylene responsive. Further, the 

responsiveness of each receptor to ethylene treatment varied; ERS1, ERS2 and ETR2 expression 

levels increased by 3.8-, 6.6- and 14.3-fold, respectively, while no induction was observed in 

ETR1 and EIN4 expression.  

Similarly, transcript accumulation was ethylene responsive in other crops. In flavedo of 

immature „Valencia‟ fruitlets, gene expression of ERS1 and not ETR1 was induced by ethylene 

(Katz et al., 2004). But in mature fruit flavedo both the receptor transcript levels were not 

affected by ethylene. In tomato leaf blades expression of NR, ETR4 and ETR5 genes were 

induced by exogenous ethylene application (Ciardi et al., 2000). Differences in ERS1 gene 

expression were studied in ethylene-sensitive and ethylene-insensitive cultivars of 

chrysanthemum (Narumi et al., 2005). These two cultivars were classified as ethylene sensitive 

or insensitive based on the phenotype observed when exposed to ethylene. When cut flowers 

were left to senesce, DgERS1 gene expression increased with time in the ethylene-sensitive 
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cultivar but decreased in the ethylene-insensitive cultivar. Thus, ethylene responsiveness of 

tissues could be correlated with changes in receptor gene expression levels.  

In many studies, exogenous ethylene application increased gene expression of one or more 

of the receptors, which is accompanied by an increase in ethylene response. Although a 

correlation exists between receptor transcription to ethylene application and biological activity in 

some cases, a direct link to biological activity can only be made if receptor protein was 

transcribed and properly inserted into the ER membrane. Since ethylene receptors are negative 

regulators of the ethylene signaling pathway (Hua and Meyerowitz, 1998; Ciardi et al., 2000), 

insertion or degradation of functional receptors is one mechanism to alter ethylene sensitivity. In 

the majority of reports, it is unclear whether this actually occurred. Moreover, in some cases 

where ethylene induced increased receptor expression, an increase in ethylene sensitivity was 

reported, not a reduction that would be expected. Such an outcome suggests the level of 

functional receptor proteins may be controlled at the post-transcriptional level, resulting in gene 

expression levels that may not correspond to the protein levels. During maturation, tomato fruit 

become more sensitive to ethylene, despite the fact that there was an increase in gene expression 

of NR (LeETR3), LeETR4 and LeETR6 (Wilkinson, et al., 1995; Kevany et al., 2007). When 

mature tomato fruit were treated with 10 µL L
-1

 of ethylene for 15 h, the expression of NR, 

LeETR4 and LeETR6 increased by 9-, 10- and 7-fold, respectively (Kevany et al., 2007). 

Interestingly, NR, ETR4 and ETR6 receptor protein levels were higher in immature fruit and 

significantly reduced in mature fruit during ripening, suggesting that mature fruit were more 

sensitive to ethylene. Also, treatment with ethylene itself caused rapid degradation of these 

proteins. Hence, ethylene itself degrades the receptor proteins and since the receptor number 

decreases, the fruit will likely become more sensitive to ethylene. This study shows that gene 
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expression of receptors cannot be used to define the ethylene sensitivity, but that receptor protein 

levels are more strongly correlated. 

Downstream signaling elements 

Kieber et al. (1993) isolated a ctr1 mutant in Arabidopsis that displayed constitutive triple 

response even in the absence of ethylene. Ethylene-regulated genes like chitinase were 

constitutively expressed in ctr1 mutants. Epistasis analysis positioned CTR1 downstream of 

ethylene receptors, and together with the receptors, acts as negative regulators in ethylene 

signaling pathway. CTR1 has been shown to physically interact with the ethylene receptors; 

hence CTR1 was localized to the endoplasmic reticulum membrane, even though it lacks a trans-

membrane domain (Clark et al., 1998; Gao et al., 2003; Qu et al., 2007). The binding capacity of 

CTR1 to sub-family I receptors (ETR1 and ERS1) was higher than to sub-family II receptors 

(ETR2), supporting the greater role of sub-family I receptors in ethylene signaling (Cancel and 

Larsen, 2002; Wang et al., 2003). Further, mutations in the N-terminal domain of CTR1 leading 

to disruption of binding with ETR1 resulted in mutant phenotype indicating that this physical 

interaction is required for the activation of CTR1 (Huang et al., 2003). 

CTR1 contains a serine/threonine kinase domain (Kieber et al., 1993). In-vitro 

phosphorylation assays identified autophosphorylation activity of the wild type Arabidopsis 

CTR1 (Huang et al., 2003). The ctr1-1 mutant (D694E mutation in the kinase domain) displayed 

strong constitutive triple response phenotype in Arabidopsis. Correspondingly, no kinase activity 

was detected in ctr1-1 mutant indicating that the severe mutant phenotype was a consequence of 

the loss of kinase activity of CTR1. These results along with the binding of CTR1 to receptors 

suggest that the receptors activate kinase activity of CTR1 in the absence of ethylene thus 

leading to suppression of ethylene signaling pathway. However, mechanism(s) underlying this 

interaction has not been identified. Thus, impairment of the ser/thr domain and/or interaction of 
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CTR1 with different receptors could result in differential kinase activity and downstream 

ethylene signaling.  

Phosphatidic acid (PA), a signaling molecule with biological activity (Testerink and 

Munnik, 2005), is produced by phopholipase D or phospholipase C/diacylglycerol kinase-

mediated signaling pathways. Phosphatidic acid was demonstrated to bind directly to the kinase 

domain of CTR1 in-vitro, inhibit its kinase activity, and inhibit the interaction of CTR1 with 

ethylene receptors (Testerink et al., 2007). Since CTR1 is a negative regulator in the ethylene 

signaling pathway, inhibition of kinase activity of CTR1 by PA binding turns on the downstream 

ethylene signaling pathway without interaction of ethylene with its receptors. PA and its 

interaction with CTR1 may lead to an increase in ethylene response in the absence of ethylene. It 

is well known that several stress stimuli induce ethylene responses (Felix et al., 1991; O‟Donnell 

et al., 1996); however, it is unclear how the ethylene signaling pathway was initially activated in 

the absence of ethylene. Since PA is continuously present at low levels in the ER, it is possible 

that PA interaction with CTR1 was initially triggered by stress, leading to the activation of 

ethylene signaling pathway. 

CTR1 gene expression in Arabidopsis seedlings was not responsive to treatment with 10 or 

100 µL L
-1

 ethylene or 50 µM ACC (Kieber et al., 1993; Gao et al., 2003). However, treatment 

with ethylene (100 µL L
-1

) or ACC (50 µM) resulted in an increase in CTR1 protein levels by 4- 

or 3-fold, respectively. In tomato, constitutive LeCTR1 gene expression increased with fruit 

ripening (Leclercq et al., 2002). LeCTR1 expression increased by 4-, 6- and 2-fold following 

ethylene treatment in mature green fruits, leaves and roots, respectively, but the effect on 

LeCTR1 protein level was not determined. Like in Arabidopsis, LeCTR1 may be regulated at a 

post-transcriptional level, but this work has yet to be done. 
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Downstream of CTR in the ethylene signaling pathway of Arabidopsis is EIN2; a positive 

regulator in ethylene signaling pathway (Alonso et al., 1999). EIN2 has a N-terminal domain 

similar to Nramp metal transporter proteins. In addition, 12 transmembrane domains were 

predicted based on the protein sequence, although no metal transport activity or membrane 

association has been observed so far. When the suppression of signaling is relieved by ethylene 

binding to the receptors, EIN2 is activated followed by the activation of EIN3 in the nucleus. 

EIN3 belongs to a multigene family designated as EIN3-like (EIL) proteins. EIN3 and EILs are 

transcription factors that activate other ethylene responsive transcription factors. Loss of function 

mutation of EIN2 results in complete ethylene insensitivity (Chen and Bleecker, 1995) and 

constitutive expression of EIN2 has shown to activate ethylene responses in Arabidopsis (Alonso 

et al., 1999). In tomato, reduced expression of LeEIN2 resulted in delayed fruit ripening (Klee, 

2004). However, the gene expression did not change during fruit development and treatment 

with ethylene did not induce LeEIN2 expression, suggesting that EIN2 is regulated at post-

transcriptional level. 

EIN3 is a positive regulator in ethylene signaling pathway. Mutations in EIN3 severely 

affect ethylene responses in Arabidopsis and tomato by reducing ethylene sensitivity (Chao et 

al., 1997; Tieman et al., 2001). Mutation of a single LeEIL gene did not alter ethylene sensitivity 

in tomato plants (Tieman et al., 2001). When multiple LeEIL genes were mutated, the transgenic 

plants exhibited a severe ethylene insensitive phenotype. These results suggest that LeEILs are 

positive regulators of ethylene signaling and are redundant in function. Though EIN3 plays an 

important role in ethylene signaling, little work was done to show the expression of EIN3 as 

affected by ethylene treatment. During tomato fruit ripening, constitutive LeEIL gene expression 

remained unchanged and treatment of leaves with exogenous ethylene did not induce changes in 
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gene expression (Tieman et al., 2001). In tobacco, even though different cells within the ovary 

(vascular bundle, placental epidermis and ovules) responded differently to ethylene, there was no 

change in the expression of EIL genes in these tissues following ethylene treatment (Rieu et al., 

2003).  

Similar to CTR1 and EIN2, EIN3 does not appear to be transcriptionally regulated 

(increased gene expression) by ethylene; however, regulation at a post-transcriptional level 

(increased protein level) may be important. Though the mechanism is not clear, post-

transcriptional regulation of EIN3 was described by Guo and Ecker (2003). Treatment of 

Arabidopsis with ethylene for 1 h significantly increased the EIN3 protein level. When seedlings 

were removed from ethylene and placed in an ethylene free environment, the EIN3 protein level 

decreased to undetectable levels after 30 min following removal of ethylene. This rapid 

degradation of EIN3 protein was through an ubiquitin/proteasome pathway mediated by two F 

box proteins, EBF1 (EIN3-binding F box protein 1) and EBF2. In the presence of ethylene, the 

degradation pathway is inactive and EIN3 proteins accumulate, which increases the sensitivity 

(response) to ethylene. When ethylene is absent, the degradation pathway is active and ethylene 

sensitivity decreases due to degradation of EIN3 proteins. Later, Binder et al. (2007) showed 

through kinetic analysis of ethylene induced growth inhibition and recovery, that EBF1 plays an 

important role in early stages of signaling whereas EBF2 plays a more prominent role in the later 

stages of ethylene signaling. When wild-type Arabidopsis seedlings were treated with 10 µL L
-1

 

ethylene, inhibition of growth could be divided into two phases; the first phase is a rapid 

deceleration of growth rate, followed by a second phase with slower rate of growth inhibition. 

The kinetics of the first phase was not affected by mutations of ebf1 or ebf2. But the onset of the 

second phase was faster in the ebf1 mutant than in wild-type Arabidopsis; and the ebf2 mutant 
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displayed similar kinetics to that of wild-type Arabidopsis. During the recovery of growth 

following ethylene removal, the kinetics in ebf1 mutant was similar to wild-type seedlings 

whereas ebf2 mutant required ~75 min longer time to restore its growth rate similar to that of 

wild-type seedlings. Hence, the ubiquitin/proteosome pathway could also regulate sensitivity to 

ethylene. 

Ethylene Biosynthesis 

Methionine is converted to ethylene through three key reactions. Methionine is converted 

to S-adenosylmethionine (SAM) by SAM synthetase. SAM is converted to 1-

aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS) which is then oxidized to 

ethylene by ACC oxidase (ACO). The conversion of SAM to ACC by ACS is considered the 

rate-limiting step in ethylene biosynthesis (Adams and Yang, 1979), but regulation at the level of 

ACO has also been reported (Alexander and Grierson, 2002). SAM is also the precursor for 

polyamine biosynthesis and is involved in several trans-methylation reactions (Pech et al., 2004). 

Regulation of ethylene biosynthesis at the level of SAM has not been well defined. Expression of 

SAM did not coincide with changes in ethylene biosynthesis in carnation (Yang and Hoffman, 

1984). Ethylene biosynthesis is highly regulated and an increase in ethylene production has been 

observed during various plant developmental stages and with biotic and abiotic stress. Both 

positive and negative feedback regulation of ethylene biosynthesis have been reported (Riov and 

Yang, 1982; Rottmann et al., 1991; Nakatsuka et al., 1998) as described below. 

Transcriptional regulation of ACS 

ACS is encoded by a multi-gene family and different isoforms are differentially regulated 

in several plant species like Arabidopsis, tomato, rice, carnation, potato, zucchini, tobacco, plum 

and peas (Johnson and Ecker, 1998; Peck and Kende, 1998; El-Sharkawy et al., 2008; Ge et al., 

2008). The ACS isoforms in Arabidopsis exhibit differential spatial and temporal expression 
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patterns and in response to various stress conditions (Yamagami et al., 2003; Tsuchisaka and 

Theologis, 2004; Peng et al., 2005). Barry et al. (2000) reported that LeACS1A, LeACS2, LeACS4 

and LeACS6 were differentially expressed during tomato fruit ripening whereas LeACS1B, 

LeACS3, LeACS5 and LeACS7 were not detected in fruit. Further, two systems of ethylene 

production exist during tomato fruit development and ripening. System 1 ethylene is produced in 

very low quantities in green immature fruit and system 2 ethylene is autocatalytic and occurs 

during fruit ripening. LeACS1A and LeACS6 are involved in system 1 ethylene while LeACS2 

and LeACS4 are involved in system 2 ethylene production (Barry et al., 2000). These data 

suggest that each ACS isoform may play a unique role in regulating ethylene production and 

response. 

Dimerization of ACS 

Dimerization of ACS was first reported in LeACS expressed in E. coli (Li and Mattoo, 

1994). Crystalline structure analysis showed that the amino acid residues at the active site of 

apple ACS are Tyr85, Thr121, Asn202, Asp230, Tyr233, Ser270, Lys273, Arg281 and Arg407 

(Capitani et al., 1999). These essential residues are required to form the homo-dimer interface. 

The intermolecular complementation of ACS isoforms in E. coli revealed the formation of 

hetero-dimers in Arabidopsis (Tsuchisaka and Theologis, 2004). Though 45 different homo- and 

hetero-dimers are possible within members of the ACS gene family, only 25 are functional.  

Dimerization can depend on the relative abundance of isoforms. Thus dimerization can influence 

ethylene biosynthesis and differential ethylene responses. 

ACS protein turnover 

Post-transcriptional regulation of ACS was reported in cultured cells of parsley (Chappel et 

al., 1984) and tomato (Felix et al., 1991). In these studies, induction of ACS activity occurred in 

the presence of a RNA transcription inhibitor, suggesting that a post-transcriptional mechanism 
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mediated ACS activity. Post-transcriptional regulation was examined in ethylene-overproducer 

(eto) mutants (Woeste et al., 1999). Though the mutants had ACS transcript levels similar to that 

of wild-type, they exhibited higher ACS activity suggesting post-transcriptional regulation. Like 

many proteins, ACS is also degraded through ubiquitin-26S-proteasome mechanisms (Wang et 

al., 2004). ACS turnover is regulated by protein phosphorylation and two different types of 

phosphorylation (mitogen-activating protein kinase; MAPK and calcium-dependent protein 

kinase; CDPK) have been observed in the different ACS isoforms. In tomato, LeACS2 was 

phosphorylated at Ser460 while LeACS4 did not phosphorylate (Tatsuki and Mori, 2001). These 

two isoforms exhibit differences in the C-terminal region that influence post-translational protein 

stability. Based on phosphorylation, ACS can be classified into three types (Yoshida et al., 

2005). Type 1 ACS proteins (Arabidopsis ACS1, 2 and 6; tomato ACS1A, 1B, 2 and 6) are 

phosphorylated by MAPK and CDPK, type II ACS are phosphorylated by CDPK while type III 

ACS lacks the phosphorylation sites. Differences in the type of phosphorylation of ACS isoforms 

together with differences in post-translational modification could regulate protein turnover. 

Kende and Boller (1981) reported that the stability (half-life) of wound-induced ACS activity of 

green tomato fruit was 40 min while that of ripening fruit was 2 h. This difference could be due 

to the involvement of different ACS isoforms during the wound response and ripening. Hence, 

temporal and spatial regulation of ACS turnover could result in differential ACS activity. 

Regulation of ACO 

Like ACS, ACO is encoded by a multi-gene family and differential expression of ACO has 

been observed (Barry et al., 1996; Nakatsuka et al., 1998). Though the conversion of SAM to 

ACC by ACS is considered the rate-limiting step in ethylene biosynthesis, regulation of ethylene 

production and action at the ACO step has also been reported (Alexander and Grierson, 2002). 

Tissue specific expression of ACO isoforms and differential expression during various stages of 
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development and response to external stimuli suggests unique roles for various ACO isoforms. In 

tomato, LeACO1 is a key gene involved in fruit ripening (Blume and Grierson, 1997) and 

wound-induced ethylene production in leaves (Smith et al., 1986; Blume and Grierson, 1997), 

while LeACO1, 2 and 3 are expressed during senescence of leaves, fruit and flowers (Barry et al., 

1996). Temporal and spatial expression of LeACO genes were observed during flower 

development (Barry et al., 1996; Llop-Tous et al., 2000). Differential expression could lead to 

differential ethylene production and responses. 

Conjugation of ACC 

ACC can be conjugated to malonyl ACC (MACC) by the enzyme N-malonyltransferase 

(Amrhein et al., 1981; Hoffman et al., 1982). Conjugation to MACC is irreversible as it is 

sequestered in the vacuole and unavailable for conversion to ethylene (Bouzayen et al., 1989). 

ACC conjugation has been observed in many plants like grapefruit flavedo (Liu et al., 1985a), 

tomato fruit (Liu et al., 1985b; Martin and Saftner, 1995), apple fruit (Mansour et a., 1986), 

wheat leaves (Hoffman et al., 1982) and peanut seed (Hoffman et al., 1983). In immature apple 

fruit, about 45% and 5% of ACC synthesized in peel and flesh, respectively, was conjugated to 

MACC (Mansour et al., 1986). This rate of conjugation can be the contributing factor for low 

levels of ethylene production in pre-climacteric fruit. Further, differences in the rate of 

conjugation between tissues could lead to differential ethylene responses among tissues.  

Research Overview 

From the vast literature available on ethylene signaling and biosynthesis it is evident that 

ethylene response (sensitivity) could be regulated at many steps in ethylene signaling and 

biosynthesis pathways. In this work, the hypothesis that differential ethylene sensitivity in citrus 

was a result of differential transcript accumulation of ethylene signaling and biosynthesis 

pathway genes was tested. Although ACS and ACO are encoded by a multi-gene family, three 
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biosynthetic genes ACS1, ACS2 and ACO1 are known to play major roles in ethylene 

biosynthesis in citrus (Mullins et al., 1999; Mullins et al., 2000; McCollum and Maul, 2003; Katz 

et al., 2004; Yuan et al., 2005; Distefano et al., 2009) and these genes were used for this study. 

However, little information is available about the role of ethylene perception and signaling in 

citrus due in part to lack of sequence information of the elements involved in ethylene signaling. 

No known citrus ethylene perception or biosynthesis mutants exist. At the beginning of this 

work, sequence information was available for the biosynthetic genes (ACS1, ACS2 and ACO) 

and two ethylene receptors (ERS1 and ETR1) in citrus. In this project, nucleotide sequence 

information for other ethylene receptor and downstream signaling genes in citrus were isolated 

and characterized. Expression levels of these genes and in some cases ACC and MACC content 

and ethylene production were used to understand the basis of differential ethylene sensitivity 

between and within abscising citrus organs, and the role of diurnal gene fluctuation in sensitivity. 

Finally, gene expression was used to determine the basis of differential degreening behavior 

between two citrus types, „Fallglo‟ and „Lee x Orlando‟. 
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CHAPTER 2 

ISOLATION AND CHARACTERIZATION OF CITRUS ETHYLENE RECEPTOR AND 

SIGNALING GENES 

Introduction 

Ethylene signaling begins with the perception of ethylene by receptors located in the 

endoplasmic reticulum (Nehring and Ecker, 2004). Ethylene perception receptors were 

elucidated using the triple response of irradiated Arabidopsis seedlings exposed to ethylene. 

Bleecker et al. (1988) isolated the first ethylene receptor ETR (ethylene response) in 

Arabidopsis. Screening for ethylene insensitive plants using the triple response led to the 

isolation of four more ethylene receptors in Arabidopsis: ETR2 (Sakai et al., 1998), ERS1 

(ethylene response sensor 1; Hua et al., 1995), ERS2 (ethylene response sensor 2; Hua et al., 

1998) and EIN4 (ethylene insensitive 4; Roman et al., 1995; Hua et al., 1998). The N-termini of 

the receptor proteins contain transmembrane domains, with ETR1 and ERS1 having 3 

transmembrane domains and ETR2, ERS2 and EIN4 having 4 transmembrane domains (Nehring 

and Ecker, 2004). The C-termini of receptor proteins share similarity with the 2-component 

signal transduction system that contains histidine kinase and receiver domains (Chang et al., 

1993). ERS1 and ETR1 receptors have conserved protein motifs within the histidine kinase 

domain and are classified as sub-family I receptors, whereas sub-family II receptors (ETR2, 

ERS2 and EIN4) have one or more protein motifs missing. ERS1 and ERS2 do not have the 

receiver domains.  

Downstream of the receptors in the signaling pathway is CTR1 (constitutive triple 

response 1; Kieber et al., 1993). CTR1 interacts with the receptors and together they act as 

negative regulators in the ethylene signaling pathway. Downstream of CTR is EIN2 (ethylene 

insensitive 2), a positive regulator in the ethylene signaling pathway (Alonso et al., 1999). 

Downstream of EIN2 is EIN3 (ethylene insensitive 3) which is located in the nucleus (Chao et 
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al., 1997). EIN3 belongs to a multigene family designated as EIN3-like (EIL) proteins. EIN3 and 

EILs are transcription factors that activate other transcription factors of the ethylene responsive 

genes. 

Differences in the structure of receptors have been reported and these differences 

correlated with receptor function (Schaller and Kieber, 2002). For example, sub-family I 

receptors in Arabidopsis possess histidine kinase domain with conserved protein motifs (H – 

histidine, N - asparagine, G1 - glycine, F - phenylalanine and G2 – glycine) and these receptors 

were shown to play more important roles in signaling and downstream responses than sub-family 

II receptors (Wang et al., 2003; Binder et al., 2004). The six ethylene receptors in tomato were 

differentially expressed in various tissues implying different receptors are involved in different 

ethylene responses (Lashbrook et al., 1998). CTR1 was reported to physically interact with the 

receptors and this binding is critical in regulating downstream responses (Clark et al., 1998; 

Cancel and Larsen, 2002). The binding capacity of CTR1 to sub-family I receptors was higher 

than sub-family II receptors, suggesting that differences in receptor structure influences CTR1 

binding and subsequently downstream signaling. The C-termini of CTR1 contains a ser/thr 

kinase domain and this phosphorylation activity together with its interaction with receptors is 

critical for CTR1 function (Huang et al., 2003). CTR1 has also been reported to bind with other 

signaling elements like phosphatidic acid (PA) which result in changes in downstream ethylene 

signaling (Testerink and Munnik, 2005). Changes in CTR1 structure not only affects its binding 

to ethylene receptors but also with other signaling elements like PA, leading to changes in 

downstream ethylene responses. 
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Changes in transcript accumulation of ethylene receptor and signaling genes were 

associated with various ethylene responses. In tomato fruit, each of the six receptors (LeETR1-6) 

was differentially expressed during development and in response to external stimuli (Lashbrook 

et al., 1998; Tieman and Klee, 1999). During fruit ripening the transcript accumulation of the NR 

(LeETR3) gene increased about 10-20 fold. Changes in expression of CmERS1 and CmETR1 

were associated with ripening of muskmelon fruit (Sato-Nara et al., 1999). Changes in 

expression of ethylene receptor genes were associated with fruit development not only in 

climacteric fruit but also in non-climacteric fruit like citrus and strawberry. In strawberry, 

expression of FaETR1 and FaERS1 increased continuously during fruit ripening (Trainotti et al., 

2005). Katz et al. (2004) reported ethylene-induced increases in receptor gene expression in 

citrus fruitlets and changes in receptor gene expression levels (CsERS1 and CsETR1) were 

correlated with degreening and pigment synthesis in clementine mandarins (Distefano et al., 

2009). Obtaining sequence information in citrus for other genes involved in ethylene signaling 

pathway would provide detail understanding of the role of ethylene signaling during differential 

ethylene responses. In this study two additional ethylene receptors (CsETR2 and CsETR3) and 

downstream signaling genes CsCTR1, CsEIN2, CsEIL1 and CsEIL2 were sequenced in citrus.  

The goal was to compare structure of domains and encoded protein motifs that could provide 

information on the differential activities of these perception and signaling elements. 

Materials and Methods 

RNA Extraction 

Mature leaves from previous year‟s growth (approximately 1 year of age) were collected 

from Citrus sinensis cv. „Valencia‟ and mid-section of the leaf blade was used. For „Fallglo‟ 

(Bower citrus hybrid [C. reticulata Blanco x (C. reticulata Blanco x C. paradisi)] x „Temple‟ 

[purported C. reticulata Blanco x C. sinensis]) and „Lee x Orlando‟ (USDA 6-15-150; [Citrus 
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reticulata cv. Clementine x (C. reticulata cv. Dancy x C. paradisi cv. Duncan)] x [C. reticulata 

cv. Dancy x C. paradisi cv. Duncan]), fruit flavedo tissues were collected along the equatorial 

region of mature fruit using a potato peeler. Tissues were frozen in liquid nitrogen immediately 

after excision and stored at -80 °C until needed for extraction. RNA was extracted from 0.5 g of 

leaf blade or flavedo. The tissue was ground into fine powder and suspended in 1 mL TRI 

Reagent (Molecular Research Center, Cincinnati, OH). Chloroform (200 µL) was added and the 

mixture vortexed thoroughly. The samples were incubated on ice for 15 min and centrifuged at 

20,000 g for 15 min at 4 °C. RNA was extracted from the supernatant using RNeasy mini kit 

(Qiagen, Valencia, CA). First strand cDNA was synthesized from 1 µg of RNA using 

SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA). 

Cloning of Ethylene Receptors and Signaling Genes 

The full-length nucleotide sequence of CsERS1 (1905 bp; accession no. AF092088) and a 

partial sequence of CsETR1 (1065 bp; accession no. AJ276294) were obtained from the NCBI 

database. A partial sequence of CsETR2 was available in a citrus mature fruit and leaf EST 

database (921 bp; Burns, unpublished research) and partial sequence of CsETR3 (630 bp) was 

obtained from the publically available citrus HarvEST database (http://harvest.ucr.edu/). Full-

length nucleotide sequences were cloned utilizing the 5‟ RACE and 3‟ RACE systems 

(Invitrogen, Carlsbad, CA). To obtain full-length nucleotide sequence of CsETR1, a fragment of 

1158 bp was amplified using 5‟ RACE (Fig. 2-1; Table 2-1). For CsETR2, fragments of 522 bp 

and 666 bp were amplified using 5‟ RACE and 3‟ RACE, respectively. Another fragment of 186 

bp was amplified using 5‟ RACE to obtain the full-length sequence of CsETR2. Using 5‟ RACE 

and 3‟ RACE, fragments of 912 bp and 219 bp, respectively, were amplified for CsETR3. 

Another amplification using 5‟ RACE produced a 531 bp fragment to obtain the full-length 

sequence. 
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Partial sequences of CsCTR1 (405 bp), CsEIN2 (847 bp) and CsEIL2 (260 bp) were 

obtained from HarvEST database. The 3‟ RACE of CsCTR1 and CsEIN2 yielded 96 bp and 34 

bp fragments, respectively, resulting in partial sequences. Partial sequence of CsEIL1 was 

obtained from the citrus mature fruit and leaf EST database and 3‟ RACE protocol amplified a 

615 bp fragment. Further amplification yielded a 507 bp fragment to obtain the full-length 

sequence. 

Sequences of ethylene receptor and downstream signaling genes in „Fallglo‟ and „Lee x 

Orlando‟ were obtained by PCR amplification using primers designed at the 5‟-most and 3‟-most 

ends of the open reading frame of genes cloned from „Valencia‟ sweet orange.  

Amplified fragments were ligated into pGEM-T Easy vector and transformed into JM109 

competent cells using pGEM-T Easy vector system (Promega, Madison, WI) as described in the 

manufacturer‟s instructions. White colonies were cultured in liquid LB medium and plasmid was 

purified using PureYield plasmid miniprep system (Promega, Madison, WI). Ligated fragments 

in the purified plasmids were sequenced in the DNA sequencing facility at the Interdisciplinary 

Center for Biotechnology Research (University of Florida, Gainesville, FL). 

The cloned sequences from citrus were compared with ethylene signaling genes from 

Arabidopsis. The sequences of ERS1, ERS2, ETR1, ETR2, EIN4, CTR1, EIN2 and EIN3 for 

Arabidopsis (accession nos. AT2G40940, AT1G04310, AT1G66340, AT3G23150, AT3G04580, 

AT5G03730, AT5G03280 and AT3G20770, respectively) and sequences of ETR1-6 for tomato 

(accession nos. AF043084, AF043085, U38666, AF118843, AF118844 and AY079426, 

respectively) were obtained from NCBI. Comparison of sequences between citrus, Arabidopsis 

and tomato, and comparison of ethylene receptors within citrus were done using the software DS 
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Gene 2.5 (Accelrys Inc., San Diego, CA). This software was also used to calculate the molecular 

weight, pI and von Heijne transmembrane prediction for the citrus ethylene receptors. 

Results 

Full-length sequences of CsETR1, CsETR2 and CsETR3 (accession nos. GQ339592, 

GQ339593 and GQ339594, respectively) were obtained from RNA isolated from „Valencia‟ 

sweet orange. The predicted protein sequence from the longest cDNA open reading frame for 

CsERS1, CsETR1, CsETR2 and CsETR3 contained 634, 740, 764 and 763 amino acids with 

calculated molecular weights of 71, 83, 85 and 86 kDa, respectively. Although CsERS1, 

CsETR1 and CsETR3 had a predicted pI of 6.5, CsETR2 had a higher pI of 8.0. The predicted 

amino acid sequence of CsERS1 was more similar to CsETR1 (81% similarity) than to those of 

CsETR2 and CsETR3 (58% and 54% similarity, respectively). CsETR2 and CsETR3 were more 

similar to each other (80%) than with CsETR1 (~60%). Sequence comparison with Arabidopsis 

receptors indicated CsERS1 and CsETR1 were highly similar to sub-family I receptors AtERS1 

(86% similarity) and AtETR1 (92% similarity), respectively, while CsETR2 and CsETR3 were 

more similar to sub-family II receptors AtERS2 (70% similarity) and AtEIN4 (80% similarity), 

respectively. Based on von Heijne transmembrane prediction (von Heijne, 1992), CsERS1 and 

CsETR1 contained 3 transmembrane domains in their N-termini, whereas CsETR2 and CsETR3 

had 4 such domains (Fig. 2-2 and 2-3). CsERS1 and CsETR1 had histidine kinase domains 

containing five conserved motifs (H-Histidine, N-Asparagine, G1-Glycine, F-Phenylalanine and 

G2-Glycine). CsETR2 lacked all 5 conserved motifs in the histidine kinase domain. Only the H 

motif was present in the histidine kinase domain of CsETR3. When motifs were present, the 

contained amino acids were 85-100% identical between receptors with 0-2 amino acid 

substitutions. CsETR1, CsETR2 and CsETR3 contained the receiver domain with the conserved 

aspartate residue. The receiver domain was absent in the C-terminus of CsERS1. A structural 
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comparison between the predicted amino acid sequence of the cloned citrus ethylene receptor 

genes and Arabidopsis and tomato heterologs is presented (Fig. 2-2). 

Due to difficulties in PCR amplification, only partial sequences of CsCTR1, CsEIN2 and 

CsEIL2 were obtained (Fig. 2-4). Partial sequence of CsCTR1 contained 501 bp. Predicted amino 

acid sequence of the partial CsCTR1 (166 aa) corresponded to 657 to 821 aa of the AtCTR1 

sequence with 85% similarity. The partial CsCTR1 sequence had high similarity with members 

of serine/threonine kinases of the class mitogen activated protein kinase kinase kinase 

(MAPKKK) from plants. The encoded amino acid sequence contained conserved residues of 

HRDLKSPN and TPEWMAPE identical to that of Arabidopsis, suggesting serine/threonine 

specificity. Partial sequence of CsEIN2 contained 881 bp. The predicted amino acid sequence of 

CsEIN2 (292 aa) shared homology with 416 to 696 aa of the AtEIN2 sequence with 55% 

similarity. Based on von Heijne transmembrane prediction partial amino acid sequence of 

CsEIN2 contained one transmembrane domain, although no specific membrane location of EIN2 

has been identified in other plants. The full length sequence of CsEIL1 (accession no. 

GU981740) and a partial sequence of CsEIL2 contained 1845 bp (614 aa) and 260 bp (86 aa), 

respectively. Predicted amino acid sequence CsEIL1 had 75% similarity with AtEIN3, while the 

partial sequence of CsEIL2 shared 63% similarity with 313 to 392 aa of the AtEIN3 sequence.   

When sequences of all genes cloned from „Valencia‟ were aligned and compared with 

sequences obtained from „Fallglo‟ and „Lee x Orlando‟, the nucleotide sequences were 100% 

identical. 

Discussion 

A number of conclusions can be drawn on the possible role of signaling elements on 

ethylene sensitivity based on structure. CsERS1 is similar to AtERS1 and LeETR3 having three 

transmembrane domains, all conserved motifs (H - histidine, N - asparagine, G - glycine, F - 
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phenylalanine and G - glycine) in the histidine kinase domain and lacking the receiver domain 

(Fig. 2-2; Hua et al., 1998; Klee and Tieman, 2002). CsETR1 is similar to AtETR1, LeETR1 and 

LeETR2 having three transmembrane domains, conserved histidine kinase domain and a receiver 

domain. CsETR2 and CsETR3 have four transmembrane domains and the receiver domain. 

CsETR2 lacks all the conserved motifs in the histidine kinase domain while CsETR3 contains 

only the H motif. Similar to CsETR2 all of the motifs in the histidine kinase domain are absent in 

AtERS2 and LeETR5, but unlike in CsETR2 the receiver domain is absent in AtERS2. CsETR3 

is similar to AtEIN4 with four transmembrane domains, only the H motif in the histidine kinase 

domain, and a receiver domain. 

Ethylene receptors are classified into two groups based on the conserved motifs present in 

the histidine kinase domain. Sub-family I receptors contain all the conserved motifs in the 

histidine kinase domain, while sub-family II receptors lack one or more of the conserved motifs. 

Based on this criteria, CsERS1 and CsETR1 can be classified as sub-family I receptors and 

CsETR2 and CsETR3 can be classified as sub-family II receptors. Sequence comparison 

indicated that CsERS1 and CsETR1 had higher similarity with sub-family I receptors in 

Arabidopsis and CsETR2 and CsETR3 had higher similarity with sub-family II receptors.  

Differences in the structure of citrus receptors could imply their importance in ethylene 

signaling. CsERS1 and CsETR1 might be more important for ethylene perception in citrus than 

CsETR2 and CsETR3 since sub-family I receptors in Arabidopsis had been shown to play a 

more important role in ethylene perception than sub-family II receptors. The response to ethylene 

in Arabidopsis varied depending on the type of receptors mutated (Hua and Meyerowitz, 1998). 

Although receptors are redundant in function (Hua and Meyerowitz, 1998; Tieman et al., 2000), 

mutations in sub-family I receptors in Arabidopsis (ERS1 and ETR1) displayed more severe 
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mutant phenotypes in seedlings than did mutations in sub-family II receptors (ETR2, ERS2 and 

EIN4), implying the conserved histidine kinase domain may be important for signal transduction. 

Since CsERS1 and CsETR1 contain all the conserved protein motifs in the histidine kinase 

domain, phosphorylation might not be affected in these citrus receptors. However, CsETR2 lacks 

all the motifs and CsETR3 lacks the N, G1, F and G2 motifs. Based on the Arabidopsis model, 

phosphorylation of these citrus receptors might be affected resulting in poorer downstream 

ethylene action. 

All four citrus receptors contain the conserved cysteine residue in the second 

transmembrane domain necessary for ethylene binding. In Arabidopsis, a point mutation at Cys
65

 

(etr1-1 mutant) resulted in complete lack of ethylene binding indicating that this cysteine residue 

located in the second transmembrane domain coordinates ethylene binding to the receptors 

(Rodríguez et al., 1999). Hence, ethylene binding may not be affected in the four citrus receptors.  

Spatial and temporal differences in the abundance of transcripts of different receptors in 

Arabidopsis (Hua et al., 1998) and tomato (Lashbrook et al., 1998; Tieman and Klee, 1999) 

suggest that each receptor type may have unique functions in specific tissues and during 

development and thus lead to differences in ethylene sensitivity. During tomato fruit ripening, 

levels of LeETR3 expression increased by 10- to 20-fold and mutations in LeETR3 affected fruit 

ripening. CsERS1 is structurally similar to LeETR3 and might play an important role in ethylene 

perception during citrus fruit development. The role of CsETR2 in transferring ethylene signals 

could be more important in fruit than in leaves, since expression of LeETR5 (closely related to 

CsETR2 with respect to structure and sequence similarity) was highly expressed in fruit but not 

in vegetative tissues. Increased expression of these genes during fruit development indicates that 

they are responsive to endogenous ethylene production. Beyond this fact, a direct link to 
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downstream ethylene effects cannot be made. Knowledge on the number of active receptors 

incorporated into the membrane as a result of ethylene treatment will help to understand their 

role in ethylene sensitivity.  

The predicted amino acid sequence of CsCTR1 strongly suggests a possibility for 

phosphorylation through serine/threonine protein kinase activity since the conserved residues 

required for kinase activity were identical to those present in CTR1 of Arabidopsis and tomato. 

Autophosphorylation of CTR1 in Arabidopsis was shown to play an important role in ethylene 

signaling as a ctr1-1 mutant (mutation at the kinase domain) resulted in a strong constitutive 

triple response phenotype (Huang et al., 2003). The conserved amino acid residues of 

HRDLKSPN and TPEWMAPE in CsCTR1 are specific for serine/threonine protein kinases 

(Hanks et al., 1988; Hanks and Quinn, 1991). These conserved domains are also present in 

AtCTR1 (Kieber et al., 1993), LeCTR1 and LeCTR2 (Leclercq et al., 2002). Sequence similarity 

with Arabidopsis and tomato CTRs suggests that CsCTR1 may also have a similar function 

acting as negative regulator in the ethylene signaling pathway; however, full sequence was not 

obtained to make a more precise comparison. Partial sequence of CsEIN2 contains a 

transmembrane domain that has sequence similarity with the 12
th

 transmembrane domain in 

AtEIN2 (Alonso et al., 1999). In Arabidopsis, EIN2 contains 12 transmembrane domains in the 

N-terminal of the protein, although studies to identify cellular localization of EIN2 protein have 

been unsuccessful. Sequences of CsEIL1 and CsEIL2 have high sequence similarity with EIN3 

and EIN3-like (EIL) genes in other plants. The predicted AtEIN3 amino acid sequence did not 

have significant similarity with any known proteins (Chao et al., 1997). AtEIN3 was localized to 

the nucleus, and the presence of acidic, proline-rich and glutamine-rich regions indicate the EIN3 

group could act as transcription factors (Mitchell and Tjian, 1989). High sequence similarity of 
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CsEIL1 to AtEIN3 and the presence of acidic or glutamic acid-rich (1-50 aa), proline-rich (227-

238 aa) and glutamine-rich (523-533 aa) regions suggest CsEIN3 has a similar role. Although 

partial sequence of CsEIL2 aligns in-between the conserved regions of CsEIL1, high sequence 

similarity suggests it could act as a transcription factor in the ethylene signaling pathway. 

Overall, structural comparisons indicate that ethylene binding to the citrus receptors 

occurs, since the cysteine residue involved in binding is present in the second transmembrane 

domain. However, differences in the presence or absence of structural domains, especially the 

histidine kinase domain might impart differences in ethylene perception by different citrus 

receptors. Based on the Arabidopsis model, CsERS1 and CsETR1 belonging to the sub-family I 

type of receptors might play a greater role in ethylene perception and signal transduction in citrus 

than CsETR2 and CsETR3. The relative abundance of receptors in different tissues could result 

in differential sensitivity or response to ethylene. In studies detailed in the following chapters, 

citrus receptor and signaling genes were used to determine their role in ethylene sensitivity 

during abscission and degreening.  
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Table 2-1. Sequences of primers used in 5‟ RACE and 3‟ RACE. 

Primer Sequence 

A1 5'-GGCCGAGTCAAGTGCAATATTC-3' 

A2 5'-TGCAGCATGTGACAGAGCAAC-3' 

B1 5'-TCTCTAGTTCCTGATTGCT-3' 

B2 5'-ATAACAAGCTGAGACTAGCTCG-3' 

B3 5'-TTTCGCCCAAGATCCCAGG-3' 

B4 5'-TCTCCCCTTCACTTTGAGAAGC-3' 

B5 5'-ATGGTTGGGAGCCTGTTGAATTGC-3' 

B6 5'-AATGGAAGTCAGGATAGGAATGAT-3' 

C1 5'-CATATTCATCTGCCTTACTAGG-3' 

C2 5'-TCTTGTCCTCACTACCACTCTC-3' 

C3 5'-CTCATTTGGCATCCAAACCGCAC-3' 

C4 5'-TGGTGTGCTTATCAAGCGACTTCC-3' 

C5 5'-AGGGTCTTGCACGAAGGATGAC-3' 

C6 5'-GAGGTTTCAGTTCGCACCAAC-3' 

D1 5'-CAGCTTTGGTGTGATCTTGTGG-3' 

D2 5'-TCTCAGGTCATTTCTGCTGTTGGG-3' 

E1 5'-TGATGGTCCGGCTTCATTGAG-3' 

E2 5'-TGCCGCACGACGCCAATTAG-3' 

F1 5'-TTATGCAGCACTGTGATCCACCGC-3' 

F2 5'-GGCCAAATGGGAATGAGGAG-3' 

F3 5'-ATAGCTGCCTTCCAGCGTCTAC-3' 

F4 5'-GGCTGATGAGCCACATATGACG-3' 
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Figure 2-1. Schematic representation of strategy used for 5‟ RACE and 3‟ RACE. The striped bar indicates the sequence obtained 

from database which was used for the RACE protocol. The arrowheads indicate the relative position of the primers used to 

amplify the fragments represented by solid bars. The sequences of the primers are listed in Table 1. 
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Figure 2-2. Comparative schematic representation of Citrus sinensis (Cs), Arabidopsis thaliana 

(At) and tomato (Le; Lycopersicon esculentum) ethylene receptors. The number of 

amino acid (aa) residues and molecular weight (in kDa) of the predicted full-length 

protein sequences are indicated in parenthesis. The presence of transmembrane 

domains, GAF domain, conserved H (histidine) and NGFG (asparagine, glycine, 

phenylalanine and glycine, respectively) motifs within the histidine kinase domain 

and the conserved D (aspartate) residue in the receiver domain are indicated in dark 

grey. 
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Figure 2-3. Amino acid sequence alignment of the four ethylene receptors in „Valencia‟ orange. 

The four transmembrane domains (I, II, III and IV) and the histidine kinase domain 

(H-Histidine, N-Asparagine, G1-Glycine, F-Phenylalanine and G2-Glycine motifs) 

are indicated in boxes. The conserved apartate (D) residues in the receiver domain are 

indicated by arrows. “*” indicates identical amino acids, “:” indicates conserved 

substitutions and “.” Indicates semi-conserved substitutions. 

 

IV

CsERS1          M--------------------------ESCDCIDTQW--PPDELLVRYQYISDILIALAY 32

CsETR1          M--------------------------ESCNCIEPQW--PADELLMKYQYISDFFIALAY 32

CsETR2          MLRALAVGLVVSSLLISVSVVDGDNNFPRCNCDDDAS-SWSIESILETQKVSDFLIAVAY 59

CsETR3          MLKALTLGFLLSCLVIVVSVSADDREYANCNCDDEQEGLWSVQNILDCQRVSDFFIAIAY 60

*:* :      . : ::  * :**::**:**

I II    

CsERS1          FSIPVELIYFVQKSAFFPYRWVLMQFGSFIILCGLTHFISLWT-FTVHSKAVAVVMTIAK 91

CsETR1          FSIPLELIYFVKKSAVFPYRWVLVQFGAFIVLCGATHLINLWT-FNMHSRTVAIVMTTAK 91

CsETR2          FSIPVELLYFISCSN-VPFKWVLIQFIAFIVLCGLTHLLNGWT-YGPHSFQLMLSLTVFK 117

CsETR3          FSIPLELLYFVSCSN-VPFKWVLLQFVAFIVLCGLTHLLNGWTYYGPHSFQLMLSLTIAK 119

****:**:**:. *  .*::***:** :**:*** **::. ** :  **  : : :*  *

III

CsERS1          MACAFVSCITALMLVHIIPDLLSVKTRELFLKNRADELDREMGLILTQEETGRHVRMLTH 151

CsETR1          VLTAVVSCATALMLVHIIPDLLSVKTRELFLKNKAAELDREMGLIRTQEETGRHVRMLTH 151

CsETR2          ILTALVSCATSITLITLIPLLLKVKVREFMLKKKAWDLGREVGIIMKQKEAGVHVRMLTQ 177

CsETR3          LLTALISCATAITLLTLIPLLLKWKVRELFLKQNVLELDQEVGMMKKKKEASWHVRMLTR 179

:  *.:** *:: *: :** **. *.**::**:.. :*.:*:*:: .::*:. ******:

CsERS1          EIRSTLDRHTILKTTLVELGRTLGLEECALWMPSRTGLNLELSYTLN--NQIQIGSSVPI 209

CsETR1          EIRSTLDRHTILKTTLVELGRTLALEECALWMPTRTGLELQLSYTLR--QQNPVGYTVPI 209

CsETR2          EIRKSLDRHTILYTTLVELSNTLGLQNCAVWMPNEIKTEMNLTHQLNGRNYSDMCSSIPI 237

CsETR3          EIRKSLDKHTILYTTLVELSNTLDLHNCAVWMPNENRTEMNLTHELR-ASPSNNSLSIPI 238

***.:**:**** ******..** *.:**:***..   :::*:: *.  .      ::**

CsERS1          NLPIVTDVFNSAQAMRLPYNCPLARIRLLVGRYVPPDIVAVRVPLLHLSNFQINDWPELP 269

CsETR1          QLPVINQVFSSNHAVKISPNCPVARLRPLAGKYMPGEVVAVRVPLLHLSNFQINDWPELS 269

CsETR2          TDQDVVRIKGSDGVNILGPDSELAAAS-SGESVESGPVAAIRMPMLRVSNFKG-GTPELV 295

CsETR3          NDPDVLEIRESIGVKSLRPDSALGSAS-GGGSDEAGAVAAIRMPMLRVSNFKG-GTPELV 296

:  :  *  .  :  :. :.          .  :.*:*:*:*::***:  . *** 

CsERS1          AKSYAVMVLMLPTDGGRKWRDHELELIDVVADQVAVALSHAAILEDSMRARNQLMEQNVA 329

CsETR1          TKRYALMVLMLPSDSARQWHVHELELVEVVADQVAVALSHAAILEESMRARDLLMQQNIA 329

CsETR2          SACYAILVLVLPNEQFRTWSNQELEIVKVVADQVAVALSHAAVLEESQHMREKLEEQNRA 355

CsETR3          DTCYAILVLVLPNADSRVWSIQEMEIVEVVADQVAVALSHAAVLEESQLMREKLGEQNRV 356

**::**:**.   * *  :*:*::.**************:**:*   *: * :** .

H motif

CsERS1          LDSARREAEKAIHARNDFRAVMNHEMRTLMHAIIALSSLLLETDLTPEQRVMIETVLKSS 389

CsETR1          LDSARREAETAIRARNDFLAVMNHEMRTPMHAIIALSSLLQETELTPEQRLMVETILKSS 389

CsETR2          LQQAQKDALMASQARNAFQKVMSNGMRRPMHSILGLLSIMQDVNLNSDQRMIVETMMKSS 415

CsETR3          LQQAKKNAMMASQARNSFQKVMSHGMRRPMHSILGLLSMFHEENMSFEKKIIADTLVKTS 416

*:.*:::*  * :*** *  **.: **  **:*:.* *:: : ::. ::::: :*::*:*

CsERS1          NLLTTLVDDVLDLSRLEDGSLELDNGPFNLQIVLREVIKLIKPVASCKKLSMTLIMAPEL 449

CsETR1          NLLATLINDVLDLSRLEDGSLQLQIGTFNLHAVFREVLNLIKPIASVKKLLVALNLAPDL 449

CsETR2          NVLSTLISDVMDNSPKDSGRFPLEIRSFRLHAMIKEAACLARCLSIYRGFGFSIEVDRSL 475

CsETR3          SVLSTLINDAMEIPTKNDGRFPLEMMPFRLHSMLKEASCLAKCLSVYKGFGFELDVKSSL 476

.:*:**:.*.:: .  :.* : *:  .*.*: :::*.  * : ::  : : . : :  .*

N motif

CsERS1          PTYAVGDEKRLMQTILNIVGNAVKFTKEGYVSIIASVAK--PESLSDWRPPEFYPVSTDG 507

CsETR1          PEYAVGDEKRLMQTLLNVVGNAVKFTKEGNISITGFVAK--SESLRDSRAPEFFPVPIEN 507

CsETR2          PDHVMGDERRVFQVILHMVGSLLNCNSRRGTVLFRVVSENGSQDRNDQKWATWRQSSVDG 535

CsETR3          PDQVIGDEKRTFQVILHMVGYLLNLYDGGGTVLFQVSLESGSEDKNDKMLVTWRPSKADE 536

*  .:***:* :*.:*::**  ::  .     :     :  .:.  *     :     : 

G1 motif F motif G2 motif

CsERS1          HFYLRVQVNDSGCGVPPQDIPLLFTKFAQSRGSSCQTPR-AGLGLAICRRFVNLMGGHIW 566

CsETR1          HFYLRVQVRDSGSGISPQDIPNLFTKFAQNQAIALRNSSGSGLGLAICKRFVNLMEGHIW 567

CsETR2          DVHIRFEILLNEVGSQPE---VSTSVAQLGIRRIVNEGIEDRMSFSVCKKLVQLMQGNIW 592

CsETR3          YVCIKFEIKIKEVNSQ------SYGSTAKHVRRHNSKEIKEALSFSLCKKLVQMMQGKIW 590

. ::.::  .  .                            :.:::*:::*::* *:**

CsERS1          LESEGLDKGSTVTFLVKLGICNNPGSPIHPVALKGRASHGSADLTGPKPLFRDNDQIAST 626

CsETR1          IESEGLGKGCTAIFIVKLGIPEHSNDSNLSFIPK-MPVHGQTNFPGLKVLVMDENGVSRS 626

CsETR2          MVPSSHGFAQSMGLVLRFQLRPSIAIPISESGESSEYSHSNSLLRGLQVLLADGDDMNRV 652

CsETR3          ISPNYQGLARRMTLVLRFQFAPTFGRTIYPTGNSSDEPNFSSQFRGLRIILADDDDVNRT 650

: ..  . .    ::::: :      .      .    : .: : * : :. * : :   

CsERS1          KSR--------------------------------------------YQRSV-------- 634

CsETR1          VTKGLLLHLGCDVMTVSSVEECFQVVSHEH---QVVFMDVCVPGIDGYEVAVHIHDKFTR 683

CsETR2          VTRKLLEKLGCSVSAVSTGYECLSAMGPTA-VFQLVILDLQMPELDGFEVALKIRKFRS- 710

CsETR3          VTKMLLEKLGCEVVAVSSGFECLSALTVAENSFRIVVLDLQMPEMDGFEVAMRIRKFCS- 709

::                                            :: ::        

CsERS1          ---------------------------------------------------------

CsETR1          RHERPLIVALTGSTDNLTKDNCMRVGMDGVILKPVSLEKMRSVLSDLLEHRVLFESM 740

CsETR2          -RSWPLIVALTASGDEDVWEKCMQVGMNGVIRKPVLLQGIANELRRVLLHANKVV-- 764

CsETR3          -HNWPLIIAVTASAEENTWERCLHIGMNGMIQKPVLLQGMADELRRVLQQVGERV– 763
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Figure 2-4. Amino acid sequence (left panel) and sequence comparison with the highest similarity Arabidopsis sequence (right panel) 

for ethylene signaling elements. Partial or full length amino acid sequence of (A) CsCTR1, (B) CsEIN2, (C) CsEIL1 and 

(D) CsEIL2 were compared with Arabidopsis. Amino acid residues specific for serine/threonine protein kinases for CTR1 

(A) and predicted transmembrane domain for EIN2 (B) are indicated in boxes.  

DVGKGMNYLHQRRPPIVHRDLKSPNLLVDSTYTVKVCDFGLSRSKPNTYI    50 

SSKTAAGTPEWMAPEVLREDPSNEKSDVFSFGVILWELITLQKPWRNSTP   100 

SQVISAVGFKGRRLEIPKNVNPMVAALIETCWAEEPEIRPSFPSIMETLQ   150 

QLLMSSVCQPLSAQPL                                     166
AtCTR1

CsCTR1

Similarity

85%

657 821(aa)

166 aa

MLFGGTGWVGNLRWNSGGTVALPFAVFLITTFTSLCLMLWLATTPLRSAS    50 

SRNNAPDWSWEFQRAETFTEREEDNSKEARYLVEEPLEKRESVASAGKSA   100 

ESQPDASVTNFDLDLPETIMESDQEIRLAAIEENHPNIAFPSPTICFQEE   150 

SASAVGSMSASTTGAKDVTGDDLLDGKSLKIKSADPTVKTVPAEGDLRTE   200 

KDDDEADSWEPETELETEESSKDAPESTSALMSDGPASLRSLSGKSDDGG   250 

SSVGSLSRLVGLGRAARRQLAGVLDEFWGQLYDYHGQITQEA           292
AtEIN2

CsEIN2

55%
416 1294(aa)

292 aa

696

Similarity

CsEIL1

MGIFEEMGFCGNLEFFSSPHGEGEAFLEHEHETAAEEDYSDEELDVDELE    50 

RRMWRDRMLLKKLKEQSKSKECVDSAKQRQSQEQARRKKMSRAQDGILKY   100 

MLKMMEVCKAQGFVYGIIPEKGKPVSGASDNLRAWWKEKVRFDRNGPAAI   150 

AKYQADHAIPGKNEDCGSVVSTPHSLQELQDTTLGSLLSALMQHCDPPQR   200   

RFPLEKGVAPPWWPTGTEEWWPELGLPKDQGPPPYKKPHDLKKAWKVGVL   250 

TAVIKHMSPDIAKIRKLVRQSKCLQDKMTAKESATWLAIINQEEALSRKL   300 

YPDSCLPASTGGSGSFIISDISDYDVEGVDNERDVEVEEIKPLEANLFNM   350 

GAMGSRDRFMMPPSLVPRIKGEVFETHSESIQKRRPSADEPHMTMDQKIY   400 

TCEFPQCPYNDYHHGFLDRTSRNNHQLNCPYRNNSSQGCVMPNFQINNDQ   450 

PAVFSLPFAQSTHPKPITPVKNQTQPQYNVSGLGLPDDGQKMISDLMSFY   500 

DTNLQPNKSMSQGCLNVTEDRNQQPEQQKFQLQLDDSFYNQGVGVMKGGN   550 

MPVNNPVFSSTEVHFDQCKAFDSPFDNNPGDNIAEFRFNSPFNVASVNYP   600 

MDPIPKQDVSMWYL 614

CsEIL2

SSAGSGSLVINDCNEYDVEGAEDEPNFDVQECKPQNLISSSLGMERMRER    50 

LPNQQPPYAIKGEGGSNFDFVRKRKPSNDLSMKMDQ                  86

AtEIN3

CsEIL1

Similarity

75%
1 628(aa)

614 aa

CsEIL1

MGIFEEMGFCGNLEFFSSPHGEGEAFLEHEHETAAEEDYSDEELDVDELE    50 

RRMWRDRMLLKKLKEQSKSKECVDSAKQRQSQEQARRKKMSRAQDGILKY   100 

MLKMMEVCKAQGFVYGIIPEKGKPVSGASDNLRAWWKEKVRFDRNGPAAI   150 

AKYQADHAIPGKNEDCGSVVSTPHSLQELQDTTLGSLLSALMQHCDPPQR   200   

RFPLEKGVAPPWWPTGTEEWWPELGLPKDQGPPPYKKPHDLKKAWKVGVL   250 

TAVIKHMSPDIAKIRKLVRQSKCLQDKMTAKESATWLAIINQEEALSRKL   300 

YPDSCLPASTGGSGSFIISDISDYDVEGVDNERDVEVEEIKPLEANLFNM   350 

GAMGSRDRFMMPPSLVPRIKGEVFETHSESIQKRRPSADEPHMTMDQKIY   400 

TCEFPQCPYNDYHHGFLDRTSRNNHQLNCPYRNNSSQGCVMPNFQINNDQ   450 

PAVFSLPFAQSTHPKPITPVKNQTQPQYNVSGLGLPDDGQKMISDLMSFY   500 

DTNLQPNKSMSQGCLNVTEDRNQQPEQQKFQLQLDDSFYNQGVGVMKGGN   550 

MPVNNPVFSSTEVHFDQCKAFDSPFDNNPGDNIAEFRFNSPFNVASVNYP   600 

MDPIPKQDVSMWYL 614

CsEIL2

SSAGSGSLVINDCNEYDVEGAEDEPNFDVQECKPQNLISSSLGMERMRER    50 

LPNQQPPYAIKGEGGSNFDFVRKRKPSNDLSMKMDQ                  86

AtEIN3

CsEIL2

63%
313 628 (aa)

86 aa

392

Similarity
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CHAPTER 3 

EXPRESSION OF ETHYLENE BIOSYNTHETIC AND SIGNALING GENES DURING 

DIFFERENTIAL ABSCISSION RESPONSE OF CITRUS LEAVES AND MATURE FRUIT 

Introduction 

Abscission is a coordinated process of separation of organs such as leaves, flowers and 

fruit from the parent plant. Abscission occurs in abscission zones due to the dissolution of cell 

walls by the activity of the hydrolase enzymes cellulase and polygalacturonase, resulting in 

organ detachment. Since the initial work of Horton and Osborne (1967) associating cellulase 

activity with abscission of bean explants, cell wall hydrolase activity has been associated with 

abscission in other plants, including citrus (Ratner et al., 1969; Greenberg et al., 1975). Ethylene 

is a plant hormone that plays a major role in regulating the abscission process (Burg, 1968; 

Jackson and Osborne, 1970; Bleecker and Patterson, 1997). Application of exogenous ethylene 

hastens abscission by inducing gene expression of cellulase and polygalacturonase in peach fruit 

(Bonghi et al., 1992) and tomato leaves, fruit and flowers (Kalaitzis et al., 1995; del Campillo 

and Bennett, 1996). In citrus, the activities and gene expression levels of cellulase and 

polygalacturonase increased during ethylene-induced abscission of mature citrus fruit 

(Greenberg et al., 1975; Huberman and Goren, 1979; Burns et al., 1998). The regulatory role of 

ethylene in abscission was demonstrated in transgenic plants. Tomato transgenes over-expressing 

the ethylene biosynthetic gene 1-aminocyclopropane-1-carboxylic acid (ACC) synthase resulted 

in premature flower abscission, while a delay in abscission was noted in Nr plants (mutant of 

ethylene receptor LeETR3) and in antisense plants with the ethylene receptor LeETR1 (Lanahan 

et al., 1994; Whitelaw et al., 2002). 

The response or sensitivity to ethylene can be controlled at steps involving ethylene 

biosynthesis and ethylene perception. Ethylene biosynthesis begins with the conversion of S-

adenosylmethionine (SAM) to ACC by ACC synthase (ACS). ACC is oxidized to ethylene by 



 

58 

ACC oxidase (ACO). The conversion of SAM to ACC by ACS is considered the rate-limiting 

step in ethylene biosynthesis, but regulation at the ACO step has also been reported (Alexander 

and Grierson, 2002). The structure of ACS is similar to the subgroup-I family of pyridoxal 5‟-

phosphate (PLP)-dependent aminotransferases and PLP is an essential co-factor for ACS activity 

(Mehta et al., 1993). ACS is encoded by a multi-gene family and different isoforms are 

differentially regulated (Oetiker et al., 1997; Peck and Kende, 1998; Barry et al., 2000). ACO is 

also encoded by a multi-gene family and differential expression of ACO has been observed 

(Barry et al., 1996; Nakatsuka et al., 1997, 1998). 

Ethylene perception begins with ethylene binding at the receptors located in the 

endoplasmic reticulum (Nehring and Ecker, 2004). Many ethylene perception receptors were 

elucidated using the triple response of Arabidopsis seedlings when exposed to ethylene. Bleecker 

et al. (1988) isolated the first ethylene receptor ETR (ethylene response) in Arabidopsis. 

Screening for ethylene insensitive plants using the triple response led to the isolation of four 

additional ethylene receptors in Arabidopsis: ETR2 (Sakai et al., 1998), ERS1 (ethylene response 

sensor 1; Hua et al., 1995), ERS2 (ethylene response sensor 2; Hua et al., 1998) and EIN4 

(ethylene insensitive 4; Roman et al., 1995; Hua et al., 1998). The N-termini of the receptor 

proteins contain transmembrane domains, with ETR1 and ERS1 having 3 transmembrane 

domains and ETR2, ERS2 and EIN4 having 4 transmembrane domains (Nehring and Ecker, 

2004). The C-termini contain histidine kinase and receiver domains and share similarity with the 

bacterial 2-component signal transduction system (Chang et al., 1993). ERS1 and ETR1 

receptors have conserved protein motifs in the histidine kinase domain and are classified as sub-

family I receptors, whereas sub-family II receptors (ETR2, ERS2 and EIN4) have one or more 

protein motifs missing. ERS1 and ERS2 do not have the receiver domains. Downstream of the 
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receptors in the signaling pathway is CTR1 (constitutive triple response 1; Kieber et al., 1993). 

CTR1 interacts with the receptors and together they act as negative regulators in ethylene 

signaling. Downstream of CTR1 is EIN2 (ethylene insensitive 2), which is a positive regulator in 

ethylene signaling pathway (Alonso et al., 1999). Downstream of EIN2 is EIN3 (ethylene 

insensitive 3) that is located in the nucleus. EIN3 belongs to a multigene family designated as 

EIN3-like (EIL) proteins. EIN3 and EILs are transcription factors that ultimately activate 

ethylene responsive genes. Several studies have examined how ethylene treatment impacted 

expression of these perception and signaling genes in an attempt to identify which may have 

important roles in downstream biological responses. In general, subfamily I receptors are thought 

to play a more dominant role in ethylene signaling (Cancel and Larsen, 2002). 

Ethephon (2-chloroethylphosphonic acid) is an ethylene-releasing compound used to 

accelerate abscission. Ethephon is an effective abscission agent in citrus, plums, cherries and 

olives (Bukovac et al., 1969; Martin et al., 1981; Burns, 2002). However, excessive leaf 

abscission occurs at concentrations required for effective fruit loosening in citrus (Burns, 2002) 

and olives (Burns et al., 2008). Pozo et al. (2004) used 1-methylcyclopropane (1-MCP), an 

ethylene perception inhibitor that irreversibly binds to ethylene receptors, to reduce ethephon-

induced leaf drop with minimal effect on ethephon-induced fruit loosening. Application of 

guanfacine, an agonist of G-protein-coupled α2A-adrenoreceptors, also reduced ethephon-induced 

leaf drop but not fruit loosening (Yuan et al., 2005). These data suggest that different abscission 

control mechanisms may exist in leaf and mature fruit of citrus. Further, ethylene-independent 

abscission has been observed in several plants. Studies with ethylene-insensitive mutants 

revealed that ethylene-independent abscission occurs in Arabidopsis (Patterson and Bleecker, 
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2004). Moreover, lack of ethylene involvement was observed during flower abscission in tulips 

and orchids (Sexton et al., 2000; Van Doorn, 2002). 

For effective use of mechanical harvesting in citrus, it is necessary to use abscission agents 

that preferentially increase fruit loosening but have very little effect on leaf abscission. Thus, 

understanding mechanisms of abscission in leaf and mature fruit are important in selecting an 

effective abscission compound. The objective of this study was to test if differential expression 

of ethylene biosynthetic and signaling genes were correlated with differential abscission of 

leaves and mature fruit. In this study, genes involved in ethylene signaling and biosynthetic 

pathways were cloned from „Valencia‟ and their expression levels were analyzed during 

abscission in leaf and fruit tissues. We demonstrate that 1) most ethylene biosynthetic and 

perception gene expression levels explored in this study were responsive to ethephon application 

in one or more tissues examined, 2) failure of 1-MCP to suppress fruit loosening was not 

correlated with ACS or ACO expression in fruit abscission zones, and 3) differential timing of 

subtending organ drop at two spatially distinct leaf abscission zones was not correlated with 

ethylene sensitivity.   

Materials and Methods 

Plant Materials and Treatment 

Citrus sinensis cv. „Valencia‟ trees (17 years of age on Swingle rootstock) were selected 

from an experimental grove located at the Citrus Research and Education Center, Lake Alfred, 

FL. Trees were sprayed until run-off with 450 L L
-1

 ethephon or 5 mM of 1-MCP or a 

combination of both using a motorized back-pack sprayer on 28 Apr. 2006 as described (Pozo et 

al., 2004). Control trees were sprayed with water and two trees were used for each treatment. The 

experiment was repeated on 30 Apr. 2008. Data from the two seasons had similar trends and 

hence the average from both seasons is shown for leaf drop, fruit detachment force (FDF) and 
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gene expression levels. Leaf abscission and FDF were measured immediately after treatment and 

after 6 h, 1, 2, 4 and 7 d of application. Ten branches (each with about 100 leaves) per treatment 

were tagged to follow leaf abscission. Leaf count was taken on these branches and percentage of 

leaf drop was calculated. FDF was measured on 5 fruit/replication with 4 replicates using a Force 

One digital force gauge (Wagner Instruments, Greenwich, CT, USA). 

Reports indicate that abscission may be initiated in organ abscission zones and/or their 

subtending organs (Beyer, 1975; Alferez et al., 2005), so leaf blade, laminar abscission zones, 

fruit peel and fruit abscission zones were used for this study. Samples of leaf blade, laminar 

abscission zone (LAZ), fruit peel and fruit abscission zone (FAZ) tissues were collected in 3 

replicates during the first season (4 replicates during the second season) immediately after 

treatment and 6 h, 1, 2, 4 and 7 d after application. Leaf blade and LAZ were collected from 10 

leaves/replicate at each sampling time. Mid-section of the leaf blade was used and LAZ were 

excised using a razor blade as described (Yuan et al., 2005). Fruit peel and FAZ were collected 

from 4 fruit/replicate. Fruit flavedo (the colored portion of the peel) was removed from the 

equatorial area of each fruit using a potato peeler. FAZ were removed from fruit using a 1 cm 

cork borer. The pedicel, calyx and albedo surrounding the abscission zone were trimmed away 

using a razor blade, leaving approximately the 4 mm thick FAZ intact. Tissues were frozen in 

liquid nitrogen immediately after sampling and stored at -80 °C until needed. 

RNA Extraction 

RNA was extracted from 0.5 g of flavedo, 0.5 g of leaf blade, 4 FAZ (approximately 0.3 g) 

and 10 LAZ (approximately 0.2 g). The frozen tissue was ground into fine powder and 

suspended in 1 mL of cold TRI Reagent (Molecular Research Center, Cincinnati, OH). 

Chloroform (200 µL) was added and the mixture vortexed thoroughly. Samples were incubated 

on ice for 15 min and centrifuged at 20,000 gn for 15 min at 4 °C. RNA was extracted from the 
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supernatant using RNeasy mini kit (Qiagen, Valencia, CA). First strand cDNA was synthesized 

from 1 µg of RNA using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA). 

Gene Expression 

Primers for real-time PCR were designed using Primer Express 3.0 software (Applied 

Biosystems, Foster City, CA). Primer sequences and primer concentrations used are listed in 

Table 3-1. Gene expression was analyzed using Real-Time PCR (model 7500 Fast Real-Time 

PCR System, Applied Biosystems, Foster City, CA) using 2x SYBR Green PCR Master Mix 

sold by the instrument manufacturer. One µL of cDNA was used in a 20 µL reaction. 

Glyceraldehyde 3-phosphate dehydrogenase (CsGAPDH) was used as a constitutively expressed 

gene to compensate for differences in concentration of template that may have occurred in each 

replicate. Relative gene expression was calculated using the comparative CT method (Livak and 

Schmittgen, 2001). For each sample, the CT (threshold cycle) value for the gene of interest was 

subtracted from the CT value of CsGAPDH (∆CT). ∆∆CT was calculated by subtracting ∆CT of 

one T0 control replicate with the value closest to the mean T0 control value from the ∆CT of all 

individual replications at each time point. Relative gene expression was calculated by the 

formula 2
-∆∆CT

. 

Ethylene Sensitivity in Leaf Abscission Zones 

Citrus leaves have two abscission zones. One abscission zone is located between the leaf 

blade and the petiole (LAZ) and the second is located between the petiole and the stem (petiolar 

abscission zone). When abscission agents are applied, leaf blades first abscise due to abscission 

processes at the LAZ and later followed by abscission of the petioles due to abscission processes 

at the petiolar abscission zone. To study differences in ethylene sensitivity of LAZ and petiolar 

abscission zones during ethylene-induced abscission, two 7-year old potted Citrus sinensis cv. 

„Valencia‟ trees on Swingle rootstock were placed in a closed chamber and treated with 5 L L
-1
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of ethylene for 88 h. The trees were grown in 12h/12h light and dark cycles (light: 6 am to 6 pm; 

dark: 6 pm to 6 am) and watered daily. The temperature and humidity of the chamber were 

monitored every 15 min using a HOBO automatic data logger (Onset Computer Corporation, 

Bourne, MA). Leaf blade and petiole drop were counted twice a day at 10 am and 6 pm on 20 

branches (at least 30 leaves/branch). 

In another experiment, two 7-year old potted „Valencia‟ trees on Swingle rootstock were 

placed in a chamber with 5 L L
-1

 of ethylene for 24 h and then transferred to ethylene-free air. 

The plants were held under the same light, temperature and humidity conditions as above. Leaf 

blade and petiole drop were counted on 6 tagged branches (at least 30 leaves/branch) every 12 h 

for 84 h. Laminar and petiolar detachment force were measured on 30 leaves every 12 h using an 

Imada DS2-11 force gauge (Imada Inc., Northbrook, IL). 

Results 

Differential Effect of 1-MCP on Leaf and Fruit Abscission 

Ethephon induced leaf abscission 2 d after application was 12% and increased rapidly to 

73% after 4 d of application (Fig. 3-1A). When 1-MCP was applied in combination with 

ethephon, leaf abscission was delayed and reduced to 6% after 4 d of application and increased 

to only 22% after 7 d. Visual examination for an additional 2 weeks indicated no further increase 

in leaf abscission in this treatment combination. Fruit loosening was evident 4 d after ethephon 

application (Fig. 3-1B) and FDF was reduced to 6.4 kg-force compared to 10.5 kg-force in 

control fruit. When 1-MCP was combined with ethephon, the rate of fruit loosening was reduced 

slightly, and FDF fell to 7.8 kg-force on day 4 after application. However, FDF was similar in 

both treatments after 7 d of application. 1-MCP treatment alone did not cause leaf abscission or 

fruit loosening.  
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Expression of Ethylene Biosynthetic Genes 

Expression of CsACS1 in peel was ethylene-responsive (Fig. 3-2A). Peak expression 

occurred 6 h after application and then fell to control levels soon thereafter. A slight but 

measurable increase in gene expression occurred in FAZ 6 h after ethephon application, but rose 

22-fold 24 h after application and then decreased (Fig. 3-2B). CsACS1 gene expression in peel 

was suppressed if 1-MCP was combined with ethephon and applied to the canopy; however, 

expression in FAZ was only delayed. CsACS1 expression in leaf blade and LAZ tissue was 

ethephon-responsive; with peak expression measured 4 d after application (Fig. 3-2C and 3-2D, 

respectively). Gene expression was suppressed in leaf tissues when 1-MCP was applied in 

combination with ethephon. Timing of increased CsACS1 gene expression in leaf tissues 

coincided with increased leaf drop, while in fruit tissues increased gene expression preceded fruit 

loosening. Increased expression in FAZ in response to 1-MCP alone suggests that basal ethylene 

production may be inhibitory to CsACS1 expression. CsACS2 expression was not affected by 

ethephon in any of the 4 tissues studied (Fig. A-1). 

CsACO expression in FAZ reached a maximum (6.8-fold) 6 h after application of ethephon 

and remained high until day 4, after which expression decreased (Fig. 3-2E). Treatments with 1-

MCP alone or in combination with ethephon delayed the rise in CsACO expression. Like 

CsACS1 expression, basal ethylene production may inhibit CsACO expression in FAZ. In LAZ, 

ethephon treatment increased CsACO expression, reaching a maximum of 5.7-fold 1 d after 

application and then falling to control levels after day 4 (Fig. 3-2F). Ethephon had very little 

effect on CsACO expression in leaf blade and fruit peel (Fig. A-1). 

Expression of Ethylene Receptor and Signaling Genes 

CsERS1 was ethylene responsive in all four tissues examined (Fig. 3-3). In fruit peel (Fig. 

3-3A) and FAZ (Fig. 3-3B), expression increased to a maximum 6 h after application and 
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gradually declined to control levels 4 and 2 d after application, respectively. CsERS1 expression 

increased gradually in leaf blade (Fig. 3-3C) and LAZ (Fig. 3-3D) to a maximum of 2.1- and 2.6-

fold after 2 and 1 d of application, respectively. CsETR1 expression was induced by ethephon in 

fruit peel (Fig. A-2). The maximum increase in expression (2.2-fold) occurred after 1 d of 

application and decreased to control levels on day 4. In LAZ, CsETR1 expression increased in all 

three treatments after 6 h of application and reduced to control levels on day 1. Similar to 

CsERS1, expression of CsETR2 was ethylene responsive in all four tissues (Fig. 3-4). Ethephon-

induced expression in fruit peel and FAZ (Fig. 3-4A and 3-4B) was higher than control after 6 h, 

1 and 2 d after treatment and then dropped to control levels. In leaf blade and LAZ (Fig. 3-4C 

and 3-4D), ethephon induced maximum increase in CsETR2 expression after 1 d of application 

and levels in leaf blade remained higher than the control until the end of the experiment, while in 

LAZ the expression reduced to control levels after 4 d of application. Expression of CsETR3 was 

not affected by ethephon (Fig. A-2). Ethephon induced increases of receptor gene expression 

were counteracted by 1-MCP when applied in combination with ethephon. Expression of 

CsERS1 and CsETR2 were generally lower than control when 1-MCP was applied alone or in 

combination with ethephon while expression levels of CsETR1 and CsETR3 were similar to the 

control. The expression levels of CsCTR1, CsEIN2, CsEIL1 and CsEIL2 were variable but not 

significantly altered by ethephon and/or 1-MCP treatment in any of the tissues (Fig. A-3 and A-

4).  

Ethylene Sensitivity in Leaf Abscission Zones 

When potted trees were treated with continuous ethylene exposure, abscission of leaf 

blades was measured 24 h after exposure, while abscission of petioles began after 40 h (Fig. 3-

5A). Abscission of leaf blades increased rapidly to 95% after 40 h of continuous ethylene 

exposure, and after 64 h all leaf blades abscised. Abscission of bladeless petioles steadily 
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increased to 93% in 72 h and reached 100% in 88 h. When potted trees were treated with 

ethylene for 24 h and then transferred to ethylene-free air, leaf blade abscission began 12 h after 

ethylene removal, whereas petioles started to abscise 36 h after ethylene removal (Fig. 3-5B). 

After 60 h of transfer from ethylene, 57% and 13% abscission of leaf blades and petioles was 

measured, respectively. Leaf blade and petiole detachment forces indicated that reduction in 

detachment force due to ethylene treatment was similar at both abscission zones (Fig. 3-5C). The 

detachment force in both abscission zones reduced from 1 kg-force to 0.6 kg-force in 12 h and 

reached a minimum of 0.1 kg-force in 24 h.  

Discussion 

Citrus leaves and fruit abscised when treated with ethephon, but foliage appeared to 

respond more readily by dropping over 80% of the total leaves after 7 d. Apart from this 

differential intensity of response to ethephon, differential response to 1-MCP also was observed. 

Ethephon-induced leaf drop was suppressed by application of 1-MCP in combination with 

ethephon, while it had little effect on fruit loosening. Similar results were observed with 

application of 1-MCP (Pozo et al., 2004) or guanfacine, an agonist of G-protein-coupled α2A-

adrenoreceptors (Yuan et al., 2005). Since 1-MCP is a gas, penetration of 1-MCP into bulky fruit 

tissues may have been restricted but less so in leaf tissues. Absorption of 1-MCP was reported to 

vary between different plant tissues (Nanthachai et al., 2007). These differences were due to 

various cellular components such as oils, polysaccharides and lignin that alter 1-MCP absorption. 

1-MCP was absorbed faster and in greater amounts in high lipid avocado fruit than apple of 

lower lipid content (Dauny et al., 2003). Choi and Huber (2009) reported that 1-MCP absorption 

ranged from 34% to 94% in fruit and vegetable tissues depending on the type of polysaccharide, 

with xyloglucan exhibiting the lowest absorption (34%) followed by cellulose (38%), starch 

(49%) and esterified pectin (94%). Among the aliphatic components of lipid-derived polymers, 
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citrus leaves contain a higher percentage of fatty alcohols and fatty acids than citrus fruit peel 

while peel has a higher percentage of ω-hydroxy acids, dicarboxylic acids and polar acids than 

leaves (Espelie et al., 1980). Pectin content was slightly higher in citrus fruit flavedo (270 mg g
-1

 

dry weight) than in leaf blade (220 mg g
-1

 dry weight; Liao and Burns, unpublished data). In 

whole fruit, pectin is expected to be much higher than in leaves due to the highly pectinaceous 

albedo. Nonetheless, our gene expression data indicated that 1-MCP penetrated flavedo and fruit 

abscission zone tissues sufficiently because ethephon-induced receptor gene expression was 

suppressed. Thus, differences in oil, polysaccharide, lignin and pectin content cannot solely 

account for differential response observed in fruit and leaves. 

Alternatively, regeneration of new receptor sites could play a role in the differential 

abscission response. When ethylene and 1-MCP are co-applied to tissues, 1-MCP preferentially 

binds to the receptors, but there is no 1-MCP binding preference between receptor types (Hall et 

al., 2000). Since 1-MCP was applied as a gas to citrus canopies in an open environment, it would 

be available only for a short duration, while release of ethylene into plant tissues from liquid 

ethephon solution could take place after several hours of application (Domir and Foy, 1978; 

Perry and Gianfagna, 1987). Though more than 50% of ethephon was dissociated to ethylene 

within 24 h of application, ethylene release continued to occur for 96 h in leaves of tobacco 

(Domir and Foy, 1978) and peach (Perry and Gianfagna, 1987). Several studies indicated that 

new receptors were synthesized after 1-MCP was bound to available receptors (Binder et al., 

2004; Blankenship and Dole, 2003). In avocado, two applications of 1-MCP at 10 d intervals 

were required to prevent fruit softening (Pesis et al., 2002) and 1-MCP was effective in 

increasing vase life of hibiscus flowers only by continuous exposure for 15 h (Reid et al., 2002). 

Application of 1-MCP delayed ripening of avocado and tomato by 2 weeks and 5-10 d, 
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respectively (Feng et al., 2000; Wills and Ku, 2002). If new receptors were synthesized and 

incorporated into the endoplasmic reticulum, rate of new receptor regeneration must have varied 

between tissues. The amount or rate of receptor regeneration in mature citrus fruit could be much 

lower than in leaves, creating a situation of lower new and functioning receptor numbers in fruit. 

Since low receptor number is associated with greater ethylene sensitivity (Hua and Meyerowitz, 

1998; Klee, 2004; Tieman et al., 2000), residual ethylene released from decaying ethephon could 

be sufficient to allow fruit loosening to continue. 

Although several studies indicated that ethylene plays a major role in accelerating 

abscission, ethylene is likely not required to initiate the abscission process. Studies in tulip 

(Sexton et al., 2000), orchids (van Doorn, 2002) and Arabidopsis (Patterson and Bleecker, 2004) 

revealed that ethylene was not necessary for abscission to occur. Patterson and Bleecker (2004) 

developed five Arabidopsis mutants that were ethylene-responsive but abscission of floral organs 

was not affected by exogenous ethylene. Recently, existence of alternate signaling pathway for 

ethylene was hypothesized (Xu et al., 2008). Two FEI proteins (leucine-rich repeat receptor-like 

kinases) were identified to act in a novel ethylene signaling pathway during cell wall 

development in Arabidopsis. These proteins were shown to interact directly with ACS proteins, 

suggesting a potential by-pass mechanism leading to ethylene perception-independent ethylene 

responses. Application of 1-MCP did not prevent ethephon-induced abscission of mature fruit 

(Fig. 2B). Although it is possible that an ethylene perception-independent pathway leading to 

responses such as abscission exists in mature citrus fruit, one would have to assume that all 

receptors were bound by 1-MCP. There was no attempt in this study to quantify receptor number 

or binding of 1-MCP to the receptors and the presence or operation of a functional ethylene 
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signaling-independent pathway that participates in citrus abscission cannot be confirmed or 

discounted. 

Changes in transcript accumulation of ethylene biosynthetic and signaling genes were 

associated with ethylene responses in citrus (Katz et al., 2004), Arabidopsis (Binder et al., 2004), 

tomato (Wilkinson et al., 1995; Barry et al., 2000), plum (Fernández-Otero et al., 2007), 

carnation (Tanase et al., 2008), Alstroemeria (Wagstaff et al., 2005), apple (Dal Cin et al., 2005) 

and peach (Rasori et al., 2002). CsACS1, CsACO, CsERS1 and CsETR2 expression in fruit peel, 

leaf blade and LAZ increased when ethephon was applied and was suppressed when 1-MCP was 

combined with ethephon application. In contrast, expression differed in FAZ. Although CsERS1 

and CsETR2 expression was suppressed when 1-MCP was combined with ethephon, expression 

of the biosynthetic genes CsACS1 and CsACO was only delayed. Moreover, basal ethylene 

production suppressed gene expression, as application of 1-MCP alone relieved this suppression. 

Alternatively, saturation of ethylene receptors by 1-MCP may trigger ethylene biosynthetic gene 

expression in a feedback regulatory mechanism (McCollum and Maul, 2007). Since 1-MCP 

alone increased expression of biosynthetic genes but did not cause fruit loosening, reduction in 

FDF was poorly correlated with CsACS1 and CsACO gene expression. Increase in expression of 

CsERS1 and CsETR2 genes is contradictory to the role of ethylene receptors as negative 

regulators in the signaling pathway. Though these genes are ethylene responsive, gene 

expression may not correlate with the actual number of active receptor proteins as reported in 

tomato (Kevany et al., 2007). Expression of CsCTR1, CsEIN2, CsEIL1 and CsEIL2 remained 

unchanged due to ethephon treatment. Post-transcriptional regulation may play a role in citrus as 

postulated in tomato and Arabidopsis (Kieber et al., 1993; Leclercq et al., 2002; Gao et al., 

2003). Though the mechanism is not clear in CTR1 and EIN2, post-transcriptional regulation of 
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EIN3 and EIN3-like (EIL) protein was described by Guo and Ecker (2003). Degradation of EIN3 

protein occurs through an ubiquitin/proteasome pathway mediated by two F box proteins, EBF1 

(EIN3-binding F box protein 1) and EBF2. This pathway is inactive in the presence of ethylene 

resulting in increased accumulation of EIN3 protein. Analyzing the protein expression of CTR1, 

EIN2 and EILs could help to explain differential abscission responses in citrus. 

Taken together, leaves and fruit respond differentially to ethephon and/or 1-MCP. 

Although differences were seen in timing and intensity of gene expression levels, the most 

significant differences were measured in ethylene biosynthetic gene expression in FAZ and LAZ. 

During the course of this study, it was shown that the timing of ethephon-induced abscission 

associated with the two abscission zones located in leaves were different. Soon after ethephon 

application in citrus, the leaf blade abscised first, followed days later by the subtending petiole. 

However, differences in timing of abscission of the blade and petiole could not be attributed to 

differences in ethylene sensitivity. Although abscission occurred earlier in the LAZ than the 

petiolar abscission zone when treated with ethylene, the reduction in detachment force at both 

locations was similar. Since force is directly proportional to mass (force = mass * acceleration) 

and the average weights of leaf blade and petiole are 579 mg and 36 mg, respectively, much 

more downward force was exerted by the leaf blade than by the petiole. The total force exerted 

by the leaf blade may not be transferred to the petiolar abscission zone due to the presence of the 

weakened LAZ. This might have caused earlier abscission of the leaf blade at the LAZ than at 

the petiolar abscission zone. Further work on quantifying the number of receptors in leaf and 

fruit tissues and the regeneration capacity of receptors would more fully elucidate the basis of 

this differential abscission response. 
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Table 3-1. Primer sequences designed using Primer Express software and concentrations used to assess ethylene biosynthetic and 

perception gene expression for real-time PCR in „Valencia‟ sweet orange. The genes are 1-amino-cyclopropane-1-

carboxylate synthase 1 (CsACS1) and 2 (CsACS2), 1-amino-cyclopropane-1-carboxylate oxidase (CsACO), ethylene 

response sensor 1 (CsERS1), ethylene response 1 (CsETR1), 2 (CsETR2) and 3 (CsETR3), constitutive triple response 1 

(CsCTR1), ethylene insensitive 2 (CsEIN2), ethylene insensitive 3-like 1 (CsEIL1) and 2 (CsEIL2), and glyceraldehyde 3-

phosphate dehydrogenase (CsGAPDH). 

 

Gene Forward Primer Reverse Primer 

Final concentration 

of each primer (µM) 

CsACS1 5‟-TTCGAATCCACTAGGCACAACTT-3‟ 5‟-CAACGCTCGTGAACTTAGGAGA-3‟ 0.5  

CsACS2 5‟-GATGGCGTTATGGCAAGTGA-3‟ 5‟-GAGCAATTTCCATCGTCCGA-3‟ 0.4  

CsACO 5‟-AAGATGGCCAGTGGATTGATG-3‟ 5‟-TCACCGAGGTTGACAACAATG-3‟ 0.4  

CsERS1 5‟-TTGTGGACTGACTCACTTCATAAGC-3‟ 5‟-ATGACACAAAAGCACAAGCC-3‟ 0.4  

CsETR1 5‟-TCGTCAGCAGAATCCTGTTGG-3‟ 5‟-GGCCTTAATCTTGCTACTGGACA-3‟ 0.8  

CsETR2 5‟-AACTTCGCCCATCCATTGC-3‟ 5‟-TCACCGTCAGCTAATAAAACTTGC-3‟ 0.4  

CsETR3 5‟-GGCACAATAGCAAAGAAATTAAGGAG-3‟ 5‟-CGTGCAAGACCCTGATAGTTAGG-3‟ 0.3  

CsCTR1 5‟-GTGGATGGCACCGGAAGTT-3‟ 5‟-GAATTTCTCCAAGGTTTTTGCAG-3‟ 0.4  

CsEIN2 5‟-GAAAAGGATGATGATGAAGCAGATT-3‟ 5‟-GAAGCCGGACCATCAGACAT-3‟ 0.2  

CsEIL1 5‟-ACAGAGCAAGAGTAAGGAATGTGTTG-3‟ 5‟-TCTTGTGCCCGAGACATCTTC-3‟ 0.4  

CsEIL2 5‟-GGGCTGAAGATGAGCCAAACT-3‟ 5‟-CATAAGGTGGTTGTTGATTCGGTA-3‟ 0.5  

CsGAPDH 5‟-GGAAGGTCAAGATCGGAATCAA-3‟ 5‟-CGTCCCTCTGCAAGATGACTCT-3‟ 0.2  
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Figure 3-1. Percentage of leaf drop (A) and fruit detachment force, FDF in kg-force (B) in 

„Valencia‟ sweet orange after treatment with 450 L L
-1

 ethephon (■), 5 mM 1-MCP 

(○), ethephon + 1-MCP (□) or control (●). Vertical bars through markers represent SE 

of the mean. Where bars are not visible, markers are larger than SE. 
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Figure 3-2. Gene expression of CsACS1 in fruit peel (A), fruit abscission zone (B), leaf blade (C) 

and leaf abscission zone (D) and expression of CsACO in fruit abscission zone (E) 

and leaf abscission zone (F) of „Valencia‟ sweet orange. Data represent relative 

change in gene expression normalized with respect to T0 control (- - -). Trees were 

treated with 450 L L
-1

 ethephon (■), 5 mM 1-MCP (○), or ethephon + 1-MCP (□). 

Vertical bars through markers represent SE of the mean. Where bars are not visible, 

markers are larger than SE.  
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Figure 3-3. Gene expression of CsERS1 in fruit peel (A), fruit abscission zone (B), leaf blade (C) 

and leaf abscission zone (D) of „Valencia‟ sweet orange. Data represent relative 

change in gene expression normalized with respect to T0 control (- - -). Trees were 

treated with 450 L L
-1

 ethephon (■), 5 mM 1-MCP (○), or ethephon + 1-MCP (□). 

Vertical bars through markers represent SE of the mean. Where bars are not visible, 

markers are larger than SE. 
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Figure 3-4. Gene expression of CsETR2 in fruit peel (A), fruit abscission zone (B), leaf blade (C) 

and leaf abscission zone (D) of „Valencia‟ sweet orange. Data represent relative 

change in gene expression normalized with respect to T0 control (- - -). Trees were 

treated with 450 L L-1 ethephon (■), 5 mM 1-MCP (○), or ethephon + 1-MCP (□). 

Vertical bars through markers represent SE of the mean. Where bars are not visible, 

markers are larger than SE. 
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Figure 3-5. Percentage of abscission of leaf blade (■) and petiole (□) in „Valencia‟ sweet orange 

when treated with 5 L L
-1

 of ethylene for 88 h (A) or 24 h followed by transfer to 

ethylene-free air (B). Detachment force (C) of leaf blade and petiole was measured on 

organs from potted trees treated as in (B). Time of watering is indicated by  and 

white and black bars indicate light and dark conditions, respectively. Vertical bars 

through markers represent SE of the mean. Where bars are not visible, markers are 

larger than SE. 
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CHAPTER 4 

DIURNAL FLUCTUATION OF ETHYLENE BIOSYNTHETIC AND SIGNALING GENE 

EXPRESSION LEVELS: EFFECT ON „VALENCIA‟ ORANGE FRUIT AND LEAF 

ABSCISSION 

Introduction 

Diurnal fluctuations are oscillations or repetitive variations that occur over a period of ~24 

h. Such variations are controlled by external cues such as daily changes in light and temperature. 

Stomatal movement is a typical example of diurnal fluctuation that is affected by light and 

temperature (Yemm and Willis, 1954). Diurnal fluctuations cease when external cues are 

removed or held constant. Another type of oscillation is circadian rhythm. Circadian rhythms are 

endogenously generated and self-sustaining over a period of approximately 24 h, and persist 

under constant environmental conditions such as constant light and dark, or constant 

temperature. When temperature varies, amplitude of fluctuations is affected, but the presence and 

period of oscillations do not change. Mimosa leaf movement is a classic example of a circadian 

rhythm, as movement occurs in constant dark (McClung, 2006). Arabidopsis exhibits numerous 

circadian rhythms, including the elongation rate of abaxial and adaxial cells of the petiole 

(Engelmann and Johnsson, 1998; Dowson-Day and Millar, 1999) and even transcription. Since 

many physiological processes are regulated by light and plant hormones, the effect of light on 

hormone synthesis and action play important roles in regulating such processes. Diurnal 

regulation has been reported for auxin production and signaling (Covington and Harmer, 2007; 

Liao and Burns, unpublished data) and diurnal regulation of hormone levels was reported for 

ethylene, cytokinin, abscisic acid, gibberellic acid, and in particular, ethylene (Lipe and Morgan, 

1973; Cowling and Harberd, 1999; Nováková et al., 2005). Ethylene is a gaseous plant hormone 

that regulates a number of plant growth and developmental processes such as growth and 

differentiation of roots and shoots, formation of adventitious roots, flower opening, fruit 
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ripening, abscission of leaves and fruit, and senescence (Abeles et al., 1992).  Steps involved in 

ethylene perception and biosynthesis are well documented (Adams and Yang, 1979; Nehring and 

Ecker, 2004). 

Diurnal fluctuation of ethylene evolution in plants was initially observed in young fruit of 

cotton (Lipe and Morgan, 1973), in leaves of Vicia faba (El-Beltagy and Hall, 1974) and in 

leaves of tomato (El-Beltagy et al., 1976). Since light might be required for ethylene biosynthesis 

(Yang, 1968) and low production of ethylene was observed under dark conditions, Lipe and 

Morgan (1973) speculated that these fluctuations were the result of daily changes in light and 

temperature. The degree of stomatal opening may be a major diffusion pathway for ethylene, 

though diurnal fluctuation in the internal ethylene concentration in leaves of Vicia faba did not 

correlate with the stomatal opening (El-Beltagy and Hall, 1974). Studies with constant light or 

dark growth conditions revealed that ethylene biosynthesis was regulated by the circadian clock 

and diurnal conditions. Rikin et al. (1984) reported that conversion of the ethylene biosynthesis 

precursor ACC to ethylene in detached cotton cotyledons was regulated by light and an earlier 

step in ethylene biosynthesis was regulated by circadian rhythms. In contrast, Jasoni et al. (2002) 

showed that synthesis of ACC was directly affected by light and was not regulated by the 

circadian clock, whereas synthesis of ethylene from ACC was controlled by the circadian clock. 

This apparent discrepancy could be due to choice of plant material or differences in intact and 

detached organs; nevertheless, diurnal fluctuations were evident. 

Abscission is a physiological response regulated by ethylene in citrus (Greenberg et al., 

1975; Huberman et al., 1983; Goren, 1993) and fluctuations in ethylene synthesis could play a 

role in regulating the abscission process. Gene expression levels and enzyme activities of cell 

wall hydrolases like cellulase and polygacturonase were induced in abscission zones during 
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abscission (Burns et al., 1998). Treatment with ethylene triggered the accumulation of cellulase 

transcripts followed by an increase in cellulase activity in fruit abscission zones (FAZ) of 

„Valencia‟ orange (Kazokas and Burns, 1998) and leaf abscission zones (LAZ) of cotton (Mishra 

et al., 2008). Changes in enzyme activities in the ethylene biosynthesis pathway occur during 

abscission. Increase in ACS and ACO enzyme activities and subsequent increase in ethylene 

production were observed in abscising tissues. During abscission of grapevine fruitlets, an 

increase in ACC content and ACO activity occurred, resulting in increased ethylene production 

(Hilt and Bessis, 2003). Ethylene-induced abscission of cotton leaves was associated with an 

increase in ACS and ACO activities (Mishra et al., 2008). Gene expression levels of CsACS1 and 

CsACO but not CsACS2 were induced by ethephon (an ethylene releasing abscission agent) in 

citrus FAZ (Yuan et al., 2005). Hence abscission is closely correlated with changes in the gene 

expression and enzyme activities in ethylene biosynthesis pathway. 

Research on daily changes in fruit detachment force (FDF) in citrus mature fruit suggests 

that abscission may be diurnally regulated (Pozo et al. 2007). Changes in FDF, fruit drop, and 

leaf drop were greater when abscission agents were applied in mid-day when compared to 

morning or evening hours (Pozo et al., 2007; Malladi and Burns, 2008), suggesting diurnal 

control. Little information is available, however, on diurnal fluctuation of ethylene biosynthetic 

and signaling gene transcription that may underpin daily abscission changes and alter efficacy of 

abscission agents. In this report, diurnal fluctuation of transcript accumulation of genes involved 

in ethylene biosynthesis and signaling pathways was analyzed in leaf blades, LAZ, fruit peel and 

FAZ. Knowledge of such fluctuations may lead to better abscission compound application timing 

in agricultural systems to improve management of the response. We hypothesized that diurnal 
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fluctuation in ethylene signaling and biosynthetic gene expression could play a role in ethylene 

sensitivity and response to abscission agents during different times of the day. 

Materials and Methods 

Diurnal Fluctuation in Leaf Blades, Leaf Abscission Zones, Fruit Peel and Fruit Abscission 

Zones 

Citrus sinensis cv. „Valencia‟ trees (17 years of age on Swingle rootstock) were selected 

from an experimental grove located at the Citrus Research and Education Center, Lake Alfred, 

FL. There were four replications and one tree was used for each replication. Samples of leaf 

blade, LAZ, fruit peel and FAZ were collected from random canopy locations every 4 h for 2 d. 

Solar radiation data was obtained from Florida Automated Weather Network (FAWN; 

http://fawn.ifas.ufl.edu/). Solar radiation was measurable from dawn at 5:45 am until the end of 

dusk at 7:15 pm. 

Leaf blade and LAZ were collected from 10 leaves/replicate at each sampling time. Mid-

section of the leaf blade was used and LAZ were excised using a razor blade as described (Yuan 

et al., 2005). Fruit peel and FAZ were collected from four fruit/replicate. Fruit flavedo was 

removed from the equatorial area of each fruit using a potato peeler. FAZ were removed from 

fruit using a 1 cm diameter cork borer. The pedicel, calyx and albedo surrounding the abscission 

zone were trimmed away using a razor blade, leaving approximately the 4 mm thick FAZ intact. 

Tissues were frozen in liquid nitrogen immediately after sampling and stored at -80 °C until 

needed. 

Light and Dark Studies in the Growth Room 

Fluctuation of gene expression in leaf blade was studied in 7-year old potted „Valencia‟ 

trees placed in growth room at 25/19 °C temperature with 12h/12h light and dark cycles (light: 6 

am to 6 pm; dark: 6 pm to 6 am). Light intensity in the growth room was 230-260 µmol m
-2

 s
-1

. 
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After 1 week of entrainment of potted trees under these conditions, the start of light cycle at 6 am 

was considered as T0 and sampling was done every 4 h for 2 d starting at 9 am. There were four 

replicates and samples were collected randomly from two potted trees per replication. 

To determine the effect of light on fluctuations in gene expression, 7-year old potted 

„Valencia‟ trees were entrained in the growth room for 1 week under conditions mentioned 

above, except that temperature was maintained at a constant 24 °C. After the entrainment period, 

trees were transferred to constant light or dark conditions at 6 pm (T0) and kept at 24 °C for the 

duration of the experiment. There were four replicates and samples were collected randomly 

from two potted trees per replication. Leaf blade samples were collected as described above from 

each replicate every 4 h for 2 d starting from 10 pm after transfer to constant light or dark 

conditions. Two samples were collected 2 and 8 h prior to transfer to constant light or dark. 

Diurnal Effects on Abscission Agent Efficacy in the Field 

„Valencia‟ orange trees were selected from the same experimental grove as mentioned 

above. Trees were sprayed until run-off with 450 L L
-1

 of ethephon at 8 am, 2 pm, 8 pm or 2 

am using a motorized backpack sprayer. Control trees were sprayed with water and four trees 

were used for each treatment. Leaf drop and fruit detachment force were measured every 24 h 

after application for up to 4 d. Ten branches (each with about 100 leaves; approximately 1 year 

old) per treatment were tagged randomly from four trees and each branch was used as a replicate 

to follow leaf drop. Leaf count was taken on these branches and percentage of leaf drop was 

calculated. FDF was measured on five fruit/replication with 4 replicates using Force One digital 

force gauge (Wagner Instruments, Greenwich, CT). Analysis of variance (ANOVA) was 

performed using Statistical Analysis System (version 9.1; SAS Institute Inc., Cary, NC) and 

mean separation was done by Duncan‟s multiple range test. 
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Diurnal Effects on Abscission Agent Efficacy at Constant Temperature 

Potted „Valencia‟ trees (7-year old) were kept in a growth room at constant temperature 

(25 °C) with 12h/12h light and dark cycles (light: 6 am to 6 pm and dark: 6 pm to 6 am). Trees 

were entrained under growth room conditions for 1 week and subsequently sprayed until run-off 

with 450 L L
-1

 of ethephon at 8 am, 2 pm, 8 pm and 2 am. Control trees were sprayed with 

water and one potted tree was used for each treatment. Four branches (each with about 50 leaves; 

approximately 1 year old) per treatment were randomly selected and each branch was used as a 

replicate to follow leaf drop. Leaf count was taken every 24 h after application for up to 4 d and 

percentage of leaf drop was calculated. Statistical analysis was performed as described above. 

RNA Extraction and Gene Expression 

RNA was extracted from 0.5 g of flavedo, 0.5 g of leaf blade, 4 FAZ (approximately 0.3 g) 

and 10 LAZ (approximately 0.2 g). The tissue was ground into fine powder and suspended in 1 

mL TRI Reagent (Molecular Research Center, Cincinnati, OH). Chloroform (200 µL) was added 

and the mixture vortexed thoroughly. The samples were incubated on ice for 15 min and 

centrifuged at 20,000 g for 15 min at 4 °C. RNA was extracted from the aqueous fraction using 

RNeasy mini kit (Qiagen, Valencia, CA). First strand cDNA was synthesized from 1 µg of RNA 

using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) in a 20 μL reaction. 

Primers for real-time PCR (Table 3-1; 5‟-ATGGAACATCGGCAACAGAAGT-3‟ and 5‟-

GTAACTGAGCTTCACATCCTCCAA-3‟ for PG; 5‟-GGAAGATTGCCGCCTAACC-3‟ and 

5‟-TCCGCCCACTAGATCAACATG-3‟ for Cel-a1) were designed by using the software 

Primer Express 3.0 (Applied Biosystems, Foster City, CA). Gene expression was analyzed using 

Real-Time PCR (model 7500 Fast Real-Time PCR System, Applied Biosystems, Foster City, 

CA) using 2x SYBR Green PCR Master Mix sold by the manufacturer of the instrument. One 

microliter of cDNA was used in a 20 µL reaction. Glyceraldehyde 3-phosphate dehydrogenase 
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(CsGAPDH) was used as a constitutively expressed gene to normalize differences in 

concentration of template that may have occurred in each replicate. Relative gene expression was 

calculated using comparative CT (threshold cycle) method (Livak and Schmittgen, 2001). For 

each sample, the CT value for the gene of interest was subtracted from the CT value of 

CsGAPDH (∆CT). ∆∆CT was calculated by subtracting ∆CT of one T0 control replicate from the 

∆CT of all individual replications for all treatments at each time point. The relative gene 

expression was calculated by the formula 2
-∆∆CT

. Standard error of the mean was calculated from 

the four biological replicates. 

Results 

Diurnal Fluctuation of Ethylene Biosynthetic Genes 

In the field, diurnal fluctuations with a period of approximately 24 h were measured in all 

ethylene biosynthetic gene expression examined and in most tissues. Diurnal fluctuation of 

CsACS1 expression was evident in leaf blade (Fig. 4-1). In leaf blade, phase of peak expression 

occurred 12 to 16 h after the start of dawn or light period (6 pm to 10 pm) and the phase of 

minimum expression occurred 11 to 15 h after dusk or dark period (6 am to 10 am), although this 

was somewhat variable. During the second 24 h of measurement, LAZ had two peaks of 

expression. In FAZ, a small but noticeable phase occurred in the first 24 h and a stronger phase 

was measured in the second phase. No CsACS1 expression was detected in fruit peel. CsACS2 

expression fluctuated in all the 4 tissues examined (Fig. 4-2). The 3- to 4-fold change in 

amplitude was similar in all four tissues, but the phase and periods were not consistent within the 

48 h measurement time and between tissues. In leaf blade, one peak was noticed during the first 

phase while two peaks were noticed during the second. Fluctuation of CsACO was evident in leaf 

blade but phase and period inconsistencies were noted (Fig. 4-3). Although marked changes in 

CsACO expression were noticed in fruit peel no rhythmic pattern of fluctuation was observed. 
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CsACO expression was low and diurnal patterns were not discernable in LAZ and FAZ. In 

general, when fluctuations occurred, the three biosynthetic genes increased in expression during 

the day and reached maximum at the end of the day and declined during the night, reaching a 

minimum value in the morning. 

Similar to field samples, CsACS2 and CsACO fluctuated diurnally with a period of 

approximately 24 h in leaf blades collected from potted trees grown in the growth room (Fig. 4-2 

and 4-3). However, the phase of peak and minimum expression was delayed. For both genes, the 

phase of maximum expression was measured 3 h after the start of the dark cycle and the phase of 

minimum expression was measured 3 to 7 h after the start of the light cycle. No expression was 

detected for CsACS1 in leaf blades from growth room studies.  

Diurnal Fluctuation of Ethylene Receptor and Signaling Genes 

Receptors 

Diurnal fluctuation in all tissues examined was more consistent in CsETR3 than in 

CsERS1, CsETR1 and CsETR2. Fluctuation in CsETR3 had higher amplitude than other receptor 

genes. All four tissues studied fluctuated with a period of 24 h and the phase of peak gene 

expression occurred 12 h after start of dawn (6 pm; Fig. 4-4). Fluctuations in CsERS1 occurred in 

LAZ and FAZ with a period of 24-28 h with expressions generally lower during the day and 

higher during the night (Fig. 4-5). Although gene expression in leaf blade was lower at day and 

higher at night during the first 24 h measurement period, changes were inconsistent during the 

second phase. No change in CsERS1 expression was observed in fruit peel over the 48 h 

measurement period. Diurnal fluctuations were evident in leaf blade, LAZ and FAZ but not in 

fruit peel for CsETR1 expression (Fig. 4-6). The phase and period were inconsistent in leaf blade 

during the 48 h period. However, in LAZ and FAZ the phase and period were consistent, with 

phase of peak expression occurring 3 to 7 h after dusk (10 pm to 2 am). In leaf blade and fruit 
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peel, CsETR2 expression was higher during night and lower during day, but phase and period 

were not consistent (Fig. 4-7). In LAZ and FAZ, fluctuation occurred with 24 h period but 

amplitude varied between the two oscillations. 

Similar to field observations in leaf blade, diurnal fluctuation was noticed in expression of 

CsETR2 and CsETR3, but not in CsERS1 in leaf blade from potted trees grown in the growth 

room. Although CsETR1 fluctuated in leaf blades collected from field grown trees, no fluctuation 

was observed in leaf blades from trees grown in the growth room. The amplitude and phase of 

CsETR3 fluctuation were similar in field and growth room studies, while the phase of CsETR2 

expression was delayed by 7 h in leaf blades collected from the growth room as compared to 

those collected from field grown trees. 

In general, the expression levels of CsERS1, CsETR1 and CsETR2 were lower during 

middle of the light period and reached a maximum level during the middle of the dark period. 

But CsETR3 expression was minimum at the start of the light period and gradually increased 

during the day after which expression started to decline during the night. So CsETR3 not only 

fluctuated the most among the receptors, but also had a unique pattern compared to the other 

receptors. 

Downstream signaling elements 

Fluctuation of CsCTR1 (Fig. 4-8) expression was more prominent in leaf (blade and LAZ) 

than in fruit tissues (peel and FAZ). In leaf blade and LAZ, fluctuation occurred with an 

approximate period of 24 h and an amplitude of 3- to 5-fold change. The phase of peak 

expression occurred 12 h after start of dawn (6 pm) and decreased gradually during the night. In 

peel, changes in CsCTR1 expression were small, nevertheless, the changes followed a similar 

trend as in leaf tissues. Fluctuations in FAZ expression were low and the phase broad during the 

first period and were more prominent in the second period, with phase occurring 12 h after start 
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of dawn (6 pm). Fluctuation of CsEIL1 expression was more evident in LAZ than in other tissues 

(Fig. 4-9). The amplitude of fluctuation was 2-fold change with expression increasing during the 

day and decreasing during the night. CsEIL1 expression was low and variable in leaf blade.  

Expression appeared to fluctuate diurnally in fruit peel and FAZ with small changes in 

expression. Fluctuation of CsEIL2 was observed in all four tissues examined with an 

approximate period of 24 h (Fig. 4-10). The phase of peak expression occurred 3 or 7 h after 

dusk (10 pm or 2 am). None of the tissues examined exhibited diurnal fluctuation of CsEIN2 

expression (Fig. B-1). 

In leaf blades collected from trees grown in the growth room, diurnal fluctuation was 

observed in CsCTR1, CsEIL1 and CsEIL2 but not in CsEIN2 (Fig. 4-8, 4-9, 4-10 and B-1). 

Although CsEIL1 did not fluctuate in leaf blades collected from field grown trees, fluctuations 

were observed in those collected from potted trees in the growth room. All three genes fluctuated 

with amplitude of 2- to 3-fold change with phase of peak expression occurring 1 h before or 3 h 

after the start of the dark cycle. 

Overall, expression of CsCTR1, CsEIL1 and CsEIL2 fluctuated diurnally with expression 

increasing during the day and reaching a maximum at the end of the light period. 

Diurnal Fluctuation of Cel-a1 and PG  

The expression levels for CsPG and CsCel-a1 were studied only in the abscission zones 

(Fig. 4-11). Expression of CsCel-a1 fluctuated diurnally, with the amplitude greater in the 

second period. Although CsPG expression in FAZ fluctuated during the first period, expression 

was erratic during the second period. Diurnal fluctuation was noted in LAZ, but period and 

amplitude were low and variable. 
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Constant Light or Dark Studies in the Growth Room 

To study the influence of light on diurnal fluctuation, gene expression was studied in leaf 

blades of plants grown under constant light or constant dark conditions. Gene expression was 

monitored for CsACS2, CsACO, CsETR2, CsETR3, CsCTR1, CsEIL1 and CsEIL2 that showed 

distinct diurnal patterns in 12 h day/night cycles reported above. Loss of period, amplitude or 

phase was noted in all gene expression levels examined in constant light or dark conditions (Fig 

4-12 and 4-13). Expression of CsACS2 did not fluctuate in either constant light or constant dark 

conditions. In constant light, CsACO expression fluctuated without consistent period and phase, 

but in constant dark, expression was dampened. Similar patterns were measured for CsETR2, 

CsETR3 (Fig 4-12), CsCTR1, CsEIL1 and CsEIL2 (Fig 4-13) expression. 

Diurnal Effects on Abscission Agent Efficacy in the Field 

Efficacy of ethephon application at different times of the day was studied. After 4 d of 

ethephon application, percentage of leaf drop was maximum (86%) when applied at 2 pm and 

was least (32%) when applied at 2 am (Fig. 4-14A and 4-15). When application was done at 8 

am or 8 pm, leaf drop was at intermediate levels with 43% or 59%, respectively, after 4 d of 

application. FDF was also least when application was done at 2 pm followed by 8 pm and 

maximum at 8 am and 2 am (Fig 4-14B). After 4 d of application, FDF was reduced to 41%, 

50%, 77% or 78% of control when ethephon was applied at 2 pm, 8 pm, 8 am or 2 am, 

respectively. Hence, maximum efficacy was achieved when ethephon was applied at 2 pm. 

Diurnal Effects on Abscission Agent Efficacy at Constant Temperature 

To test if the differences in abscission efficiency were due to differences in temperature at 

the time of application, ethephon was applied on potted trees grown in the growth room 

maintained at constant temperature (25 °C). Similar to field application, percentage of leaf drop 

was maximum when application was done at 2 pm and was minimum at 2 am (Table 4-1). 
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Hence, differences in efficacy of the abscission agent were not attributed to the differences in 

temperature alone at the time of application. However, the amount of leaf abscission was much 

lower in growth room studies and could have been due to differences in age of trees, lower 

temperature and lower light intensity in the growth room. 

Discussion 

Diurnal fluctuation of gene expression was observed in most of the genes analyzed in at 

least one of the tissues tested. All three biosynthetic genes studied increased in expression during 

the day and decreased during the night, although their patterns were variable within and between 

tissues. Increased expression of ethylene biosynthetic genes corresponded with increase in 

ethylene production measured in citrus leaves (Malladi and Burns, unpublished work). Similar 

correlation between biosynthetic gene expression and ethylene production was reported in 

Arabidopsis (Thain et al., 2004). Similar to ethylene, fluctuations in transcripts involved in auxin 

biosynthesis and signaling have been reported and these fluctuations could regulate fluctuation of 

auxin content (Jouve et al., 1999; Covington and Harmer, 2007). The circadian clock regulated 

fluctuations in auxin biosynthetic and signaling gene expression. Unlike auxin, expression of 

citrus ethylene biosynthetic and signaling genes were highly regulated by light as revealed by 

constant light or dark studies. Light- and clock-regulated elements were identified in the 

promoter regions of several genes (Folta and Kaufman, 1999; Harmer et al., 2000; Hudson and 

Quail, 2003; Chatterjee et al., 2006; Liao and Burns, 2010). Presence of one or more of these 

elements in promoter regions of ethylene biosynthetic and signaling genes could regulate 

fluctuations of these gene expression levels. 

Apart from light- and circadian-regulated elements, fluctuation in ethylene biosynthesis 

could have a direct effect on the changes in expression of the ethylene receptor genes. 

Exogenous ethylene treatment induced receptor gene expression as early as 6 h after ethylene 
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application (Chapter 3, Ciardi et al., 2000; Binder et al., 2004). The diurnal rise and fall 

measured in ethylene biosynthetic gene expression preceded that of four ethylene receptors, 

suggesting that fluctuations in ethylene biosynthesis could have a direct effect on the fluctuations 

of ethylene receptor gene expression levels by changing internal ethylene concentrations. 

The rise and fall in gene expression suggests that the diurnal pattern is regulated by 

transcription rate and transcript degradation. Posttranscriptional degradation of mRNAs occurs 

through gene silencing mediated by micro-RNA (Bartel 2004). In Arabidopsis micro-RNAs were 

identified to target several mRNAs, and one micro-RNA, miR407a targeted ACO (Sunkar and 

Zhu, 2004). Such a mechanism could exist in citrus that results in a diurnal pattern of ethylene 

biosynthetic and signaling gene expression. 

To test if fluctuations were diurnal or regulated by the circadian clock, gene expression 

levels were studied in potted trees grown under continuous light or dark conditions. Though 

CsACO fluctuated under constant light conditions, the resulting erratic phase and period, and 

declining amplitude suggested that fluctuation would have disappeared over an extended period 

of time. Lack of fluctuation and rapid decline in expression under constant dark indicate that 

CsACS2 and CsACO expression were tightly regulated by light. This is in contrast to the 

observations in cotton where fluctuations were regulated by both diurnal and circadian clocks 

(Rikin et al., 1984; Jasoni et al., 2002). The primary regulating mechanism of diurnal changes in 

gene expression appears to be species specific. CsACS1 expression was undetectable in leaf 

blade tissues sampled for growth room studies, perhaps due to lower light intensity compared 

with field conditions. Thus, CsACS1 expression was excluded for growth room studies under 

constant light or dark conditions. 
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Similar to biosynthetic genes, changes in expression of ethylene receptors and signaling 

genes were highly regulated by light. Constant light or dark studies were not done for CsERS1, 

CsETR1 and CsEIN2 as their gene expression levels did not fluctuate in leaf blade samples 

collected from growth chamber studies conducted at 12h/12h light and dark cycles. Light played 

a major role in changes of CsETR2, CsCTR1, CsEIL1 and CsEIL2 expression since no 

fluctuation was noted under constant light or dark conditions. CsETR3 fluctuated under constant 

dark conditions, but amplitude decreased over time indicating that light is required for the 

expression of CsETR3. In conclusion, the period and phase of all genes analyzed under constant 

light or dark conditions were disrupted, indicating that their transcription was not governed 

directly by the circadian clock. Rather, light played a major role in the oscillation of 

transcription. Light and temperature effects on diurnal fluctuations could not be separated since 

temperature was also held constant during continuous light or dark treatments.  

The function of ethylene fluctuation on ethylene-regulated processes has not been 

conclusively determined. The importance of fluctuation in auxin biosynthesis and signaling was 

demonstrated by microarray analysis. More than 50% of auxin-responsive genes fluctuated 

rhythmically (Covington and Harmer, 2007). Studies were attempted to correlate ethylene 

fluctuation with hypocotyl elongation and changes in leaf angle (Dowson-Day and Millar, 1999; 

Thain et al., 2004). Maximum ethylene production preceded peak hypocotyl elongation and 

increase in leaf angle by 4-6 h. This delay could be due to difference in the time to respond after 

ethylene perception. Abscission is another physiological process that is tightly regulated by 

ethylene. Ethylene enhances dissolution of cell walls in abscission zones by stimulating the 

activities of cellulase and polygalacturonase, subsequently leading to detachment of plant parts 

(Greenberg et al. 1975; Huberman and Goren, 1979). Pozo et al. (2007) reported natural 



 

91 

 

fluctuations in citrus FDF during the day, with FDF reaching a maximum at 8 am and minimum 

at 2 to 5 pm. This fluctuation could be a consequence of the natural fluctuation in ethylene 

biosynthesis. Since ethylene receptor proteins are rapidly degraded in the presence of ethylene 

(Kevany et al., 2007), increase in ethylene biosynthesis could result in receptor protein 

degradation leading to increased ethylene sensitivity. This subsequently could lead to an increase 

in cellulase gene expression whose peak occurred at 10 pm. Peak cellulase gene expression did 

not coincide with minimal FDF, indicating a delay in gene expression and protein synthesis and 

subsequent enzyme activity followed by cell wall degradation.  

Since expression of ethylene biosynthetic and signaling genes changed during different 

times of the day, sensitivity to the ethylene releasing abscission agent ethephon could vary 

depending on the time of application. Differential response to exogenous auxin application due 

to differences in timing of application has been reported in Arabidopsis (Covington and Harmer, 

2007). Induction of hypocotyl elongation was greatest when exogenous auxin was applied during 

the night, however natural elongation reached a peak during the day. In contrast, maximum 

response to abscission agents occurred when it was applied at times when natural FDF was 

lowest in citrus (Pozo et al., 2007). At 2 pm, ethylene biosynthetic gene expression was 

increasing, likely leading to synthesis of active protein. Increased ethylene could lead to the 

degradation of ethylene receptor proteins and increased ethylene sensitivity. Similar correlation 

between time of application and gene expression was reported for phospholipase gene CsPLD1 

in citrus, where efficacy of abscission agent was higher when it was applied at the time of 

maximum gene expression (Malladi and Burns, 2008). 
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Ethephon has been reported to be more effective at higher temperatures (Bukovac et al., 

1969) and the increased effect of ethephon could be a direct effect of higher temperature during 

mid-day. Studies conducted in the growth rooms maintained at constant temperature revealed 

that temperature alone does not play a role in increased efficacy during mid-day application. 

Although air temperature in growth room was maintained constant, changes in leaf temperature 

could have occurred since light intensity was directly proportional to changes in leaf temperature 

(Ansari and Loomis, 1959; Cook et al., 1964; Pallas et al., 1967). If leaf temperature was 

increasing from the start of the light cycle, it could have enhanced the effect of ethephon, thus 

resulting in increased response during mid-day. Similarly, after the end of the light period the 

leaf temperature could have decreased, thus resulting in lower efficacy of ethephon when applied 

during the dark period. 

Overall, expression of several genes involved in ethylene biosynthesis and signaling 

pathways fluctuated diurnally in many of the tissues examined in this work. Actively increasing 

ethylene biosynthesis during mid-day could lead to enhanced ethephon sensitivity and maximum 

efficacy of abscission agents could be achieved by application during mid-day.  
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Table 4-1. Percentage of leaf drop in potted „Valencia‟ sweet orange trees grown in the growth 

room at constant temperature (25 °C). Ethephon (450 L L
-1

) was applied at 8 am, 2 

pm, 8 pm and 2 am. Values within each column followed by different letters are 

significantly different by Duncan‟s multiple range test at P ≤ 0.1. 

  

Treatment 

Days after treatment 

0 1 2 3 4 

Control 0.00 0.00 a 0.00 b 0.00 b 0.00 b 

Ethephon 8am 0.00 0.00 a 1.72 ab 8.29 ab 11.73 ab 

Ethephon 2pm 0.00 0.58 a 4.38 a 15.79 a 21.19 a 

Ethephon 8pm 0.00 0.00 a 0.00 b 2.43 ab 2.43 b 

Ethephon 2am 0.00 0.00 a 0.00 b 0.00 b 0.00 b 
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Figure 4-1. Fluctuations in gene expression of CsACS1 in leaf blade (■), leaf abscission zones 

(□) and fruit abscission zones (○) collected from „Valencia‟ sweet orange grown in 

the field. Time 0 represents the start of the first light cycle. Data represents relative 

change in gene expression with respect to first sampling. Vertical bars through 

symbols represent SE of the mean. Where bars are not visible, symbols are larger than 

SE. The white and black bars indicate the approximate start, stop and duration of light 

and dark conditions, respectively.  
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Figure 4-2. Fluctuations in gene expression of CsACS2 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

Time from start of first dawn (h)
4 8 12 16 20 24 28 32 36 40 44 480 52

Leaf blade

LAZ

Fruit peel

FAZ

0

1

2

3

4

R
el

a
ti

v
e 

g
en

e 
ex

p
re

ss
io

n

Time from start of first light cycle (h)

4 8 12 16 20 24 28 32 36 40 44 480 52

Leaf blade
R

el
at

iv
e 

g
en

e 
ex

p
re

ss
io

n

Field Growth room



 

96 

 

 

Figure 4-3. Fluctuations in gene expression of CsACO in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-4. Fluctuations in gene expression of CsETR3 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-5. Fluctuations in gene expression of CsERS1 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-6. Fluctuations in gene expression of CsETR1 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  

0

2

4

6

0

1

2

0

1

2

0

1

2

Time from start of first dawn (h)

4 8 12 16 20 24 28 32 36 40 44 480 52

R
el

at
iv

e 
g
en

e 
ex

p
re

ss
io

n

0

1

2

R
el

a
ti

v
e 

g
en

e 
ex

p
re

ss
io

n

Time from start of first light cycle (h)

4 8 12 16 20 24 28 32 36 40 44 480 52

Field Growth room

Leaf blade

LAZ

Fruit peel

FAZ

Leaf blade



 

100 

 

 

Figure 4-7. Fluctuations in gene expression of CsETR2 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  

0

2

4

6

0

2

4

6

0

2

4

6

0

2

4

6

Time from start of first dawn (h)
4 8 12 16 20 24 28 32 36 40 44 480 52

R
el

at
iv

e 
g
en

e 
ex

p
re

ss
io

n

0

2

4

6

8

R
el

a
ti

v
e 

g
en

e 
ex

p
re

ss
io

n

Time from start of first light cycle (h)

4 8 12 16 20 24 28 32 36 40 44 480 52

Field Growth room

Leaf blade

LAZ

Fruit peel

FAZ

Leaf blade



 

101 

 

 

Figure 4-8. Fluctuations in gene expression of CsCTR1 in leaf blade (■), leaf abscission zone 

(□), fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet 

orange grown in the field and the growth room. Time 0 represents the start of the first 

light cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-9. Fluctuations in gene expression of CsEIL1 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-10. Fluctuations in gene expression of CsEIL2 in leaf blade (■), leaf abscission zone 

(□), fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet 

orange grown in the field and the growth room. Time 0 represents the start of the first 

light cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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Figure 4-11. Fluctuations in gene expression of CsCel-a1 and CsPG in leaf abscission zone (□) 

and fruit abscission zone (○) collected from „Valencia‟ sweet orange grown in the 

field. Time 0 represents the start of the first light cycle. Data represents relative 

change in gene expression with respect to first sampling. Vertical bars through 

symbols represent SE of the mean. Where bars are not visible, symbols are larger than 

SE. The white and black bars indicate the approximate start, stop and duration of light 

and dark conditions, respectively. 
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Figure 4-12. Fluctuations in gene expression of CsACS2 (■), CsACO (□), CsETR2 (●) and 

CsETR3 (○) in leaf blade collected from „Valencia‟ sweet orange grown in the growth 

room under constant light or constant dark condition. Time 0 represents the start of 

constant light or dark period. Data represents relative change in gene expression with 

respect to first sampling. Vertical bars through symbols represent SE of the mean. 

Where bars are not visible, symbols are larger than SE. The white and black bars 

indicate the approximate start, stop and duration of light and dark conditions, 

respectively.  
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Figure 4-13. Fluctuations in gene expression of CsCTR1 (■), CsEIL1 (□) and CsEIL2 (●) in leaf 

blade collected from „Valencia‟ sweet orange grown in the growth room under 

constant light or constant dark condition. Time 0 represents the start of constant light 

or dark period. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent SE of the mean. Where bars are not 

visible, symbols are larger than SE. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively. 
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Figure 4-14. Percentage of leaf drop (A) and fruit detachment force (percent of control; B) in 

„Valencia‟ sweet orange when 450 L L
-1

 of ethephon was sprayed at 8 am (■), 2 pm 

(□), 8 pm (●) or 2 am (○). Controls were sprayed with water at 8 am (♦), 2 pm (◊), 8 

pm (▲) or 2 am (∆).Vertical bars through symbols represent SE of the mean. Where 

bars are not visible, symbols are larger than SE. 
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8 am Spray       2 pm Spray 

   
    

8 pm Spray       2 am Spray 

    
 

Figure 4-15. Leaf drop in „Valencia‟ sweet orange 2 days after 450 L L
-1

 ethephon application at 4 times of the day. 
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CHAPTER 5 

DEGREENING BEHAVIOR IN „FALLGLO‟ AND „LEE X ORLANDO‟ IS CORRELATED 

WITH DIFFERENTIAL EXPRESSION OF ETHYLENE SIGNALING AND BIOSYNTHETIC 

GENES 

Introduction 

Degreening in citrus is a postharvest treatment during which fruit are exposed to ethylene 

to degrade the chlorophyll content of the peel. The term „degreening‟ is also used to define the 

response of harvested fruit to ethylene application. Under cool nights (<12.5 °C) ethylene 

production is triggered (Grierson et al., 1986), resulting in chlorophyll degradation and 

unmasking and/or synthesis of other natural pigments. Early season fruit in Florida are not 

subjected to cool nights and they remain green or partially green in color, while the internal 

quality defined as the ratio of soluble solids (°Brix) to % acid, has reached acceptable maturity 

standards for marketing. To enhance marketability, application of exogenous ethylene is required 

to degreen the fruit. 

The response of citrus fruit to ethylene varies between cultivars. Though differences in 

response between most fruit are minor, some citrus types show extreme responses. Kitagawa et 

al. (1978) reported differences in degreening effectiveness in seven citrus cultivars. When treated 

with 1 L L
-1

ethylene for 15 h, Satsuma mandarin had the highest chlorophyll loss followed by 

navel orange, „Eureka‟ lemon, „Hassaku‟, „Natsudaidai‟, „Trovita‟ orange and „Valencia‟ orange. 

When „Valencia‟ oranges and „Duncan‟ grapefruit were removed from a short ethylene 

treatment, fruit continued to change color even after 1 d of ethylene-free conditions, but color 

change in „Hamlin‟ oranges ceased within 2 h (Grierson and Newhall, 1960). Petracek and 

Montalvo (1997) treated „Fallglo‟ tangerine fruit for 24 h with ethylene, and found that color 

change continued in ethylene-free storage. For the first 6 h of ethylene treatment, fruit were 
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similar in color to control fruit but after 8 d in ethylene-free storage, treated fruit were 

completely degreened. 

Chlorophyllase is the first enzyme in chlorophyll degradation which converts chlorophyll a 

and b to chlorophyllide a and b, respectively. Increased chlorophyllase activity during 

degreening of citrus fruit was reported in several studies (Shimokawa et al., 1978; Purvis and 

Barmore, 1981; Amir-Shapira et al., 1987; Trebitsh et al., 1993). Application of 1-MCP (an 

ethylene perception inhibitor) was shown to inhibit or delay chlorophyll loss during degreening 

(Goldschmidt et al., 1993; Porat et al., 1999; McCollum and Maul, 2007), suggesting ethylene 

perception plays an important role. When mature green „Valencia‟ orange fruit were treated with 

80 L L
-1

 ethylene, chlorophyllase activity increased 5- and 12-fold after 24 h and 72 h of 

ethylene treatment, respectively (Trebitsh et al., 1993). Synthesis of chlorophyllase protein was 

observed after 24 h of ethylene treatment, whereas no chlorophyllase protein was detected for up 

to 7 d in fruit not exposed to ethylene, indicating that exogenous ethylene plays an important role 

in triggering chlorophyllase gene expression and protein synthesis. Although increased 

chlorophyllase activity varied among different citrus species; 18-fold in Citrus unshiu 

(Shimokawa et al., 1978), 3-fold in calamondin (Purvis and Barmore, 1981), 4-fold in Citrus 

reticulata (Amir-Shapira et al., 1987) and 5-fold in Citrus sinensis cv. Valencia (Trebitsh et al., 

1993), differential induction of chlorophyllase between citrus species could not be compared 

because of the varied concentrations and durations of ethylene treatment used in reported studies. 

However, differential ethylene-induced degradation of chlorophyll content in seven cultivars 

under the same degreening conditions (Kitagawa et al., 1978) suggested that chlorophyllase 

enzyme synthesis and/or activity respond to ethylene differentially in different cultivars. 
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Little is known about the basis of differential ethylene sensitivity between citrus species or 

cultivars during degreening. Differences in ethylene sensitivity were observed between young 

fruitlets and mature fruit of „Valencia‟ oranges (Katz et al., 2004). Exogenous ethylene (20 L L
-

1
) application induced expression of ACS1 (1-amino-cyclopropane-1-carboxylate synthase 1), 

ACO1 (1-amino-cyclopropane-1-carboxylate oxidase 1) and ERS1 (ethylene response sensor 1) 

genes in detached young fruitlets but not in detached mature fruit, indicating a decrease in 

ethylene sensitivity during fruit maturation. Differential ethylene sensitivity between cultivars 

was observed in chrysanthemum flowers (Narumi et al., 2005) and muskmelon fruit (Sato-Nara 

et al., 1999). We hypothesized that differential expression of ethylene biosynthetic or perception 

genes is correlated with differences in rate and amount of degreening between citrus species or 

cultivars. In this study, two citrus types with disparate degreening behavior were selected. 

„Fallglo‟ tangerine degreens rapidly after exposure to ethylene, whereas „Lee x Orlando‟ 

tangerine does not respond or responds poorly. We show differences in peel maturity between 

the two citrus types and an impaired response in „Lee x Orlando‟ with respect to ethylene 

biosynthetic and perception genes. 

Materials and Methods 

Plant Material and Seedling Triple Response 

„Lee x Orlando‟ (USDA 6-15-150; [Citrus reticulata cv. Clementine x (C. reticulata cv. 

Dancy x C. paradisi cv. Duncan)] x [C. reticulata cv. Dancy x C. paradisi cv. Duncan]) fruit 

were harvested from experimental groves at Water Conserv II (Winter Garden, FL) and „Fallglo‟ 

(Bower citrus hybrid [C. reticulata Blanco x (C. reticulata Blanco x C. paradisi)] x „Temple‟ 

[purported C. reticulata Blanco x C. sinensis]) fruit were harvested from groves at the Citrus 

Research and Education Center (Lake Alfred, FL). For citrus seedling triple response assays, 

seeds were collected from „Fallglo‟ and „Lee x Orlando‟ fruit, surface sterilized with 20% bleach 
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for 15 min and rinsed with sterile distilled water. Seeds were germinated on Murashige and 

Skoog medium (Murashige and Skoog, 1962) with 0.8% agar in polycarbonate boxes (Magenta 

vessel, Sigma-Aldrich, St. Louis, MO). The seeds in boxes were transferred to chambers 

maintained at a concentration of 10 L L
-1

 of ethylene at 27±1 C under dark conditions. Control 

seeds were germinated in ethylene-free air held under the same conditions. Root and shoot 

lengths were measured on seedlings 18 d after sowing. 

Fruit were harvested on three dates (early- [Oct. 3, 2007], mid- [Oct. 24, 2007] and late-

season [Dec. 14, 2007], designated Harvest I, II and III, respectively) for „Lee x Orlando‟ and at 

two dates (early- [Oct. 3, 2007] and mid-season [Oct. 24, 2007], designated Harvest I and II, 

respectively) for „Fallglo‟. Late-season „Fallglo‟ fruit abscised and no fruit remained on the tree, 

consequently, no Harvest III fruit for this cultivar were available for testing. „Fallglo‟ harvest 

dates were selected based on marketable °Brix/% citric acid juice ratio and color break (the 

appearance of orange color on the peel), the optimal being that of Harvest II (Table 5-1). The 

date for Harvest I of „Lee x Orlando‟ was selected to closely match marketable juice ratio of 

„Fallglo‟. Though „Lee x Orlando‟ fruit reached marketable juice ratio during Harvest I and II, 

they did not have optimum color break. „Lee x Orlando‟ and „Fallglo‟ fruit of similar size and 

shape (224 pieces) were harvested at random canopy locations from 6 and 5 trees, respectively, 

at each harvest stage and transported to the Citrus Research and Education Center, Lake Alfred, 

FL. Juice ratio and peel color were measured in 24 randomly selected fruit separated into 6 

fruit/replication. The remaining fruit were randomly assigned to 4 replications of 25 fruit each 

for control and ethylene treatments. Total soluble solids (°Brix) were measured using a Hand 

Held Refractometer (Fisher Scientific, Pittsburgh, PA) and titratable acidity (% citric acid) was 

measured by titrating juice samples with NaOH using phenolphthalein as indicator (Boland, 
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1990). Peel color at equidistant locations along the fruit equator, was measured in CIELAB color 

space (L*, a* and b*) using Chroma Meter CR-400 (Konica Minolta Sensing, Inc., Japan) and 

expressed as a*/b* ratio. Measurements were averaged for each replicate fruit. 

Ethylene Treatment 

Fruit were treated with 5±0.5 L L
-1

 ethylene for 24 h at 27±0.04 °C. After 24 h, ethylene-

treated fruit were transferred to ethylene-free storage at 27±0.06 °C for 1 week. Control fruit 

were stored in ethylene-free air at 27±0.04 °C for the duration of the study. Peel color 

measurements as described above were taken immediately after harvest and ethylene treatment, 

and every 24 h after ethylene treatment for 7 d on 10 fruit/replication. No decay developed 

during this storage period. Flavedo from the fruit equator region was collected from 1 

fruit/replication using a potato peeler and tissue frozen immediately in liquid nitrogen and stored 

at -80 °C until needed. 

RNA Extraction and Analysis of Gene Expression 

RNA was extracted from 0.5 g of flavedo for each replicate. The tissue was ground into 

fine powder and suspended in 1 mL TRI Reagent (Molecular Research Center, Cincinnati, OH). 

Chloroform (200 µL) was added and the mixture vortexed thoroughly. Samples were incubated 

on ice for 15 min and centrifuged at 20,000 g for 15 min at 4 °C. RNA was extracted from the 

supernatant (RNeasy mini kit, Qiagen, Valencia, CA) and quantified by spectrometry (NanoDrop 

ND-1000 Spectrophotometer, Wilmington, DE). First strand cDNA was synthesized from 1 µg 

of RNA using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA).  

Primers for gene expression analysis (Table 3-1; 5‟-ATCCTCACCACCTCCTCCAAA-3‟ 

and 5‟-GTTGCTGAGAGAAGTGCCATGA-3‟ for chlorophyllase) as described below were 

designed using the software Primer Express 3.0 (Applied Biosystems, Foster City, CA). Gene 

expression was analyzed using Real-Time PCR (model 7500 Fast Real-Time PCR System, 
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Applied Biosystems, Foster City, CA) with the 2x SYBR Green PCR Master Mix. One µL 

cDNA was used in a 20 µL reaction. The constitutively expressed glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used to compensate for any template concentration differences 

that may have occurred between replicates. Relative gene expression was calculated using the 

comparative CT method. For each sample, the CT (threshold cycle) value for the gene of interest 

was subtracted from the CT value of GAPDH (∆CT). ∆∆CT was calculated by subtracting ∆CT of 

the one T0 control replicate with the value closest to the mean T0 control value from the ∆CT of 

all individual replications at each time point. The relative gene expression was calculated by the 

formula 2
-∆∆CT

.  

Chlorophyll Extraction and Analysis 

Chlorophyll extraction was performed following the method of Mackinney (1941). 

Flavedo tissue (0.25 g) was ground into fine powder using liquid nitrogen. Chlorophyll was 

extracted by grinding the powdered tissue with 10 mL of 80% (v/v) acetone. Absorbance was 

measured at 663 nm and 645 nm using a SmartSpec 3000 spectrophotometer (Bio-Rad, Hercules, 

CA). Total chlorophyll content was calculated using the absorbance values. 

ACC and MACC Extraction and Analysis 

For ACC (1-amino-cyclopropane-1-carboxylic acid) extraction, 1 g peel tissue from each 

replicate was ground to a fine powder in liquid nitrogen. Ethanol (7.5 mL of 80%, v/v) was 

added to the powdered tissue and was incubated at 65 C for 15 min. The homogenate was 

centrifuged at 6,000 g for 20 min and the supernatant collected. The residue was re-extracted 

with 7.5 mL of 80% ethanol at 65 C for 15 min. The supernatants were combined and dried 

under vacuum. The dried pellet was dissolved in equal volumes of water and chloroform (900 L 

each). After centrifugation, 850 L of aqueous phase was collected. MACC (malonyl-ACC) 
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extraction was performed in a similar method, but the dried pellet was dissolved in 300 L each 

of water and chloroform and 250 L of the aqueous phase was collected after centrifugation. 

Hydrolysis of MACC to ACC was achieved by adding 400 L of 6 N HCl at 100 C for 1 h. 

After hydrolysis, 250 L NaOH (13.25 N) was added. Estimation of ACC and MACC contents 

was accomplished using the method of Lizada and Yang (1979). In brief, the extracts were taken 

in 12 x 75 mm test tubes, 100 L of HgCl2 (10 mM) was added, and tubes were sealed with a 

rubber stopper. About 100 L of cold mixture of 5% NaOCl (v/v; 50 L) and saturated NaOH 

(2:1, v/v; 50 L) was injected into the tubes. Tubes were vortexed and kept in ice for 2.5 min. 

One mL of headspace gas was withdrawn for ethylene measurement. The actual amount of ACC 

was calculated from a standard curve constructed with known concentrations of ACC. ACC 

(≥98% purity) was obtained from Sigma-Aldrich, St. Louis, MO. 

Measurement of Ethylene Production 

Rate of ethylene production was measured in a closed system. Fruit were collected the 

following season at three developmental stages (Sep. 25, 2008, Oct. 28, 2008 and Dec. 16, 2008) 

with juice quality and peel color similar to the previous season (Table 5-1). Fruit (25 pieces) of 

similar size and shape were harvested at random from 6 and 5 trees for „Lee x Orlando‟ and 

„Fallglo‟, respectively. Each fruit was considered a replicate. Fruit weight and volume were 

measured, and then fruit were sealed in a 750 mL Rubbermaid container for 3-4 h at room 

temperature. Ethylene production was measured by injecting 1 mL of headspace gas from each 

container separately into a HP 5890 series II gas chromatograph (Hewlett-Packard Company, 

Atlanta, GA) equipped with an activated alumina column and a flame ionization detector. Rate of 

ethylene production was calculated using the formula: 
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µL C2H4 kg
-1

 h
-1

 = [µL L
-1

 C2H4 * void volume (mL)]/[sample weight (kg) * sealed time (h) * 

1000]  

Results 

Seedling Triple Response and Sequence Comparison 

To determine if ethylene perception was impaired, the seedling response of „Fallglo‟ and 

„Lee x Orlando‟ to continuous ethylene exposure was determined by examining the „triple 

response‟. Like that of Arabidopsis (Bleecker et al., 1988), „Fallglo‟ and „Lee x Orlando‟ 

seedlings germinated in ethylene had short, thick roots and shoots, and apical hooks were 

exaggerated, whereas seedlings germinated in ethylene-free air had long and thin roots and 

shoots (Fig. 5-1). The lengths of the root and shoot were identical between „Fallglo‟ and „Lee x 

Orlando‟ seedlings germinated in the presence of ethylene (data not shown). To determine if 

differences in ethylene receptor‟s structure existed in „Fallglo‟ and „Lee x Orlando‟, full length 

sequences were amplified from prepared cDNA using 5‟-most and 3‟-most primers from the 

Citrus sinensis heterologs. Alignment of full-length sequences of ERS1, ETR1, ETR2 and ETR3 

indicated that the receptors were identical in both citrus types and to C. sinensis. 

Peel Color 

The a
*
/b

*
 ratio of peel became more positive (changed from green to orange) as maturity 

advanced, however, the a
*
/b

*
 ratio of „Fallglo‟ fruit was more positive at each harvest date than 

„Lee x Orlando‟ (Fig. 5-2A, 5-2B and 5-2C). When fruit of both citrus types were compared at 

similar juice ratios (Harvest I [„Lee x Orlando‟] and II [„Fallglo‟]), the a
*
/b

*
 ratio of „Lee x 

Orlando‟ fruit was lower than „Fallglo‟ (Fig. 5-2A and 5-2B).  

Harvest I fruit treated with ethylene for 24 h resulted in 0.32 and 0.08 unit a
*
/b

*
 ratio 

increase in „Fallglo‟ and „Lee x Orlando‟ peel, respectively. The rate of color change after 24 h 

of continuous ethylene exposure was greater in „Fallglo‟ than „Lee X Orlando‟ at comparative 
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harvests, with little maturity effect (Fig. 5-2D and 5-2E). Although color continued to change 

after „Fallglo‟ fruit were removed from ethylene treatment and placed in ethylene-free storage, 

the rate of change declined in fruit from Harvests I and II and was no different than control fruit 

after 4 to 5 d. In contrast, the rate of color change in Harvest I „Lee x Orlando‟ fruit increased 24 

h after transfer to ethylene-free air storage, and declined or remained similar in Harvest II and III 

fruit (Fig. 5-2D, 5-2E, and 5-2F). Like „Fallglo‟, the rate of color change in „Lee x Orlando‟ fruit 

was similar to control fruit 4 to 5 d after transfer to ethylene-free air storage.  

Harvest I and II „Fallglo‟ fruit treated with ethylene for 24 h followed by 7 d of ethylene-

free storage were completely degreened and orange in color, whereas „Lee x Orlando‟ fruit 

remained mostly green (Fig. 5-3A). Only Harvest III „Lee x Orlando‟ fruit were completely 

degreened, but at this stage harvested fruit had already begun orange pigment synthesis. Control 

„Lee x Orlando‟ fruit from Harvests I and II remained visually green in color after the 8 -d 

storage period and the a*/b* ratios remained below -0.45, whereas orange pigment synthesis was 

evident in control „Fallglo‟ fruit as storage advanced, even though the a*/b* ratios remained 

negative in nearly all cases (Fig. 5-3B). While small changes in peel color occurred in control 

„Fallglo‟ fruit from Harvest I, no change was noticed in control „Lee x Orlando‟ fruit. The a*/b* 

ratio of control fruit from Harvest II in both cultivars increased slightly and at the same rate. 

Harvest III „Lee x Orlando‟ control fruit changed little during the storage period, even though 

pigment synthesis was evident at harvest. In summary, rate of color change was similar as 

maturity advanced, but was greater in „Fallglo‟ than in „Lee x Orlando‟ at comparable harvests.  

Expression of Ethylene Biosynthetic Genes, ACC and MACC Contents, and Ethylene 

Production 

Basal ACS1 expression in „Fallglo‟ declined with maturity but was variable in „Lee X 

Orlando‟ (Table 5-2). Ethylene induced higher expression of ACS1 in „Fallglo‟ than in „Lee x 
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Orlando‟ 24 h after treatment in all harvest dates (Fig. 5-4A, 5-4B and 5-4C). Ethylene was less 

effective in inducing ACS1 gene expression as maturity advanced. After 24 h of ethylene 

treatment, ACS1 expression increased 510- and 250-fold in „Fallglo‟ Harvest I and II fruit, 

respectively, and 230-, 40- and 9-fold in Harvest I, II and III fruit, respectively, in „Lee x 

Orlando‟. In „Lee x Orlando‟ Harvest I and II fruit, gene expression declined to control levels 24 

h after transfer to ethylene-free storage. However, ethylene-induced ACS1 expression in „Fallglo‟ 

Harvest II and „Lee x Orlando‟ Harvest III fruit remained high 24 h after ethylene removal.  

ACS2 basal expression declined in „Fallglo‟ and „Lee x Orlando‟ with maturity (Table 5-2) 

but did not show a clear differential trend with ethylene treatment (Fig. C-1). However, all fruit 

in Harvests II and III responded similarly or nearly so to harvest and subsequent storage, whether 

or not they were treated with ethylene. Basal ACO expression declined with maturity in both 

citrus types. Ethylene induced expression of ACO in „Fallglo‟ and „Lee x Orlando‟ after 24 h of 

treatment (Fig. 5-4D, 5-4E and 5-4F). Ethylene was less effective in inducing „Fallglo‟ ACO 

gene expression as maturity advanced, but more effective in Harvest II „Lee x Orlando‟ 

compared with Harvest I fruit. Expression declined 24 h after removal of Harvest I and II fruit 

from ethylene treatment, however, Harvest III „Lee x Orlando‟ fruit ACO expression remained 

high. After 3 d of transfer to ethylene-free storage, expression declined to control levels. 

Expression of biosynthetic genes in control fruit generally declined after harvest.  

Small but variable maturity-related changes in flavedo basal ACC and MACC content of 

freshly harvested „Fallglo‟ fruit were measured (Fig. 5-5). Overall, ACC content was higher but 

MACC content lower in „Fallglo‟ compared with „Lee x Orlando‟. At Harvest I, 24 h ethylene 

treatment induced a 5-fold increase in ACC content in „Fallglo‟ whereas less than a 2-fold 

increase was observed in „Lee x Orlando‟ (Fig. 5-5A). The MACC content in „Fallglo‟ and „Lee 
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x Orlando‟ was approximately 2-fold higher 24 h after ethylene treatment and continued to 

increase 24 h after transfer to ethylene-free storage in „Lee x Orlando‟ but reduced to control 

levels in „Fallglo‟ (Fig. 5-5D). MACC content was higher in ethylene-treated fruit than control 

fruit at this time, but contents declined and were similar to controls after 3 d of transfer to 

ethylene-free storage. Although fluctuations occurred, ethylene treatment did not affect the 

MACC content in „Fallglo‟ at either harvest date or „Lee x Orlando‟ Harvest II and III fruit. ACC 

and MACC content initially declined due to ethylene treatment in Harvest III „Lee x Orlando‟ 

fruit, but later slowly increased to starting levels or remained low.  

The basal rate of ethylene production (Table 5-2) was measured at 3 different stages of 

fruit development with internal juice quality similar to the 3 harvests during the previous season. 

Basal ethylene production was about 4.5-fold higher in „Fallglo‟ than in „Lee x Orlando‟ in 

Harvest I fruit. At Harvest II, ethylene production was not detected in „Fallglo‟ fruit. Basal 

ethylene production declined in „Lee x Orlando‟ fruit as maturity advanced. 

Expression of Ethylene Receptor and Signaling Genes 

ETR1 expression was ethylene-responsive in „Fallglo‟ and „Lee x Orlando‟ fruit, but 

induced expression was greater in „Fallglo‟, and maturity had little effect (Fig. 5-6A, 5-6B and 5-

6C). ETR2 expression in Harvest I ethylene-treated „Fallglo‟ fruit increased to a maximum 24 h 

after transfer to ethylene-free storage (Fig. 5-6D). Ethylene had little effect on ETR2 expression 

in „Lee x Orlando‟ during Harvest I. In Harvest II, ETR2 expression increased in fruit of 

„Fallglo‟ and „Lee x Orlando‟ 10.3- and 4.6-fold, respectively, whether they were or were not 

treated with 24 h ethylene treatment, but the rise in expression was less when ethylene was 

applied (Fig. 5-6E). At Harvest III, ethylene had little effect on ETR2 expression (Fig. 5-6F). 

After harvest, ETR3 expression declined in „Fallglo‟ and „Lee x Orlando‟ whether or not fruit 

were treated with ethylene (Fig. 5-6G, 5-6H and 5-6I). However, the decline in expression was 
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delayed in „Fallglo‟ Harvest II fruit. At harvest, maturity had no effect on basal levels of receptor 

gene expression levels in „Fallglo‟ and „Lee x Orlando‟ (Table C-1). Ethylene had little effect on 

ERS1, CTR1, EIN2, EIL1 or EIL2 gene expression levels in „Fallglo‟ and „Lee x Orlando‟ (Fig 

C-1 and C-2). While ERS1 expression was slightly up-regulated, expression levels of CTR1, 

EIN2, EIL1 and EIL2 were slightly down-regulated. 

Chlorophyllase Gene Expression and Total Chlorophyll Content 

Ethylene induced higher expression of chlorophyllase (CHL) in „Fallglo‟ than in „Lee x 

Orlando‟ (Fig. 5-7A and 5-7B). In „Fallglo‟ ethylene induced 40- and 63-fold increase of CHL 

expression 24 h after ethylene treatment in Harvest I and II fruit, respectively, whereas in „Lee x 

Orlando‟ ethylene induced a 16- and 9-fold increase, respectively. After removal from ethylene 

CHL expression dropped precipitously and returned to control levels after 3 d of transfer to 

ethylene-free storage. Total chlorophyll content of Harvest I „Fallglo‟ peel decreased from 0.51 

mg g-1 fresh weight to 0.40 mg g-1 fresh weight 24 h after ethylene treatment and then was 

reduced to 0.11 mg g-1 fresh weight 1 d after transfer to ethylene-free storage (Fig. 5-7D). In 

„Lee x Orlando‟, total chlorophyll content was reduced from 0.45 mg g-1 fresh weight to 0.27 

mg g-1 fresh weight after 24 h ethylene treatment and did not change thereafter. Total 

chlorophyll content in control fruit was slightly reduced during the 8-d storage period. At 

Harvest II, total chlorophyll content of „Fallglo‟ decreased from 0.35 mg g-1 fresh weight to 0.08 

mg g-1 fresh weight 24 h after ethylene treatment whereas in „Lee x Orlando‟ total chlorophyll 

content reduced from 0.39 mg g-1 fresh weight to 0.27 mg g-1 fresh weight (Fig. 5-7E). After 8 

d, the chlorophyll content was similar to the levels immediately after ethylene removal in both 

citrus types at Harvest II. In „Lee x Orlando‟, total chlorophyll content did not change in 

untreated fruit but gradually decreased in untreated „Fallglo‟ fruit and was similar to that of 

ethylene treated fruit at the end of storage. At Harvest III, ethylene induced CHL expression by 
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6-fold in „Lee x Orlando‟ and total chlorophyll content reduced by 1.5-fold (Fig. 5-7C and 5-7F). 

After 24 h, total chlorophyll content reduced from 0.26 mg g-1 fresh weight to 0.14 mg g-1 fresh 

weight in ethylene treated fruit and to 0.20 mg g-1 fresh weight in control fruit. At the end of 

storage, total chlorophyll content was 0.12 mg g-1 fresh weight and 0.17 mg g-1 fresh weight in 

ethylene treated and control fruit, respectively. 

Discussion 

Differential degreening behavior was observed between „Fallglo‟ and „Lee x Orlando‟ 

fruit. The initial rate of color change was greater in „Fallglo‟ than in „Lee x Orlando‟ fruit during 

and after treatment with exogenous ethylene, especially when fruit of similar juice quality 

(maturity) were compared. After ethylene treatment and 7 d of ethylene-free storage, „Fallglo‟ 

fruit were completely degreened and orange in color while „Lee x Orlando‟ fruit were not.  

Differential rate of color change between „Fallglo‟ and „Lee x Orlando‟ could be attributed 

to differences in peel maturity. In citrus, peel color and juice quality are poorly correlated 

(Grierson and Newhall, 1960). No specific criteria exist to define peel maturity in citrus and 

generally peel color is used as a marker. Though „Lee x Orlando‟ fruit at Harvest I and „Fallglo‟ 

fruit at Harvest II had similar juice quality, „Lee x Orlando‟ fruit were greener than „Fallglo‟ fruit 

indicating that the peel was less mature in „Lee x Orlando‟. Ethylene was more effective in 

inducing chlorophyll loss and promoting coloration in citrus as fruit maturity progressed (Young 

and Jahn, 1972; Grierson et al., 1986; Rodrigo and Zacarias, 2007). Rodrigo and Zacarias (2007) 

reported that the effect of ethylene on carotenoid accumulation and expression of carotenoid 

biosynthetic and chlorophyllase genes was more pronounced in fruit harvested later during the 

ripening stage than fruit harvested during earlier ripening stage. Similarly, during 24 h ethylene 

treatment, the effect of ethylene on chlorophyllase gene expression and total chlorophyll 

degradation was greater in Harvest II „Fallglo‟ fruit than in Harvest I fruit. No such increase was 
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noticed in „Lee x Orlando‟ fruit probably due to minimal advancement of peel maturity between 

Harvests I and II, however, Harvest III fruit had lower chlorophyllase gene expression and total 

chlorophyll degradation than Harvests I and II. This was due to the fact that Harvest III „Lee x 

Orlando‟ fruit were almost degreened at harvest and had low chlorophyll content. Since rate of 

color change and total chlorophyll degradation were greater in „Fallglo‟ than in „Lee x Orlando‟, 

it is likely that peel maturity of „Fallglo‟ fruit is at a more advanced stage than „Lee x Orlando‟ 

fruit, explaining in part, their differential ethylene response. However, when fruit with similar 

peel color („Fallglo‟ fruit at Harvest I and „Lee x Orlando‟ fruit at Harvest II) were compared 

„Lee x Orlando‟ fruit displayed a reduced response, indicating an impaired sensitivity to 

ethylene. 

This impaired sensitivity to ethylene, however, was not due to constitutive impairment of 

the ethylene signal perception and transduction pathway, since the triple response assay indicated 

that both citrus types responded markedly and similarly to ethylene treatment. Moreover, 

sequence comparisons of full-length perception and signaling genes indicated no major structural 

changes in motifs identified as important to perception and signaling. Thus, it is likely that 

differential response to ethylene between the two citrus types is not due to impairment in 

perception and signaling but rather to downstream responses. 

The basis of this downstream differential response between the two citrus types is not 

known, but can be measured in expression of ethylene biosynthetic genes and their products, and 

altered as maturation progresses. Ethylene-induced expression of ACS1 and ACO was higher in 

„Fallglo‟ than in „Lee x Orlando‟, indicating a greater ethylene response in „Fallglo‟ than in „Lee 

x Orlando‟. Moreover, ethylene-induced expression of ACS1 and ACO ethylene biosynthetic 

genes were maturation-dependent and decreased as fruit maturity progressed. Similarly, Katz et 
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al. (2004) demonstrated developmental and maturation-dependent alteration in ethylene 

sensitivity as measured by ethylene production and expression of CsACS1 and CsACO1. In 

strawberries, ethylene induced greater expression of FaACO1 in more mature fruit than in less 

mature fruit, indicating an increase in ethylene response as maturity progressed (Trainotti et al., 

2005). In citrus leaves and tomato fruit, both positive and negative feedback regulation of 

ethylene biosynthesis occur (Riov and Yang, 1982; Nakatsuka et al., 1998; Barry et al., 2000). In 

mature citrus fruit peel, an increase in expression of ethylene biosynthetic genes was observed 

when treated with an ethylene-releasing abscission agent (Yuan et al., 2005). The increase in 

gene expression corresponded with an increase in the abscission response.  

Similar to biosynthetic genes, changes in ethylene receptor gene expression levels were 

also ethylene responsive. However, it is unclear whether translation and incorporation of active 

receptor proteins into the membrane of endoplasmic reticulum occurs. Such activities would be 

required to alter sensitivity to ethylene by these means. Differences in receptor gene expression 

levels were observed between „Fallglo‟ and „Lee x Orlando‟ in some cases, thus loosely 

correlating receptor response to ethylene treatment with downstream action. Other studies have 

also reported these observations. Ethylene-induced increase in expression of receptor genes was 

observed in Arabidopsis (Binder et al., 2004), tomato (Ciardi et al., 2000), kiwifruit (Yin et al., 

2008) and strawberries (Trainotti et al., 2005). Differences in receptor gene expression during 

natural color change were noticed in Clementine cultivars with differential degreening behavior 

(Distefano et al., 2009). Also, Narumi et al. (2005) showed differential ethylene-induced receptor 

gene expression levels in ethylene-sensitive and -insensitive cultivars of chrysanthemum.  
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Differences in endogenous ethylene production were correlated with differential 

degreening in citrus (Goldschmidt and Galili, 1995). „Shamouti‟ orange which had higher levels 

of endogenous ethylene production degreened more rapidly than „Valencia‟ orange with lower 

endogenous ethylene production. Differences in basal ethylene production and biosynthesis were 

correlated with ethylene sensitivity during flower senescence in carnation (Onozaki et al., 2001; 

Tanase et al., 2008). Cultivars with low ethylene biosynthesis and associated gene expression 

levels had longer vase life and were less sensitive to exogenous ethylene or ACC application. 

Similarly, basal level of ethylene production was greater in „Fallglo‟ than in „Lee x Orlando‟ at 

Harvest I and appears to correlate with higher ethylene sensitivity during degreening. However, 

at Harvest II no detectable ethylene was measured in „Fallglo‟ while low levels of ethylene 

production was measured in „Lee x Orlando‟, suggesting that other factors predominantly govern 

ethylene sensitivity. Post-transcriptional changes in ACO could lead to differential ethylene 

biosynthesis between „Fallglo‟ and „Lee x Orlando‟. Post-transcriptional regulation of ACO has 

been reported in tomato (Hamilton et al., 1998) and persimmon fruit (Nakano et al., 2002). In 

Harvest I fruit, though „Lee x Orlando‟ had higher basal levels of ACC content and ACO gene 

expression, basal ethylene production was significantly lower in „Lee x Orlando‟ than in 

„Fallglo‟. In spite of higher ACO expression, the activity of ACO enzyme could be lower in „Lee 

x Orlando‟ than in „Fallglo‟. 

Differences in conjugation of ACC to MACC could also lead to differential ethylene 

biosynthesis and response. Conjugation of ACC to MACC is a regulatory step in ethylene 

biosynthesis (Amrhein et al., 1981; Hoffman et al., 1982) and as a consequence less ACC would 

be available for ethylene conversion and resulting action(s). In general, MACC content was 

greater in „Lee x Orlando‟, suggesting that a higher portion of the available ACC was conjugated 
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to MACC. Moreover, ethylene treatment had a maturation-dependent effect on MACC content. 

Thus, malonylation of ACC may contribute to regulation of ACC content and consequently 

ethylene sensitivity in both citrus types. Ethylene production during the course of the experiment 

was not attempted; so a direct comparison between ACC or MACC contents and ethylene 

production could not be made. 

Taken together, peel maturity of „Fallglo‟ fruit advances more rapidly than in „Lee x 

Orlando‟, contributing to differences in ethylene sensitivity. Differences in ethylene biosynthetic 

pathway gene expression (likely resulting in changes in active proteins) and conjugation of ACC 

indicate impaired response of „Lee x Orlando‟ to ethylene treatment. Seedling triple response 

revealed that „Lee x Orlando‟ is not impaired at ethylene perception and signaling, but rather 

downstream factors or elements are affected. 
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Table 5-1. Juice quality ( Brix/% acid) and peel color (a*/b*) for „Lee x Orlando‟ and „Fallglo‟ fruit at different harvest stages on the 

indicated dates. The - indicates that sampling was not done. Values within each parameter followed by different letters are 

significantly different by Duncan‟s multiple range test at P ≤ 0.001. 

Parameter Citrus type 
First year Second year 

Harvest I 

(10/3/2007) 

Harvest II 

(10/24/2007) 

Harvest III 

(12/14/2007) 

Harvest I 

(9/25/2008) 

Harvest II 

(10/28/2008) 

Harvest III 

(12/16/2008) 

Juice quality 

(°Brix/% 

acid) 

Fallglo 5.80 d 9.79 c - 6.07 d 9.62 c - 

Lee x Orlando 9.03 c 12.44 b 15.39 a 9.56 c 12.73 b 14.92 a 

Peel color 

(a*/b*) 

Fallglo -0.48 d -0.32 c - -0.39 c -0.21 b - 

Lee x Orlando -0.61 e -0.58 e 0.02 a -0.63 e -0.57 e 0.04 a 
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Table 5-2. Basal levels of gene expression of ACS1, ACS2 and ACO, and ethylene production 

(nL kg
-1

 h
-1
). Each value for gene expression is expressed relative to „Fallglo‟ in 

Harvest I for each corresponding gene. The - indicates that sampling was not done. 

nd; no ethylene was detectable. Values within each row followed by different letters 

are significantly different by Duncan‟s multiple range test at P ≤ 0.001. 

 
Harvest I Harvest II Harvest III 

Fallglo Lee x Orlando Fallglo Lee x Orlando Fallglo Lee x Orlando 

ACS1 0.98 b 0.80 b 0.16 c 2.18 a - 0.55 bc 

ACS2 0.98 b 1.56 a 0.16 d 0.40 c - 0.14 d 

ACO 1.02 b 1.47 a 0.58 c 0.73 bc - 0.56 c 

Ethylene 

production 

36.03 a 7.98 b nd 3.81 bc - 0.46 c 

 

 

 

 

Figure 5-1. Triple response assay for „Fallglo‟ and „Lee x Orlando‟. Seedlings were grown in 

ethylene-free air or 10 L L
-1

 of ethylene for 18 d at 27 °C. 

  



 

128 

 

Figure 5-2. Peel color measured as a*/b* ratio (A, B and C) and rate of color change (D, E and 

F) in „Fallglo‟ control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ control (□) 

and ethylene-treated „Lee x Orlando‟ (■). Degreened fruit were treated with 5 µL L
-1

 

ethylene for 24 h (indicated by shaded region) followed by storage in ethylene-free 

air for 7 d. Control fruit were stored in ethylene-free air for 8 d. The vertical bars 

above and below markers represent the SE of the mean. Bars are not visible when 

markers are larger than SE. 
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Figure 5-3. Changes in peel color A) during 24 h of ethylene treatment followed by 7 d of 

ethylene-free storage; and B) during 8 d of storage in ethylene-free air. 
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Figure 5-4. Expression of ACS1 (A, B and C) and ACO (D, E and F) in flavedo of „Fallglo‟ 

control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ control (□) and ethylene-

treated „Lee x Orlando‟ (■). Data represent relative change in gene expression with 

respect to T0 control. The ethylene treatment period is indicated by the shaded region. 

The vertical bars above and below markers represent the SE of the mean. Bars are not 

visible when markers are larger than SE. 
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Figure 5-5. ACC (A, B and C) and MACC (D, E and F) contents in flavedo of „Fallglo‟ control 

(○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ control (□) and ethylene-treated 

„Lee x Orlando‟ (■). The ethylene treatment period is indicated by the shaded region. 

The vertical bars above and below markers represent the SE of the mean. Bars are not 

visible when markers are larger than SE.  
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Figure 5-6. Expression of ETR1 (A, B and C), ETR2 (D, E and F) and ETR3 (G, H and I) in 

flavedo of „Fallglo‟ control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ 

control (□) and ethylene-treated „Lee x Orlando‟ (■). Data represent relative change 

in gene expression with respect to T0 control. The ethylene treatment period is 

indicated by the shaded region. The vertical bars above and below markers represent 

the SE of the mean. Bars are not visible when markers are larger than SE. 
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Figure 5-7. Expression of CHL (A, B and C) and total chlorophyll content (D, E and F) in 

flavedo of „Fallglo‟ control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ 

control (□) and ethylene-treated „Lee x Orlando‟ (■). Data represent relative change 

in gene expression with respect to T0 control. The ethylene treatment period is 

indicated by the shaded region. The vertical bars above and below markers represent 

the SE of the mean. Bars are not visible when markers are larger than SE. 
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APPENDIX A 

SUPPLEMENTAL DATA FOR CHAPTER THREE 

 

Figure A-1. Gene expression of CsACS2 in fruit peel (A), fruit abscission zone (B), leaf blade 

(C) and leaf abscission zone (D) and expression of CsACO in fruit peel (E) and leaf 

blade (F) of „Valencia‟ sweet orange. Data represent relative change in gene 

expression normalized with respect to T0 control (- - -). Trees were treated with 450 

L L
-1

 ethephon (■), 5 mM 1-MCP (○), or ethephon + 1-MCP (□). Vertical bars 

through markers represent SE of the mean. Where bars are not visible, markers are 

larger than SE. 
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Figure A-2. Gene expression of CsETR1 in fruit peel (A), fruit abscission zone (B), leaf blade 

(C) and leaf abscission zone (D) and expression of CsETR3 in fruit peel (E), fruit 

abscission zone (F), leaf blade (G) and leaf abscission zone (H) of „Valencia‟ sweet 

orange. Data represent relative change in gene expression normalized with respect to 

T0 control (- - -). Trees were treated with 450 L L
-1

 ethephon (■), 5 mM 1-MCP (○), 

or ethephon + 1-MCP (□). Vertical bars through markers represent SE of the mean. 

Where bars are not visible, markers are larger than SE. 
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Figure A-3. Gene expression of CsCTR1 in fruit peel (A), fruit abscission zone (B), leaf blade 

(C) and leaf abscission zone (D) and expression of CsEIN2 in fruit peel (E), fruit 

abscission zone (F), leaf blade (G) and leaf abscission zone (H) of „Valencia‟ sweet 

orange. Data represent relative change in gene expression normalized with respect to 

T0 control (- - -). Trees were treated with 450 L L
-1

 ethephon (■), 5 mM 1-MCP (○), 

or ethephon + 1-MCP (□). Vertical bars through markers represent SE of the mean. 

Where bars are not visible, markers are larger than SE. 
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Figure A-4. Gene expression of CsEIL1 in fruit peel (A), fruit abscission zone (B), leaf blade (C) 

and leaf abscission zone (D) and expression of CsEIL2 in fruit peel (E), fruit 

abscission zone (F), leaf blade (G) and leaf abscission zone (H) of „Valencia‟ sweet 

orange. Data represent relative change in gene expression normalized with respect to 

T0 control (- - -). Trees were treated with 450 L L
-1

 ethephon (■), 5 mM 1-MCP (○), 

or ethephon + 1-MCP (□). Vertical bars through markers represent SE of the mean. 

Where bars are not visible, markers are larger than SE. 
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APPENDIX B 

SUPPLEMENTAL DATA FOR CHAPTER FOUR 

 

Figure B-1. Fluctuations in gene expression of CsEIN2 in leaf blade (■), leaf abscission zone (□), 

fruit peel (●) and fruit abscission zone (○) collected from „Valencia‟ sweet orange 

grown in the field and the growth room. Time 0 represents the start of the first light 

cycle. Data represents relative change in gene expression with respect to first 

sampling. Vertical bars through symbols represent se of the mean. Where bars are not 

visible, symbols are larger than se. The white and black bars indicate the approximate 

start, stop and duration of light and dark conditions, respectively.  
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APPENDIX C 

SUPPLEMENTAL DATA FOR CHAPTER FIVE 

Table C-1. Basal levels of gene expression of ERS1, ETR1, ETR2 and ETR3. Each value for gene 

expression is expressed relative to „Fallglo‟ in Harvest I for each corresponding gene. 

The - indicates that sampling was not done. Values within each row followed by same 

letters are not significantly different by Duncan‟s multiple range test at P ≤ 0.1. 

 
Harvest I Harvest II Harvest III 

Fallglo Lee x Orlando Fallglo Lee x Orlando Fallglo Lee x Orlando 

ERS1 0.97 a 0.88 a 0.95 a 0.90 a - 0.85 a 

ETR1 0.99 a 0.91 a 0.90 a 0.98 a - 0.93 a 

ETR2 0.98 a 1.11 a 1.02 a 0.93 a - 0.95 a 

ETR3 0.97 a 0.98 a 1.00 a 0.98 a - 0.94 a 
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Figure C-1. Expression of ACS2 (A, B and C), ERS1 (D, E and F) and CTR1 (G, H and I) in 

flavedo of „Fallglo‟ control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ 

control (□) and ethylene-treated „Lee x Orlando‟ (■). Data represent relative change 

in gene expression with respect to T0 control. The ethylene treatment period is 

indicated by the shaded region. The vertical bars above and below markers represent 

the SE of the mean. Bars are not visible when markers are larger than SE. 
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Figure C-2. Expression of EIN2 (A, B and C), EIL1 (D, E and F) and EIL2 (G, H and I) in 

flavedo of „Fallglo‟ control (○), ethylene-treated „Fallglo‟ (●), „Lee x Orlando‟ 

control (□) and ethylene-treated „Lee x Orlando‟ (■). Data represent relative change 

in gene expression with respect to T0 control. The ethylene treatment period is 

indicated by the shaded region. The vertical bars above and below markers represent 

the SE of the mean. Bars are not visible when markers are larger than SE. 
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