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           Introduction 

 The papaya fruit is a fl eshy berry and fruit growth follows a single sigmoid growth 
curve (Zhou and Paull  2001 ). During development, all tissues in the gynoecium less 
than 1 mm are meristematic (Roth and Clausnitzer  1972 ). Later the outer layer of the 
epidermis increases in size, while the subepidermal layer continues to divide both 
anticlinally and periclinally. The central parenchyma of the pericarp increases in size 
and divides with the placenta forming opposite the marginal vascular bundles. This 
meristematic activity lasts 28–42 days and determines fi nal fruit size. Fruit growth 
shows two major phases. The fi rst lasts about 80 days post-anthesis, with a large 
increase in dry weight occurring just before fruit maturity. Fruit development takes 
150–164 days that is extended another 14–21 days in Hawaii in the colder months 
(Paull and Chen  1983 ; Qiu et al.  1995 ). Mesocarp growth parallels seed and total 
fruit growth. 

 Papaya fruit shape is a sex-linked character and ranges from spherical to ovoid in 
female fl owers to long, cylindrical, or pyriform (pear shaped) in hermaphrodite 
fl owers (Table  14.1 ). The fruit is normally composed of fi ve carpels united to form 
a central ovarian cavity that is lined with the placenta carrying numerous black 
seeds. Placentation is parietal with the seeds attached by 0.5–1 mm stalks. The ovarian 
cavity is larger in female fruit than hermaphrodite. The shape of the cavity at the 
transverse cut ranges from star shape with fi ve to seven furrows to smooth and circular 
(Chan and Paull  2007 ).

   Papaya ripening is climacteric with the rise in ethylene production occurring at 
the same time as the respiratory rise (Paull and Chen  1983 ). Respiration is a critical 
factor in fruit growth and development, especially as it relates to fruit ripening. 
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Fruits are divided into two broad groups based on the role of ethylene in the ripening 
process and its relationship to the respiratory pattern. Climacteric fruits (e.g., banana, 
papaya, peach, tomato) demonstrate a peak in respiration and ethylene production 
during ripening, including autostimulatory (System 2) ethylene production (Biale 
 1964 ). The timing of the autostimulatory ethylene peak (Lelievre et al.  1997 ; Barry 
et al.  2000 ) and of other ripening events (skin color changes, carotenoid synthesis, 
fl avor development, softening) varies widely between species and cultivars (Biale 
 1964 ; Burg and Burg  1965 ; Bruinsma and Paull  1984 ; Gussman et al.  1993 ). Non-
climacteric fruit shows a gradual decline in the respiration rate and shows no marked 
peak in ethylene production and gradual change in other ripening parameters.  

    Fruit Development 

    Fruit Growth 

 The plant growth regulator abscisic acid (ABA) plays a crucial role in the plant’s 
adaptation to stress and in seed maturation and dormancy, fruit ripening, and senes-
cence (Zeevart and Creelman  1988 ). ABA and strigolactone are products from the 
cleavage of carotenoids at one of its double bonds. Carotenoid cleavage is carried 
out by two groups of related enzymes. One group uses multiple carotenoid sub-
strates and is referred to as carotenoid cleavage dioxygenase (CCD). The other 
group has C 40 -9- cis -epoxycarotenoid as the preferred substrate and referred to as 
9- cis -epoxycarotenoid dioxygenase (NCED). The NCEDs are thought to be 
involved in ABA synthesis while the role of CCDs is less clear. Some evidences 
suggest that CCDs have a role in lateral shoot growth (Auldridge et al.  2006b ; 

      Table 14.1    Range of papaya fruit genetic characteristics [modifi ed with permission from Ito 
et al. ( 1990 )]   

 Range 

 (A) Fruit characteristics 
 Fruit size  ++++  100 g to 12 kg 
 Total soluble solids  +++  Thai (8–11 %) < Solo (12–18 %) 
 Fruit taste  +  Perfumey (Hortus Gold) ↔ off-fl avor 
 Fruit shape  ++  Round, pear shape (Solo), oval with pointed stylar end 
 Fruit shape uniformity  Inbreed lines are uniform 
 Seed cavity  ++  Star shaped (Solo) ↔ round cavity (Kaek Dum) 
 Skin spots “freckles”  +++  None Malay Yellow < “Waikane Solo” < Solo 

 (B) Ripening 
 Days to full skin color  ++ 
 Days to edible condition  ++  Sunrise < Kapoho 
 Flesh texture of ripe fruit  ++  Soft water soaked to fi rm 

 Hortus Gold < Ostrem < Sunrise < Kapoho 

  + indicates extent of range from small (+) to large (++++)  

R.E. Paull et al.
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Azarkan et al.  2006 ), possibly by cleavage of carotenoids to strigolactone or a 
related compound (Gomez-Roldan et al.  2008 ). 

 Two  Arabidopsis  genes  CCD7/MAX3  and  CCD8/MAX4  control lateral shoot 
growth (Booker et al.  2004 ; Auldridge et al.  2006a ; Gomez-Roldan et al.  2008 ). The 
citrus homolog gene ( CsNCED1 ) likely plays a role in ABA synthesis in leaves and 
fruits (Rodrigo et al.  2006 ). ABA has also been given a role in the regulation of 
citrus fruit skin coloration (Rodrigo et al.  2003 ). Citrus are non-climacteric fruit and 
normally respond to ethylene by induced fruit coloration (Alferez and Zacarias 
 1999 ). Papaya is a climacteric fruit though fruit mesocarp carotenoid development 
and fruit degreening are ethylene independent (Manenoi et al.  2007 ). ABA via CCD 
and/or NCED may therefore play a role in fruit mesocarp carotenoid development 
and skin degreening. One CCD ( CpCCD1 ) and two NCEDs ( CpNCED1 ,  CpNCED2 ) 
are predicted in papaya (Paull et al.  2008 ). A partial open reading frame (ORF) was 
found for another possible  Cp C CD  that had 67 % identity to  Arabidopsis  CCD1. A 
papaya expressed sequence tag (EST) is not found for  CpCCD1  or  CpNCED1 , and 
a chloroplast transit peptide was not found for  CpNCED1 . The  Arabidopsis  carot-
enoid cleavage family has fi ve putative NCEDs and four putative CCDs (Auldridge 
et al.  2006b ), and tomato has two:  LeCCD1A  and  LeCCD1B  (Schwab et al.  2008 ). 
 CpCCD1  had 69 % identity with  ArabidopsisAtNCED4 ;  CpNCED1  has 73 % iden-
tity with  ArabidopsisAtNCED5 .  CpNCED2  had 77 % identity with  AtNECED3 . The 
 CpCCD  and the  CpNCEDs  were all predicted to have a carotenoid oxygenase motif.  

    Fruit Growth 

 The plasticity in papaya size from 0.1 to 12 kg (Nakasone and Paull  1998 ) provides 
a unique opportunity to study fruit development control (Table  14.1 ). Tomato fruit 
can similarly vary from small berries (~2 g) to large fruit (1,000 g) (Lippman and 
Tanksley  2001 ) with a single gene  ORFX  (QTL loci fw 2.2) being responsible for 
30 % of the difference (Frary et al.  2000 ; Bartley and Ishida  2003 ; Cong and 
Tanksley  2006 ).  ORFX  appears to act at or near the plasma membrane β subunit of 
CKII kinase (Cong and Tanksley  2006 ) and exerts its control through early fruit cell 
division (Lippman and Tanksley  2001 ). One homolog to  ORFX  was predicted in 
papaya ( CpORFX ) with 63 % identity with  ORFX  from  Solanum pennellii  and 62 % 
with  Solanum lycopersicum .  CpORFX  shows homology to the cysteine-rich PLAC8 
domain of unknown function that is found in animals and plants (Marchler-Bauer 
et al.  2005 ). No papaya ESTs were detected for  CpORFX . The function of  CpORFX  
in papaya is unknown though the wide range of papaya fruit sizes found presents the 
possibility it may have a role similar to that in tomato.  

    Fruit Shape 

 The shape of papaya fruit varies with fruit from female fl owers being spherical to 
ovoid (Table  14.1 ), while fruit from hermaphrodite fl owers being cylindrical or pear 
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shaped (Nakasone and Paull  1998 ). A mutation in the quantitative trait locus (QTL) 
 OVATE  changes the shape of tomato from round to pear shaped (Liu et al.  2002 ). 
This regulatory gene apparently has its impact early in fl ower development (Ku 
et al.  2000a ,  b ). A similar QTL in eggplant has a similar effect on shape (Ku et al. 
 1999 ). Ovate is a negative regulatory hydrophilic protein with a putative bipartite 
nuclear localization signal (Liu et al.  2002 ). Three ovate proteins are predicted in 
the papaya genome with homology to ovate sequences in  Arabidopsis  and  S. lycop-
ersicum  (Blas et al.  2012 ). Papaya ESTs are only found for one of the gene 
( CpOVATE1 ) with 38 % identity to  S. lycopersicum OVATE  and 39 % identity with 
 Arabidopsis . All three predicted papaya genes had the ~70 aa plant-specifi c motif 
(DUF623) of unknown function, also reported for the tomato  OVATE  gene (Liu 
et al.  2002 ).  CpOVATE 2  has 31 % identity with  Arabidopsis  Ovate family ( AtOFP8 ) 
and 58 % identity with tomato.  CpOVATE3  which was on the same linkage group as 
the papaya sex-related gene has 67 % identity with tomato ovate protein and an 
ovate-like protein from tobacco with 65 % identity. 

 Another major gene controlling the elongated fruit shape of tomato is  SUN  that 
acts in a dosage-dependent manner (Xiao et al.  2008 ). The gene belongs to the IQD 
family with  AtIQD1  being the only member with a known function. A homolog to 
 SUN  is found in papaya (Blas et al.  2012 ). This papaya homolog has four introns, the 
same as  SUN  and is 446 aa long versus 405 aa for  SUN  (Xiao et al.  2008 ). The homol-
ogy of the predicted papaya gene is moderate (37 %) for  SUN  and 50 % for  Arabidopsis 
IQD11  and 35 % for  IQD12 . Another predicted papaya homolog is two-thirds the 
length and has only two introns possibly due to a gap between the two sequenced 
contigs. This second predicted gene is 45 % homologous to  SUN  and 53 % to 
 Arabidopsis IQD12 . The variation in papaya shape from round to elongated, between 
female and hermaphrodite fruit, presents a unique model to ascertain the role of  SUN  
homologs in determining fruit shape.  

    Expansins 

 The cell wall proteins termed expansin are involved in cell wall relaxation and 
growth (McQueen-Mason et al.  1992 ). A number of expansin genes are recognized 
(Cosgrove  2007 ). Expansins have been shown to be expressed during tomato fruit 
growth (Rose et al.  2000 ), and different isoforms are expressed during fruit ripening 
(Rose et al.  1997 ; Brummell et al.  1999 ,  2004 ). Papaya fruit has been shown to 
express an expansin ( CpEXPA1 ), and four have been reported in banana fruit (Asha 
et al.  2007 ). Immunoblots have also detected expansins in ripening pear, persim-
mon, kiwi fruit, strawberry, and pineapple but not detected in pepper (Rose et al. 
 2000 ). The papaya genome contains at least 15  CpEXPA  (Expansin A), three 
 CpEXPB  (Expansin B), and one  CpEXPLA  (Expansin Like A) (Table  14.2 ). 
Secretory sequences are not predicted on four of the  CpEXPA s. All  CpEXP s had 
similar intron positions and lengths to those described for  Arabidopsis  (Choi et al. 
 2006 ). Sampedro et al. ( 2005 , 2006) proposed that the number in the last common 
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ancestor for expansin  EXLB  is four, though none are predicted for papaya (Paull 
et al.  2008 ). The monocot/dicot ancestor has 15–17 expansin genes (Sampedro et al. 
 2005 ). Papaya is classifi ed as a basal clade in the order Brassicales (Ronse de Craene 
and Haston  2006 ) with at least 19 expansin genes close to the number predicted for 
the monocot/dicot ancestor (15) (Sampedro et al.  2005 ).

   The expansins are believed to have arisen and diversifi ed early if not before colo-
nization of plants on land (Li et al.  2002 ; Choi et al.  2006 ). Expansins are found in 
monocots, pines, ferns, and mosses. The closely related expansin-like sequences are 
similarly widely found, and the absence of any  EXLB  predicted in papaya is unex-
pected. One  EXLB  is found in  Arabidopsis  and rice, and four in poplar, and one 
predicted in pine (Sampedro et al.  2005 ,  2006 ). This suggests that  EXLB s were pres-
ent before the angiosperms/gymnosperms separation (Table  14.2 ). The  Arabidopsis  
( At 4g17030) and  Pinus EXLB  are distantly related (Sampedro et al.  2006 ), but no 
match was found to any predicted papaya gene sequences or in the papaya EST 
database. When predicted papaya protein models are queried using the  Arabidopsis  
expansin-like B sequence, homology is found to  EXPLA  and  EXPB  sequences pre-
dicted in papaya. A number of other papaya sequences are predicted with an EG45 
motif though these peptides had less than 100 amino acids and had no CBD motif.  

    Cell Wall Synthesis Genes 

 The major components of plant cell walls are structural proteins, cellulose, matrix 
polysaccharides, pectins, and in secondary cell walls, lignin (Carpita and Gibeaut 
 1993 ; Fry  2004 ). Matrix polysaccharides and pectins are two of the most important 
components of the cell wall, but little is known about their biosynthesis, assembly, 
and degradation (Cosgrove  1999 ). Matrix polysaccharides comprise the cross- 
linking glycan molecules that are bound to the cell wall through covalent and non-
covalent bonds (Carpita and Gibeaut  1993 ; Fry  2004 ). Pectins are a family of 
complex polysaccharides that all contain the acidic 1,4-linked α- d -galacturonic acid 
and surround the cellulose microfi brils and cross-linked matrix polysaccharides 
(Carpita and Gibeaut  1993 ; Cosgrove  2001 ). 

 Cell wall synthesis genes potentially associated with growth and develop-
ment involve numerous glycosyltransferase (GT) genes in different families 

 Species  EXPA  EXPB  EXLA  EXLB 

 Last common ancestor  12  2  1  2 
 Papaya  15  3  1  0 
  Arabidopsis   26  6  3  1 
 Poplar  27  2  2  4 
 Rice  34  19  4  1 

  The estimates for papaya do not include incomplete 
sequences [reproduced with kind permission from 
Springer Science+Business Media from Paull et al. 
( 2008 )]  

    Table 14.2    Expansin 
families in different plant 
species, gene numbers, and 
the last common ancestor 
from Sampedro et al. ( 2006 )   
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(Henrissat et al.  2001 ). Papaya has at least 55 putative β-glucosyl, xylosyl, and 
rhamnosyltransferases (GT1) genes compared to 121 in  Arabidopsis  and 162 in 
tomato and higher numbers in other species. The higher number in tomato probably 
represents the triplicate replication that occurred on two separate occasions in this 
genome (The Tomato Genome Consortium  2012 ). These GT1 members are involved 
in hemicellulose synthesis. Twenty-one glycosyltransferases that are cellulose 
synthase- related genes (GT2) are identifi ed in papaya versus the 48  Populus  and 42 
 Arabidopsis  and other sequenced species with the exception of poplar where only 6 
are predicted (Table  14.3 ). These results suggest that an increase in the number of 
cellulose-related structural genes (Ces, Csl) might be due to genome duplication in 
 Arabidopsis  and specifi cally required for the biosynthesis of wood in poplar.

    Table 14.3    Major carbohydrate transferases in the papaya genome to  Arabidopsis  and tomato   

 Activity and family  Papaya   Arabidopsis   Poplar  Grape  Tomato  Peach 

 β-Glycosyltransferase, 
β-xylosyltransferase, 
β-rhamnosyltransferase, β-glucuronic 
acid transferase, 
β-galactosyltransferase (GT 1) 

 55  121  93  72  162  159 

 Glycosyltransferase, cellulose synthase 
(GT 2) 

 21  42  6  10  9  11 

 Sucrose synthase (GT 4)  14  24  18  30  28  31 
 α-Glucosyl and α-galactosyltransferase, 

α-1,4- galacturonosyltransferase (GT 8) 
 25  41  30  37  42  32 

 Branching, protein glycosyltransferase 
(GT 14) 

 5  11  20  26  33  30 

 Trehalose 6-phosphate transferase (GT 20)  5  11  5  10  10  9 
 Mannosyltransferase (GT 22)  2  3  2  3  3  2 
 Sialyltransferase (GT 29)  3  3  3  3  3  3 
 β-Galactosyltransferase, β-GalNAc 

transferase (GT 31) 
 8  33  17  19  18  19 

 α-Galactosyltransferase (GT 34)  3  8  1  3  5  7 
 Xyloglucan α-1,2- fucosyltransferase 

(GT 37) 
 3  10  6  2  3  2 

 β-Glucuronosyltransferase (GT 43)  4  4  4  4  5  4 
 Exostosin, β-glucuronosyltransferase 

(GT 47) 
 28  39  35  35  46  52 

 β-1,3- d -Glucan synthase (GT 48)  3  13  4  9  9  12 
 Self-glucosylating β-glucosyltransferase, 

 l -arabinopyranose mutase (GT 75) 
 3  5  6  5  8  7 

  The carbohydrate catalytic group and families are given in parenthesis (Coutinho and Henrissat 
 1999 ). CAZy web site for  Arabidopsis    http://www.cazy.org/e1.html     (Accessed 2011 December 29) 
and   http://cellwall.genomics.purdue.edu/families/2.html     (Accessed 2011 December 30). Tomato, 
apple, peach, and the moss ( Physcomitrella patens ) from   http://www.plantgdb.org/     (Accessed 
2012 March 03). The predicted genes were submitted to Bioenergy Science Center CAZymes 
Analysis Toolkit (Park et al.  2010 ) (  http://cricket.ornl.gov/cgi-bin/cat.cgi    ) for identifi cation of car-
bohydrate active enzymes; the results were then manually curated  
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   Galacturonosyltransferases are in family GT8 and are associated with pectin 
synthesis; 41 genes have been reported in  Arabidopsis  though only 25 have been 
found in papaya based upon sequence comparison with all other species so far 
having higher numbers than papaya (Table  14.3 ). There is more similarity for GT47 the 
glucuronosyltransferases, with papaya having 28 predicted genes and  Arabidopsis  
having 39 genes. Papaya has at least 3 genes and  Arabidopsis  10 genes for xyloglucan 
α-1,2-fucosyltransferase (GT37). Three genes for β-1,3-glucan (callose) synthase 
(GT48) are found in papaya with 13 reported for  Arabidopsis  and 9 genes in tomato. 
For most GT families, papaya has fewer genes for cell wall synthesis and metabolism 
than  Arabidopsis  and often similar number or less than that reported for other species. 
The exceptions are that papaya has the same number of genes for sialyltransferase 
(GT29) and β-glucuronosyltransferase (GT43) as other species listed, suggesting 
selected gene loss. The fewer genes for cell wall synthesis possibly refl ect, in part, the 
absence of genome duplication in papaya.  

    Cell Wall Expansion and Degradation 

 Plant cell walls are capable of both plastic and elastic extension and control the rate and 
direction of cell expansion (Fry  2004 ). Modifi cation of cell wall components during 
plant growth and development can signifi cantly alter the cellular mechanics and 
the control of growth and morphogenesis. Enzymes that modify the cell wall struc-
ture are thought to play a central role in turnover and modifi cation. The enzymes 
have been classifi ed into a number of groups based upon catalytic activity [hydro-
lases (GH), esterases (CE), lyases (PL)] and then placed into families based upon 
their amino acid sequence and structure. This classifi cation is used to analyze the 
 Arabidopsis  genome (Coutinho and Henrissat  1999 ; Henrissat et al.  2001 ). In fruit 
ripening, endo- and exo-polygalacturonase (PG), pectin methyl esterase, glucanase, 
galactosidase, and xylanase have been detected in papaya fruit (Paull and Chen  1983 ; 
Chen and Paull  2003 ; Thumdee et al.  2010 ). In papaya fruit, α-galactosidase protein 
and activity are detected and may be involved in pectin- related textural change dur-
ing ripening (Soh et al.  2006 ). As tomato fruit ripens, the PG and β-galactosidase II 
mRNA increases in parallel with an increase in enzyme activities (Smith and Gross 
 2000 ). There are three beta-galactosidase genes expressed during papaya fruit ripen-
ing (Othman et al.  2011 ). The authors suggested that pPBGII and pBG(a) cDNA 
clones characterized in this work may be involved in fruit softening during papaya 
ripening while the fruit-specifi c pBG(b) may be related to early ripening stage. 

 As with the GT families, papaya has fewer members in most catalytic families than 
 Arabidopsis  or other species (Table  14.4 ). The exceptions are the chitinases (GH18), 
α-mannosidase (GH47), and carboxylesterase (CE1). In the case of the chitinases 
(GH18, GH19), this may refl ect increased need for fungal resistance (Zhu et al.  2003 ). 
Pectin methyl esterases that remove methyl groups from the carbonyl group are pres-
ent in multiple copies with 58 potential genes (CE8) in papaya (Table  14.4 ), 67 genes 
in  Arabidopsis , and at least 79 in tomato and a higher number in other species. 
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Forty-fi ve genes for polygalacturonase (GH28) are found in papaya with 68 in 
 Arabidopsis  and at least 56 in tomato, some of which are exclusively expressed in fruit 
ripening (The Tomato Genome Consortium  2012 ) with similar numbers in other 
species.

      Table 14.4    Major carbohydrate hydrolases, esterases, and lyases in papaya compared to 
 Arabidopsis  and tomato   

 Catalytic group Activity and family  Papaya   Arabidopsis   Poplar  Grape  Tomato  Peach 

  Hydrolases  
 β-Glucosidase, β-galactosidase, 

β-mannosidase, (GH 1) 
 21  48  16  40  25  77 

 β-glucosidase, 1,4-β-xylosidase, 
1,3-β-glucosidase (GH 3) 

 11  16  8  29  18  22 

 Endo-β-1,4-mannosidase, endo-1,4-β-
glucanase (GH 5) 

 4  13  4  9  9  NP 

 Endo-1,4-β-glucanase (GH 9)  14  26  17  21  23  NP 
 Endo-1,4-β-xylanase (GH 10)  5  12  4  4  11  6 
 α-Amylase (GH 13)  7  10  8  9  10  10 
 β-Amylase (GH 14)  7  9  13  9  7  10 
 Xyloglucan endo-transglycosylase/

hydrolase (GH 16) 
 16  33  30  36  38  29 

 Glucan endo-1,3-β-glucosidase (GH 17)  36  51  59  41  51  50 
 Chitinase, yieldins (GH 18)  15  10  13  20  12  23 
 Chitinase (GH 19)  8  14  24  13  21  14 
 Polygalacturonase (GH 28)  45  68  35  60  56  62 
 α-Glucosidase (GH 31)  4  5  2  8  8  6 
 Invertase (GH 32)  3  8  7  8  12  10 
 β-Galactosidase (GH 35)  10  18  15  25  17  20 
 α-Galactosidase (GH 36)  7  6  NP  NP  NP  NP 
 α-Mannosidase (GH 38)  2  4  2  6  3  5 
 α-Mannosidase (GH 47)  8  5  2  8  5  6 
 Alkaline/neutral invertase (GH 100)  3  9  11  11  11  16 

  Carbohydrate esterase families  
 Acetyl xylan esterase, feruloyl esterase, 

carboxylesterase (CE 1) 
 2  1  2  1  1  1 

 Pectin methylesterase (CEF 8)  58  67  51  50  79  72 
 Carboxylesterase, arylesterase (CE 10)  11  24  38  36  38  41 
 Pectin acetylesterase (CE 13)  5  12  13  7  18  12 
  Pectate lyase  
 Pectate/pectin lyases (PL 1)  21  26  11  17  23  20 
 Rhamnogalacturonan lyase (PL 4)  2  8  NP  NP  NP  NP 
 α- l -guluronate lyase (PL 7)  NP  NP  2  3  1  5 

  The carbohydrate catalytic group and families are given in parenthesis (Coutinho and Henrissat 
 1999 ) ( GH  glycohydrolase family;  CE  carbohydrate esterase family). CAZy web site for 
 Arabidopsis    http://www.cazy.org/e1.html     (Accessed 2011 December 29) and tomato, apple, peach, 
and the moss ( Physcomitrella patens ) from   http://www.plantgdb.org/     (Accessed 2012 March 03). 
The predicted genes were submitted to Bioenergy Science Center CAZymes Analysis Toolkit 
(  http://cricket.ornl.gov/cgi-bin/cat.cgi    ) for identifi cation of carbohydrate active enzymes; the 
results were then manually curated.  NP  not predicted  
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   Hemicellulose degradative enzymes include endo-1,4-β-glucanases (GH5, 
GH9), endo-1,4-β-xylanases (GH10), and GH16, xyloglucan endotransglycosylase/
hydrolase (Table  14.4 ). Fourteen genes for β-1,4-endoglucanase (GH9) are found in 
papaya, 26 in  Arabidopsis , and 23 in tomato. Similarly,  Arabidopsis  has 12 pre-
dicted endoxylanase-like genes (Simpson et al.  2003 ) in GH10, while papaya has 5 
putative genes and tomato 10. Fewer genes for xyloglucan endotransglycosylase/
hydrolase (GH16, XET, or XTH) are found in papaya with 16 than the 33 in 
 Arabidopsis  and 38 in tomato. Of the 38 in tomato, fi fteen are predominately 
expressed in fruit development and ripening (The Tomato Genome Consortium 
 2012 ). In  Arabidopsis , there are 51 β-1,3-glucanases (GH17) and only 36 genes so 
far found in papaya. Multiple copies of β-galactosidase (GH35) are found in papaya, 
 Arabidopsis , and tomato, 10 copies in papaya, 18 in  Arabidopsis,  and 17 in tomato. 
Papaya has 21 pectin lyase (PL 1) genes, while  Arabidopsis  has 26 and tomato 23. 
The gene number in papaya for starch degradation is also fewer than in  Arabidopsis  
(Table  14.4 ). Seven genes for α-amylase (GH13) are found in papaya versus 10 in 
 Arabidopsis  while there are 7 and 9, respectively, for β-amylase (GH14). In conclu-
sion, the fewer number of cell wall degrading genes in papaya make it a simpler 
model system to study the network of genes involved in cell wall rearrangement that 
plays a crucial role in plant development.   

    Fruit Ripening 

    Skin Chlorophyll Degradation 

 The pathway of chlorophyll breakdown during fruit ripening is expected to be similar 
to that occurring during senescence and involves the removal of the phytol residue 
and the central Mg by chlorophyllase and a dechelatase (Barry  2009 ). The product 
of these two activities is pheophorbide a, which is the substrate for pheophorbide a 
oxygenase (PAO) and red chlorophyll catabolite reductase (RCCR) (Hortensteiner 
 2006 ). Proteomic analysis indicated that PAO located in plastid inner envelope 
membrane and RCCR was found in chloroplasts and mitochondria (Kleffmann 
et al.  2004 ;    Yao and Greenbreg  2006 ). The breakdown product from PAO and 
RCCR is then exported from the degenerating chloroplast for further breakdown 
in the cytoplasm. The predicted Mg dechelatase gene has not been identifi ed 
(Kunieda et al.  2005 ). 

 One chlorophyllase ( CpCLH ) gene is predicted in the papaya genome versus 
two genes in  Arabidopsis thaliana  and three in  Brassica oleracea  (Hortensteiner 
 2006 ). The papaya  Cp CLH protein has a predicted chloroplast transit peptide of 
21 amino acids and has 60 % homology to  B. oleracea  BoCLH3 protein and 61 % 
to  At CLH2. The  Cp CLH has a 2Fe–2S ferredoxin, iron-sulfur binding site and is 
expressed in papaya based on ESTs. A magnesium chelatase subunit gene with 
three ESTs is predicted in papaya. This gene has 91 % identity with soybean 
(Paull et al.  2008 ). 
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 PAO genes have been identifi ed by functional genomics. A single  PAO  gene is 
predicted for papaya ( CpPAO ). The predicted gene is expressed based upon EST 
data and has a 72 aa chloroplast transit peptide.  CpPAO  was similar to the  Arabidopsis 
AtPAO  gene, fi rst described as accelerated cell death ( ACD1 ) in  Arabidopsis .  ACD1  
has homology to tomato lethal leaf spot 1-like protein and a putative cell death 
suppressor protein in  Oryza sativa . The  PAO  genes of all three species contain the 
predicted iron-sulfur binding domain (Paull et al.  2008 ). There are reports on 
stay- green gene, SGR, and its role in regulating the upstream process of PAO gene 
(Aubry et al.  2008 ) resulting in stay-green phenotype. Recently Hu et al. ( 2011 ) 
reported LeSGR gene identifi cation and its expression during tomato fruit ripening. 
However, no similarity was found to any predicted papaya gene sequences to 
 Arabidopsis  stay-green or LeSGR. 

 As with a single gene in  Arabidopsis , described as ACD2 (Wüthrich et al.  2000 ; 
Mach et al.  2001 ), a single  RCCR  gene is predicted in papaya ( CpRCCR ). The papaya 
 Cp RCCR protein has a predicted chloroplast transit peptide of 61 amino acids, and 
ESTs indicate it is expressed. RCCR has slightly greater identity (74 %) to the tomato 
 RCCR  (Pruzinska et al.  2007 ) than to the  ArabidopsisACD2  (71 %).  

    Carotenoid Biosynthesis 

 Carotenoids serve several functions in plants (Cunningham and Gantt  1998 ). During 
fruit ripening as chlorophyll is degraded, the underlying carotenoids are unmasked, 
and de novo biosynthesis occurs in the papaya mesocarp chromoplasts. Carotenoids 
are derived from the 5-carbon compound isopentenyl pyrophosphate (IPP). The C 40  
backbone of all carotenoids is assembled from two C 20  geranylgeranyl pyrophos-
phate (GGPP) molecules which in turn are each derived from four C 5  IPP molecules; 
see volatile production discussion that follows. 

 Synthesis of phytoene from two GGPP molecules is the fi rst step in the 
carotenoid- specifi c biosynthesis pathway and is catalyzed by phytoene synthase 
(PSY). PSY is a key regulator in carotenoid biosynthesis and has been found to 
be the rate-limiting enzyme in ripening tomato fruits, canola seeds, and marigold 
fl owers (Bramley et al.  1992 ; Fraser et al.  1994 ; Hirschberg  2001 ). PSY is expected 
to have close membrane association as phytoene is lipid soluble and is localized, 
along with its subsequent end products, inside the chloroplasts and chromoplasts 
(Cunningham and Gantt  1998 ). Additionally, two forms of PSY, a chromoplast- and 
chloroplast-specifi c form, have been found in tomato: PSY-1 and PSY-2, respec-
tively (Cunningham and Gantt  1998 ), with different tissue expression and only 
PSY-1 controls fruit tissue pigmentation (The Tomato Genome Consortium  2012 ). 
Desaturation of phytoene into z-carotene and lycopene is mediated by phytoene 
desaturase (PDS) and ζ-carotene desaturase (ZDS), respectively. This desaturation 
converts the colorless phytoene into the pink-hued lycopene. Like PSY, the desatu-
rases PDS and ZDS are closely associated with the plastid membrane but are not 
integral membrane proteins (Schledz et al.  1996 ). Plastid transit peptides were 
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detected for PSY, PDS, ZDS, and LCY-b from the papaya genome predicted genes. 
The published sequences for both PDS and ZDS appear to be lacking part of the 
leader sequences and do not start with a methionine required by the transit peptide 
prediction software. When the predicted peptide sequences for PSY and ZDS from 
the papaya genome are used, both of which start with methionine, transit peptides 
are predicted. 

 Cyclization of lycopene via lycopene e-cyclase (LCY-e) or lycopene b-cyclase 
(LCY-b) results in a α- or β-carotene, respectively. Yamamoto ( 1964 ) showed that 
59.3 % of the total carotenoids in yellow-fl eshed papaya are comprised of b- carotene 
or its derivatives, i.e., cryptoxanthin, indicating the b-ring cyclization pathway for 
synthesis of the yellow-pigmented carotenoids. Yellow fruits contain only trace 
amounts of lycopene (Schweiggert et al.  2011 ), while lycopene predominates in red 
papaya (51 % of total carotenoids). Tubular plastids are abundant in yellow papaya 
with larger crystalloid structures present in red papaya chromoplasts. 

 The family of lycopene cyclases in plants shows evidence of multiple gene dupli-
cation events and divergence of catalytic function (Blas et al.  2010 ). Plant lycopene 
cyclases share a common phylogenetic origin with bacterial crtY and crtL lycopene 
cyclases. Plant and bacterial lycopene cyclases are polypeptides of ~400 aa; however, 
the plant lycopene cyclases have an additional 100 aa N-terminal transit sequence. 
Five regions of conserved amino acid sequence have been identifi ed: one putative 
dinucleotide-binding region and four motifs of unknown function (Armstrong and 
Hearst  1996 ; Cunningham and Gantt  1998 ). 

 Several papaya genes that encode enzymes in the carotenoid biosynthesis 
pathway have been previously identifi ed: phytoene synthase ( PSY ), phytoene desat-
urase ( PDS ), ζ-carotene desaturase ( ZDS ), and a chloroplast-specifi c lycopene 
β-carotene ( LCY-b ) (Paull et al.  2008 ; Blas et al.  2010 ). BLASTn search of an EST 
database generated from a multiple-tissue type cDNA library supports the activity 
of these single genes in papaya. Putative papaya homologs were identifi ed for lyco-
pene ε-cyclase ( LCY-e ), β-ring carotene hydroxylase ( CRTR ), and zeaxanthin epox-
idase ( ZE ) based on amino acid sequences obtained from GenBank (Paull et al. 
 2008 ) and cloning of a chromoplast-specifi c lycopene α-cyclase,  CpCYC-b  (Blas 
et al.  2010 ). Expression of these putative papaya carotenoid biosynthesis genes was 
supported by EST data in NCBI that include fruit EST (Devitt et al.  2006 ).  

    Sugar Accumulation 

 Photosynthates are transported into fruits mainly as sucrose with some fruits accu-
mulating starch that is broken down to sugars during ripening while other fruit such 
as papaya depending upon a continued supply of sucrose for sweetness when ripe. 
During early fruit growth the sucrose is thought to be unloaded through the sym-
plast pathway involving SS (sucrose synthase) and SPS (sucrose phosphate syn-
thase) activities and metabolized in respiration and used for growth (Patrick  1997 ; 
Sturm and Tang  1999 ; Zhang et al.  2006 ). The activities of SS and SPS and their 
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mRNA levels parallel the increase in growth. After fruit growth stops, sucrose 
accumulation is thought to involve a cell wall invertase to cleave the sucrose arriving 
via the phloem to hexoses, thus maintaining the sucrose source to sink gradient. The 
hexoses are then taken up into the fruit cells and the vacuole via hexose transporters 
(Caspari et al.  1994 ; Patrick  1997 ; Wu et al.  2004 ; Zhang et al.  2004 ,  2006 ). 

 Sugars, mainly as sucrose, begin to accumulate in papaya fruit about 110 days 
after anthesis during the last 28–42 days of fruit development (Chan  1979 ; Zhou 
and Paull  2001 ). Flesh total soluble solids can be as low as 5 % and up to 19 % 
(Table  14.1 ). The fact that invertase gene expression ( Zhou et al. 2003 ; Zhu et al. 
 2003 ) and protein expression (Nogueira et al.  2012 ) and sugar (hexose) transporters 
(Sangwanangkul and Paull  2005 ) are upregulated and the protein detected just 
before and during sugar accumulation suggests the participation of both invertases 
and hexose transporter activities in fruit sugar accumulation. 

 Invertase (INV) is responsible for hydrolyzing sucrose into fructose and glucose 
and can be found in the cytoplasm, vacuole, and apoplast (Sturm  1999 ). The family 
is classifi ed into acid, alkaline, and cell wall invertases (Tymowska-Lalanne and 
Kreis  1998 ; Ji et al.  2005 ; Bocock et al.  2008 ).  Arabidopsis  has one cell wall inver-
tase and one acid invertase (Tsuchisaka et al.  2007 ). In tomato, 16 cell wall invertase 
sequences have been found (Fridman and Zamir  2003 ), while only 2 cell wall inver-
tases are found in the papaya genome,  CpCWINV1  and  CpCWINV2  (Paull et al. 
 2008 ). These two papaya cell wall invertases have the GH32 domain, and the secre-
tory peptide occupied the fi rst 26 amino acids.  CpCWINV1  has 100 % homology in 
sequence with the published papaya invertase ( Zhou et al. 2003 ; Zhu et al.  2003 ). 
The second cell wall invertase ( CpCWIN2 ) had high homology to the  Arabidopsis  
cell wall  INV1 . A possible third papaya acid invertase  CpCWINV3  has the required 
GH32 domain, but no signal peptide and no papaya ESTs are published. This acid 
invertase prediction showed moderate homology with coffee invertase and 
 Arabidopsis  cell wall invertase. Another predicted acid invertase had less than 20 % 
peptide sequence homology with Japan pear and  Arabidopsis  acid invertases. 

 Sucrose synthase (SUS) catalyzes the reversible conversion of sucrose and UDP 
to UDP-glucose and fructose and is only found in the cytoplasm (Martin et al.  1993 ; 
Baud et al.  2004 ). In  Arabidopsis , fi ve known sucrose synthases and another pre-
dicted sucrose synthase are found (Baud et al.  2004 ) with  AtSUS1  having 67–72 % 
homology to sucrose synthase genes from other species. Citrus is reported to have 
three  SUS  genes (Komatsu et al.  2002 ), and papaya had four predicted SUS genes 
( CpSUS1  to  CpSUS4 ) (Paull et al.  2008 ). All the predicted papaya SUS genes had 
sucrose synthase and glycosyltransferase (GT4) domains. The  CpSUS1  has 99 % 
homology with the reported partial sequence of  SUS  in papaya and 90 % homology 
with that of citrus and 85 and 87 % to  ArabidopsisAtSUS1  and  AtSUS3 , respectively 
(Paull et al.  2008 ).  CpSUS2  showed similarity with citrus  SUS2  85 % homology to 
 AtSUS3 , while  CpSUS3  had high homology with onion ( E -value 0.0) and tobacco 
( E -value 0.0). The fourth papaya sucrose gene ( CpSUS4 ) had high homology with 
 AtSUS5 . Another SUS gene was predicted in papaya with a GT4 domain and sucrose 
synthase domains, but the sequence was not complete and only about half the 
expected peptide length. 
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 Three sucrose phosphate synthase (SPS) genes were predicted in papaya 
( CpSPS1 ,  CpSPS2 ,  CpSPS3 ). All had GT4 and sucrose synthase domains (Paull 
et al.  2008 ). The  CpSPS1  and  CpSPS2  showed homology with the sucrose synthase 
in citrus and  Arabidopsis . In higher plants, three families of sucrose phosphate syn-
thase are described, and the functional differences between the families are not 
obvious (Langenkamper et al.  2002 ). Four putative  SPS  genes occur in  Arabidopsis , 
two genes belong to Family A and one gene each belongs to Family B and Family 
C. The  CpSPS1  had 87 % homology to citrus  SPS  and 72 % to  Arabidopsis ’s 
 AtSPS1F . The second papaya SPS,  CpSPS2 , was similar to  ArabidopsisAtSPS2F  
with a homology of 77 and 80 % to the citrus  SPS . The  AtSPS4F  gene in  Arabidopsis  
had a homology of 73 % with the  CpSPS3  in papaya. 

 Papaya contains at least four hexose transporter genes ( CpHT1  to  CpHT4 ). 
In contrast to papaya, tomato contains three named loci ( HT1 ,  HT2 , and  HT3 ) and 
seven putative loci (Gear et al.  2000 ; Dibley et al.  2005 );  Arabidopsis  contains four 
named loci ( SGB1 ,  TMT1 ,  TMT2 ,  TMT3 ) and fi ve putative loci (Büttner  2007 ). 
A fi fth papaya hexose transporter was indicated, but the genomic sequence of the 
ORF is incomplete. Papaya ESTs are found for two of the predicted hexose trans-
porters  CpHT2  and  CpHT3  (Paull et al.  2008 ). The number of introns varied widely; 
 CpHT1 ,  CpHT2 ,  CpHT3 , and  CpHT4  had 2, 12, 11, and 1, respectively.  CpHT3  had 
a 60 % chance of being localizing to the plastid. The remaining papaya hexose trans-
porters did not show specifi c localization or export. Papaya contains at least three 
incomplete hexose transporter genes or pseudogenes that had only 7–11 of the 12 
expected transmembrane domains while having domains for MFS and sugar trans-
porter. One of the pseudogenes had four ESTs identifi ed. Two of the three pseudo-
genes had secretory sequences for the endoplasmic reticulum.  

    Respiration 

 Plant respiration differs from most animal respiration in possessing a number of 
additional components including (a) the presence of an alternative oxidase to cyto-
chrome c oxidase that is cyanide insensitive, (b) an internal rotenone-insensitive 
NAD(P)H non-proton-pumping dehydrogenase, and (c) an external NAD(P)H 
non-proton- pumping dehydrogenases (Vanlerberghe and McIntosh  1997 ; Mackenzie 
and McIntosh  1999 ; Elhafez et al.  2006 ). Alternate oxidase (AOX) is a terminal 
quinol oxidase that is non-proton pumping and transfers an electron to oxygen while 
dissipating the energy as heat (McDonald  2008 ). AOX is resistant to cyanide (Henry 
and Nyns  1975 ) and sensitive to salicylhydroxamic acid (SHAM) (Schonbaum et al. 
 1971 ). AOX activity is taxonomically widespread and found in all kingdoms 
(McDonald  2008 ). In dicots, two types of AOX, AOX1 and AOX2, are found. 
Monocots seem to possess only AOX1 (Considine et al.  2001 ) which has been 
associated with a number of physiological functions such as thermogenesis in 
sacred lotus during fl owering (Watling et al.  2006 ). Other roles include balancing 
carbon metabolism and electron transport, as may happen during climacteric fruit 
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ripening (Theologis and Laties  1978 ; Considine et al.  2001 ), control of reactive 
oxygen species generation, O 2  scavenging, and resistance to toxins and pathogenicity 
(Moore et al.  2002 ; McDonald  2008 ). Though AOX1 and AOX2 are present in mul-
tigene families in most plants (McDonald  2008 ), only two genes for alternative 
oxidase AOX1 were predicted for papaya,  CpAOX1  and  CpAOX2 . The predicted 
 Cp AOX1 protein had a predicted signal peptide of 22 amino acids, two transmem-
brane regions, and was supported by fi nding papaya ESTs. The two characteristic 
AOX conserved cysteine residues occurred at Cys 105 and Cys 155, and two introns 
similar to  Oryza sativa AOX  were present. The predicted  CpAOX1  gene has 79 and 
71 % identity to the two  Arabidopsis  genes  Q9ZRT8  and  Q39219 , respectively. 
 CpAOX2  similarly has two transmembrane regions and no secretory sequence is 
predicted, though EST data suggested it is expressed.  CpAOX2  has 88 % identity to 
 Vigna unguiculata AOX  (Q93X12) and 82 % with  Arabidopsis  (O22049). 

 Plant mitochondria can oxidize NADH and NADPH without proton pumping 
(Melo et al.  2004 ; Geisler et al.  2007 ). These dehydrogenases are referred to as Type 
II NAD(P)H (Michalecka et al.  2003 ; Melo et al.  2004 ). Type II dehydrogenases oper-
ate in parallel to Type I proton-pumping multi-subunit complex I. Both types are 
found in the electron transfer chains of several bacteria and in fungal and plant mito-
chondria. Type II dehydrogenases are found on the external (NDB) and internal 
(NDA) faces of the inner mitochondrial membrane and transfer electrons from NAD(P)H 
to quinone. It has been proposed that there are four distinct types of NAD(P)H dehy-
drogenases: two on either side of the inner membrane. One was to oxidize NADH and 
the other for NADPH (Roberts et al.  1995 ; Melo et al.  2004 ). However, Rasmusson 
et al. ( 1999 ) reported two Type II dehydrogenases for potato located on inner and 
outer surfaces of the inner mitochondrial membrane. Only three open reading frames 
(ORF) with similarity to Type II dehydrogenase genes were found in the papaya 
genome. The ORF for an internal NAD(P)H dehydrogenase,  CpNDA1 , had 67 % 
identity to  ArabidopsisNDA2 . A papaya EST was found for  CpNDA1 . One  CpNDB  
gene was also predicted,  CpNDB1 , that had 79 % identity to  ArabidopsisNDB4 . A 
mitochondrial transit peptide was predicted for the  CpNDB1  protein but not for 
 CpNDA1 . All had predicted ORFs motifs for the pyridine- redox superfamily.  

    Ethylene Synthesis 

  Arabidopsis  and papaya show evolutionary similarity in the number of genes asso-
ciated with ethylene synthesis, receptors, and response pathways. Papaya had four 
S-adenosyl- l -methionine synthases (SAMS), while 12 are reported for  Arabidopsis  
(Yamagami et al.  2003 ) and 8 in tomato (Nakatsuka et al.  1998 ). Two of the papaya 
sequences from different regions of the papaya genome had the closest BLASTp 
homology to  Catharanthus roseus  SAM-2 (Paull et al.  2008 ). Unlike other SAMs, 
which do not have introns, one of these sequences appeared to have three. This may 
be a problem with the protein prediction, since corresponding gaps also appeared in 
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the amino acid alignment with  C. roseus  SAM-2. A tBLASTn search using the 
assembled nucleotide sequence showed no match between amino acids 97 and 102, 
plus one large region of low homology between amino acids 254–328; otherwise, 
there was very good homology with many SAMs genes. 

 The 11 tomato 1-aminocyclopropane-1-carboxylic acid synthase (ACS) (LeACS) 
genes differ in tissue-specifi c expression, developmental control, and ethylene 
induction (Nakatsuka et al.  1998 ; Alba et al.  2005 ; The Tomato Genome Consortium 
 2012 ). The papaya genome was predicted to contain seven ACS genes, each with 
aminotransferase I and II domains which were predicted to be an ACS domain 
(Paull et al.  2008 ). Two other sequences translatable to the aminotransferases I and 
II domains were found; however, the closest BLASTp matches to these two 
sequences was not annotated as ACS, and their homology to non-ACS aminotrans-
ferases was high and was not included in the papaya ACS list. Three sequences 
matched papaya sequences already deposited in GenBank, including  CpACS1  and 
 CpACS2  (98 and 98 % identity, respectively). All seven putative ACS sequences 
contained the conserved dodecapeptide binding site (Yip et al.  1990 ), although, one 
had an Asn substitution for the key Lys that bound either PLP or the 2- aminobutyrate 
of adenosylmethionine. The possible existence of nonfunctional sequences with 
ACS homology in the papaya genome would not be novel;  Arabidopsis  has at least 
one nonfunctional gene ( AtACS1 ) shown to encode a protein with no enzyme activity 
(Tsuchisaka et al.  2007 ) that is nevertheless included in the gene family. In addition, 
 AtACS3  is not even transcribed, and  AtACS10  and  AtACS12  encode aminotransfer-
ase domains but have no ACS activity; none of these are included in the ACS family 
(Yamagami et al.  2003 ). 

 At a minimum, three ACO genes were predicted in papaya (Paull et al.  2008 ), 
with six additional sequences that showed partial homology to ACO-like genes or 
genes with the 2-oxoglutarate FeII oxygenase domain. This domain encompasses 
more than ACO’s, but it is the motif that describes ACO’s. As with the ACS, papaya 
has two well-studied  CpACO  genes, with multiple GenBank representatives. The 
 Cp ACO genes identifi ed (Paull et al.  2008 ) refl ect BLASTp matches to  CpACO1  
and  CpACO2  from  Carica papaya , plus a translated supercontig with 79 % identity 
to a poplar protein shown to have ACO activity (Andersson-Gunneras et al.  2003 ). 
The sequence that matched  CpACO1  lacks the fi rst 83 amino acids from  ACO1 , due 
to sequencing ambiguities, but otherwise matched the remaining 235 amino acids. 
All three sequences retained the three conserved subdomains of ACOs and 
2- oxoglutarate FeII oxygenases (Trentmann and Kende  1995 ), as well as the HxD site 
for enzymatic activity.  CpACO s share the motif KxxR within the conserved C-terminal 
site that was identifi ed as essential for  Petunia hybrida ACO1  enzyme activity (Yoo 
et al.  2006 ). The protein encoded on  CpACO3  differs at this site by three amino acids, 
which is more than any of the ACOs from 24 different plants, including papaya 
( LP KEPRF R  versus the consensus QAKEPRFE). Five other predicted models 
had between 42 and 71 % homology to  Arabidopsis  proteins with 2-oxoglutarate 
FeII oxygenase domains, but these  Arabidopsis  proteins are not clearly involved in 
ACO activity.  
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    Ethylene Response 

 Papaya ripening has both ethylene insensitive and ethylene sensitive components 
(Chen and Paull  2003 ; Manenoi and Paull  2007 ) as has been found for tomato (Picton 
et al.  1993 ). At least three ethylene receptor genes ( CpETR1  to  CpETR3 ) were pre-
dicted in the papaya genome (Table  14.5  and Fig.  14.1 ). All three have the expected 

    Table 14.5    Predicted    papaya ethylene receptors, structure, and phylogenetic relationship with 
known  Arabidopsis  ethylene receptors   

 CDS  Intron  aa  Homology  ESTs 

  CpETR1   25,248  4  629   Carica papaya  AAG41977  9 
  CpETR2   56,390  5  738   Prunus persica  ethylene receptor Q9M7M1 ETR1  4 
  CpETR3    5,560  9  767   Lycopersicon esculentum  ethylene receptor homolog 

AF118844_1 
 8 

  The whole genome shotgun sequence accession number in NCBI (WGS Accession), coding 
sequence for amino acids (CDS), the number of introns in the nucleotide sequence (introns), amino 
acids (aa), presence of discrete portion of protein possessing its own function and the superfamily 
(domain), similarity in peptide sequence with another species (homology), extent the sequences 
were invariant (identity),  E -value was the expectation value for homology, and the number of 
papaya expressed sequence tags (EST) detected of at least 500 bases and 99 % identity [repro-
duced with kind permission from Springer Science+Business Media from Paull et al. ( 2008 )]  

  Fig. 14.1    Predicted papaya ethylene receptors, structure and phylogenetic relationship with known 
 Arabidopsis  ethylene receptors. The whole genome shotgun sequence accession number in NCBI 
(WGS Accession), coding sequence for amino acids (CDS), the number of introns in the nucleotide 
sequence (introns), amino acids (aa), presence of discrete portion of protein possessing its own func-
tion and the superfamily (domain), similarity in peptide sequence with another species (homology), 
extent the sequences were invariant (identity),  E -value was the expectation value for homology, and 
the number of papaya expressed sequence tags (EST) detected of at least 500 bases and 99 % identity 
[reproduced with kind permission from Springer Science+Business Media from Paull et al. ( 2008 )]       
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protein domains, though  CpETR1  had no receiver domain (Paull et al.  2008 ).  Cp ETR1 
was homologous (100 %) to the papaya receptor cDNA sequence deposited by the late 
Dr. Hamid Lazan and his group (Che Husin et al.  2000 ) from Malaysia. This sequence 
has 78 % homology with the  Arabidopsis ERS1  (Paull et al.  2008 ).  Arabidopsis ETR1  
has the greatest homology with  Cp ETR2 (86 %). Based upon gene and protein struc-
ture, both  CpETR1  and  CpETR2  would fall into the ethylene receptor subfamily 1 (Hua 
et al.  1998 ) with  CpETR3  being in subfamily 2 (Table  14.5  and Fig.  14.1 ). Subfamily 
1 receptors maybe required for most ethylene responses (Wang et al.  2003 ). Originally, 
we reported four two-component ethylene receptors (Ming et al.  2008 ); however, a 
more thorough analysis indicated that one of the previously reported  Cp ETRs lacked 
the expected GAF domain and a full histidine domain (Wang et al.  2003 ; Hall et al. 
 2007 ). This partial sequence is a 139 aa-long peptide with 75 % homology to the apple 
ethylene receptor. A fi fth potential gene was short (224 aa) and only had a DUF623 
domain of unknown function and low homology to the nearest ethylene receptor of 
 Litchi chinensis . Papaya’s three predicted ethylene receptors were fewer than the fi ve 
ETRs found in  Arabidopsis  (Schaller and Kieber  2002 ) and the six in tomato (Klee and 
Tieman  2002 ). A seventh pseudogene has been reported in tomato with no expression 
data (The Tomato Genome Consortium  2012 ). Since ethylene receptors seem to be a 
negative regulator of action (Hua and Meyerowitz  1998 ), degradation plays a signifi cant 
role in the control of ripening (Kevany et al.  2007 ). The relatively small complement of 
papaya ethylene receptors means that fewer interactions may occur between receptors 
so that their role in ripening should be more easily discerned.

    Ethylene receptors are disulfi de-linked dimers and ethylene binding involves a 
copper cofactor (Rodríguez et al.  1999 ). The gene RAN (response to antagonist) 
plays a role in making the ethylene receptor apoprotein functional by transporting a 
copper ion to the ethylene receptor site in the membrane-spanning regions. As with 
 Arabidopsis , only one RAN homolog was found in papaya (Paull et al.  2008 ), and 
 CpRAN  had 76 % homology to  Arabidopsis RAN1 . 

 The ethylene response pathway after ethylene binding involves a RAF-related 
kinase  CTR1  that has a role in the negative response by forming a complex with the 
receptor (Hua and Meyerowitz  1998 ). Ethylene binding inhibits CTR1 kinase activity 
(Ouaked et al.  2003 ) and thus relieves the repression of the ethylene response path-
way (Alonso et al.  2003 ; Alonso and Stepanova  2004 ). A signal is then transmitted 
from the positive regulator EIN2 to EIN3/EILs and induces transcription of ethyl-
ene response factors (ERF).  At CTR1 is one of the six  Arabidopsis  MAPK kinases 
and three  Le CTR1-like genes in tomato (Frye et al.  2001 ; Adams-Phillips et al. 
 2004a ; The Tomato Genome Consortium  2012 ) with no evidence that more than 
one ( At CTR1 , Le CTR1) being involved in the ethylene signal transduction pathway. 
At least one  CpCTR1  gene was found in the papaya genome that had 56 % homology 
with  LeCTR1 . A second, incomplete CTR sequence was also found (Paull et al. 
 2008 ). One possible  CpEIN2  gene    was found; although the nucleotide and amino 
acid sequence were short (Paull et al.  2008 ), The alignments with CTR1- like kinase 
and the protein kinase family had fewer gaps, and about one hundred amino acid 
matches. Four possible EIN3/EIL1 genes were also found, with two ( CpEIL1 , 
 CpEIN3 ) having high EIN2/EIL homologies to published sequences, and these 
were expressed as papaya ESTs.  Arabidopsis  has nine EIN3 and EIN3-like genes 
(Binder et al.  2007 ), and tomato has at least fi ve (Stepanova and Alonso  2005 ). 
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 Eight ERF genes were found with high homology, and another 12 predicted 
ERF-like sequences that had low homology matches or had no signifi cant protein 
domains. One hundred and twenty-two ethylene-responsive binding factors in the 
AP2/ERF superfamily have been found in  Arabidopsis  (Nakano et al.  2006 ). 
 AtERF1  falls into group IX with 17 members and 8 in group VIII. Using the con-
served 60 amino acid sequences for AP2/ERF (Nakano et al.  2006 ), an additional 92 
potential genes with this sequence were found in papaya which suggests more ERF 
may be present in the papaya genome.  

    Laticifers and Protease 

 The papaya fruit, as well as other aerial parts of the plant, has a dense network of 
laticifers (Roth and Clausnitzer  1972 ). The articulated laticifers begin as a column 
of cells that form vessel-like structures that retain the usual organelles. The milky 
latex is about 85 % water with the remaining 15 % being composed of 25 % insol-
uble matter of unknown composition. The soluble fraction contains carbohydrates 
(~10 %), salts (~10 %), lipids (~5 %), and biomolecules mainly proteins (~40 %) 
(El Moussaoui et al.  2001 ). The biomolecules include cysteine proteinases (papain, 
chymopapain), cystatin, β-1,3-glucanase, chitinase, lipases, and other proteins. The 
latex is thought to function as an induced defense mechanism (Salas et al.  2008 ; 
Shindo and Van Der Hoorn  2008 ). The latex is harvested from large fruited green 
varieties by scratching the skin, allowing the exuded latex to coagulate and dry, then 
collecting the dried latex by scraping. The latex is purifi ed and its proteolytic activity 
is used for meat tenderization and chillproofi ng of beer (El Moussaoui et al.  2001 ). 
During fruit ripening some of the laticifers break and release latex under the cuticle 
disrupting this barrier and increasing fruit water loss rate (Paull and Chen  1989 ). 

 Four cysteine proteinases account for 80 % of the enzyme fraction (El Moussaoui 
et al.  2001 ). The proteinases are papain, chymopapain, caricain (proteinase omega), 
and glycyl endopeptidase (proteinase IV). Papaya proteinases are synthesized as 
proenzymes with a signal sequence. The prosequence is cleaved and proteinase acti-
vated. All four proteinases are members of the peptidase C1A subfamily of cysteine 
proteinases. Papain has been most intensively studied (El Moussaoui et al.  2001 ) 
although it is a minor component (5–8 %) of the endopeptidases in papaya latex 
(Baines and Brocklehurst  1982 ; Azarkan et al.  2003 ). One gene for a propapain 
( CpPAPA ) precursor was predicted. The encoded protein had 26 amino acids ER 
secretory sequence and 95 % identity to the published papaya cDNA sequence 
(Paull et al.  2008 ). A papaya EST was found for  CpPAPA . 

 A single papaya chymopapain gene ( CpCHYP ) was predicted that had 99 % iden-
tity to chymopapain isoforms I, III, and V and 100 % to chymopapain isoforms II and 
IV (Paull et al.  2008 ). Chymopapain is distinguished from papain by the proteolytic 
activity remaining after papain is removed (Jansen and Balls  1941 ). The fi ve prochy-
mopapain isoforms (I–V) were identifi ed from sequenced leaf cDNAs (Taylor et al. 
 1999 ); all the isoforms have a free cysteine at position 251. The translated isoform 
cDNAs differ in one or two amino acid substitutions. At position 222, a cysteine is 
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replaced by a tyrosine in isoforms III and V, while at position 266, valine is replaced 
by phenylalanine in isoforms II, III, and V. These single amino acid substitutions 
require only a single base change. The predicted  CpCHYP  protein had the nine amino 
acids reported for isoforms III–V. It is possible that the chymopapain isoforms differ 
because of errors in PCR, sequencing, or translation. The  Cp CHY protein, possibly 
isoform III, had 66 ESTs. A chymopapain isoform III EST was also reported by 
Devitt et al. ( 2006 ). 

 A number of other proteinases have been reported in papaya latex (El Moussaoui 
et al.  2001 ; Azarkan et al.  2006 ; Shindo and Van Der Hoorn  2008 ). Two caricain 
genes were predicted (proteinase omega) and one glycyl endopeptidase gene (Paull 
et al.  2008 ). The predicted gene numbers are in agreement with those reported 
(El Moussaoui et al.  2001 ), though one of the caricain gene cDNAs has not been 
deposited in GenBank. The  CpCARP1  was 100 % identical to the described 
sequence, although it is only 130 amino acids long due to incomplete sequencing of 
the WGS. A glutamine cyclotransferase (glutamine cyclase) gene was predicted in 
papaya ( CpGTR ) as previously reported from papaya latex (Oberg et al.  1998 ; El 
Moussaoui et al.  2001 ). The predicted papaya gene (Paull et al.  2008 ) was longer than 
the predicted 288 amino acid peptide from the cDNA in GenBank though analysis 
suggested intron boundaries may have not been accurately predicted. One cystatin 
( CpCYST ) and two Kunitz   -type trypsin inhibitors ( CpTINH1 ,  CpTINH2 ) were pre-
dicted in the papaya genome. The cystatin had the I25A domain and was classifi ed 
as member of the CY superfamily. Papaya ESTs were found for both the cystatin 
and trypsin inhibitors (Paull et al.  2008 ). 

 At least 27 β-1,3-glucanase proteins (GH17) were predicted in papaya, and activity 
has been detected in papaya latex (El Moussaoui et al.  2001 ). In addition to β-1,3- 
glucanase, chitinase II (GH19) has been reported for papaya latex. A gene with 
61 % identity to the partial cDNA (P81241) was found in the papaya genome 
(Paull et al.  2008 ). 

 Other than the genes encoding proteinases and those laticifer proteins described 
previously, the genes encoding other proteins potentially found in papaya latex have 
not been well described. A search of the papaya genome for latex-associated protein 
genes found six genes including one for caspase reported as a rubber latex-abundant 
protein and lysophospholipase. In addition, a number of potential latex genes were 
found for which predicted protein had allergen domains. Othman and Nuraziyan ( 2010 ) 
reported the specifi c expression of subtilase in papaya mesocarp that reached the 
highest level at ripening stage. Recently, there was a report on a new phospholipase D 
(CpPLD1) in papaya latex (Abdelkafi  et al.  2012 ). The sequence alignment showed 
four conserved regions (I–IV) defi ned by most of the PLD superfamily.  

    Volatile Production 

 All plant parts emit volatiles, which have multiple functions. Of the many roles in 
plants, ecological interactions such as defense against herbivores, pathogens, and as 
attractants for animals to disperse pollen and seeds are presumed to be principal 
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functions (Pichersky and Gershenzon  2002 ; Phillips et al.  2006 ). Additionally, 
 volatiles as components of fl avor and aroma perception contribute substantially to 
the utility of plant parts as human foodstuffs. Odorants are volatile and interact with 
human olfactory reception (Buck and Axel  1991 ), but they must be somewhat lipo-
philic as well as water soluble, possess adequate vapor pressure, and occur in suf-
fi cient concentration for olfactory receptor interaction. At least 166 compounds 
have been identifi ed in papaya fruit volatiles (Flath and Forrey  1977 ; Flath et al. 
 1990 ; MacLeod and Pieris  1983 ; Pino et al.  2003 ). The most commonly identifi ed 
papaya volatiles have been methyl butanoate, ethyl butanoate, 3-methyl-1-butanol, 
and 1-butanol. The esters of lower fatty acids are considered to contribute much to 
the typical papaya fl avor (Pino et al.  2003 ). The amounts and relative content of 
volatiles have been shown to vary with the stage of ripeness (Katague and Kirch 
 1965 ; Flath et al.  1990 ), for example, linalool production increases nearly 400-fold 
with only a sevenfold increase in benzyl isothiocyanate during ripening (Flath et al. 
 1990 ). 2-Ethyl-1-hexanol is found specifi cally in green fruit, while ethyl octanoate 
is found only in fully ripe fruit (Fuggate et al.  2010 ). When the fruit has reached the 
edible ripe stage, butanol, 3-methylbutanol, benzyl alcohol, and α-terpineol are at 
their maximum concentrations (Almora et al.  2004 ). One of the two volatiles that 
most closely resembled those of papayas is linalool, a product of the plastid synthesis 
pathway. The other papaya volatile is methyl benzoate, described as having papaya 
qualities on odor assessment (MacLeod and Pieris  1983 ). The sweaty odor quality of 
some papaya cultivars is due probably to the production of methyl butanoate (MacLeod 
and Pieris  1983 ). The Hawaii variety had very little methyl butanoate (0.06 %) (Flath 
and Forrey  1977 ), while the Sri Lankan variety had 48.3 % (MacLeod and Pieris  1983 ). 
In addition, benzyl isothiocyanate contributes a pungent off-odor. The amount of 
each volatile component varies both with cultivar and locality (MacLeod and Pieris 
 1983 ; Franco and Rodriguez  1993 ). No difference in volatile profi les is found in 
papaya fruit during on-tree and postharvest ripening (Fuggate et al.  2010 ). 

 Most volatile esters are described as fruity (Burdock  2002 ), and the most likely 
precursors are amino acids and lipids. The precursors of volatile esters, with 
branched alkyl chain, are valine, isoleucine, and other amino acids from threonine 
(Yabumoto et al.  1977 ; Newcomb et al.  2006 ). Aliphatic esters and alcohols are 
produced from free fatty acids such as linoleic and linolenic (Baldwin et al.  2000 ). 
The pathways come together in the formation of aldehydes that are reduced to alcohols 
by alcohol dehydrogenase (Speirs et al.  1998 ) and ester formation by alcohol acyl-
transferase (Fellman et al.  2000 ). The mesocarp alcohol dehydrogenase activity 
mesocarp increases dramatically during the early ripening stages, while alcohol 
acetyltransferase is active throughout ripening (Fuggate et al.  2010 ). 

 Single genes were found in the papaya genome for all the enzymes in the bio-
synthesis from threonine to 3-keto-3-methylvalerate (Paull et al.  2008 ). At least 
three branched chain amino transferase genes were found that could convert 
3-keto- 3-methylvalerate via isoleucine to 3-oxo-methylpentanoic acid. The next 
step to 2-methylbutanal involves pyruvate decarboxylase, and three genes encod-
ing this enzyme were predicted from the genome data; all were predicted to have 
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the characteristic domains. Four branched chain alpha-ketoacid dehydrogenases 
(alcohol dehydrogenases) were predicted with three that had papaya EST. The 
interconversion between 3-methyl butanol and 2-methylbutyl acetate possibly 
involves a single predicted alcohol acyltransferase gene and four predicted carbo-
xylesterases (Paull et al.  2008 ). 

 Straight chain ester biosynthesis commonly occurs from fatty acids with linoleic 
acid being a common precursor. The fi rst enzyme is lipoxygenase of which nine 
were predicted in papaya with another possible partial sequence found (Paull et al. 
 2008 ). Except for two of the predicted lipoxygenase, all had papaya ESTs. The 
predicted gene for the previously described papaya lipoxygenase ( CpLOX1 ) had 
eight ESTs and a chloroplast transit peptide. The other  CpLOX s did not have pre-
dicted chloroplast transit peptides, suggesting they may be located in the cytoplasm 
(Paull et al.  2008 ). 

 One papaya hydroperoxide lyase gene (P450 superfamily member) was found and 
no isomerase was predicted (Paull et al.  2008 ). Hex-3-enal to hex-2-enal isomerase 
has been reported to be unstable and no sequences are in the gene databases. 
The dehydrogenation of hex-3-enal to hex-3-enoic acid by aldehyde dehydrogenase 
could involve upwards of fi ve genes. Two of the aldehydrogenases have predicted 
mitochondrial transit peptides and may be involved in volatile production. A number 
of alcohol dehydrogenase genes were predicted that could convert hex-3-enal to 
hex-3-enol (Paull et al.  2008 ). 

 Two volatiles with fruity/fl oral properties are 2-phenylacetaldehyde and 2-phenyl-
ethanol derived from phenylalanine. The fi rst enzyme in the pathway is a bifunctional 
phenylacetaldehyde synthase possibly combining decarboxylation- amine oxidation 
leading to phenylacetaldehyde (Kaminaga et al.  2007 ). The last step is the reduction 
of 2-phenylacetaldehyde to 2-phenylethanol. The reduction involves NADPH and 
2-phenylacetaldehyde reductase (Tieman et al.  2007 ). Genes were predicted in papaya 
for both steps in biosynthesis (Paull et al.  2008 ). Two predicted phenylacetaldehyde 
synthase ( CpPALDS1 ,  CpPALDS2 ) genes were found having high homology to the 
deposited gene sequences for rose and petunia (Paull et al.  2008 ). A single gene 
with moderate homology (48 %) to the tomato gene was predicted for the reduction 
to 2-phenylethanol (Tieman et al.  2007 ). 

 Terpenoids, widely distributed in lichens, algae, and higher plants, represent the 
most diverse family of natural products, as there are over 40,000 different structures 
identifi ed thus far. Many terpenoids are nonvolatile and constitute important ele-
ments of plant functional processes, i.e., plant growth regulation, redox reactions, 
membrane structure, and photosynthesis (Bohlmann et al.  1998 ; Croteau et al.  2000 ; 
Aubourg et al.  2002 ). Volatile and fl avor compounds from essential oils of various 
terpene classes are produced in leaves and fruit, while carotenoids give the fruit skin 
and fl esh its unique color. Biosynthesis occurs through two different pathways: the 
acetate-mevalonate pathway in the cytoplasm (Bohlmann et al.  1998 ) and the non- 
mevalonate pathway in the plastids (Lichtenthaler  1999 ;  2000 ). The mevalonate 
pathway leads to sesquiterpenes and triterpenes (sterols), while monoterpenes, diter-
penes, tetraterpenes (carotenoids), and polyterpenes are formed in the plastids. 
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 Genes were predicted for most of the steps in terpene biosynthesis occurring both 
in the plastids and in the cytoplasm (Paull et al.  2008 ). Two 1-deoxy- d - xylulose -5-
phosphate (DXP) synthases were predicted with the shorter predicted peptide lack-
ing a chloroplast transit peptide. Another partial DXP synthase, one-third the length 
of the expected peptide, was found with 78 % homology to the rubber TPP enzyme 
domain. A full-length linalool synthase gene was predicted with two partial 
sequences. No geranylgeranyl pyrophosphate (GGPP) synthase was found that had 
a chloroplast transit peptide. A short sequence was found that has low homology 
(61 %, 105 aa) to GGPP synthase that catalyzes the farnesyl diphosphate to GGPP 
conversion. 

 Cytoplasmic terpene synthesis from mevalonate to dimethylally diphosphate has 
a single gene for each step (Paull et al.  2008 ). Two geranyl diphosphate genes were 
predicted with signifi cant homology to published sequences. Two full-length squalene 
synthases were predicted along with two partial sequences that had high homology 
to a tomato homolog and  Panax quinquefolius  sequence. 

 The cleavage of carotenoids derived from the terpene synthesis pathway can lead 
to the production of volatiles. Carotenoid cleavage can occur at any conjugated dou-
ble bonds by various enzymes such as CCD and NCEDs (discussed previously in the 
Fruit Growth section) to form an aldehyde or ketone in each product. The products 
include abscisic acid, strigolactone, and various aroma compounds (Vogel et al. 
 2008 ). While  Arabidopsis  contains nine CCD, fi ve of which are directly involved in 
abscisic acid synthesis, the other CCDs lead to volatiles and nonvolatile apocarot-
enoids (Simkin et al.  2004 ), with one CCD able to cleave multiple substrates at 
different positions (Vogel et al.  2008 ). Only one  Cp CCD was predicted for papaya 
and another partial CCD ORF was found. Tomato contains two closely related CCDs, 
 LeCCD1A  and  LeCCD1B , that generate the aldehydes and ketones including geranyl 
acetone, pseudoionone, and β-ionone (Simkin et al.  2004 ).  CpCCD  may serve a 
similar role in papaya ripening and generate ketone volatiles such as 6-methyl-5-
hepten-2-one in tomatoes (Vogel et al.  2008 ) and as detected in papaya fruit vola-
tiles (Flath et al.  1990 ).   

    Plant Growth Regulator Related Genes and Fruit Ripening 

 A list of papaya homologs to functionally characterized  Arabidopsis  plant growth 
regulator (PGR) synthesis, reception, response, and degradation genes (Quecini et al. 
 2007 ; Michael et al.  2008 ; Peng et al.  2009 ) was generated using BLASTp. Papaya 
has fewer genes in most PGR categories, and changes in ~150 microarray probes have 
been evaluated during ripening (Ming et al.  2012 ). Two of three ethylene receptors are 
upregulated, while the receptor previously reported to be expressed in papaya meso-
carp (Che Husin et al.  2000 ) was not expressed in either of the ripening stages tested. 
One ACC synthase gene’s expression declined and another increased threefold. Most 
auxin-related genes declined with upregulation of auxin response factors (ARF8), 
three SAURs, and two auxin-binding proteins. GA-related genes were mostly down-
regulated. Two cytokinin oxidases and a zeatin 4- glucosyltransferase were upregulated. 
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Most brassinosteroid-related genes were downregulated. Genes associated with ABA 
showed little change. These results indicate that the changes in PGR during ripening 
show varying response and  potential positive and negative interactions (Wu and Paull, 
2012, unpublished data).  

    Fruit Ripening and Evolution 

 Fleshy fruit ripening is a complex gene-controlled process, involving molecular, 
physiological, and biochemical events that require developmental and temporal 
coordination and regulation (Fig.  14.2 ). Fruit ripening changes in gene clusters such 
as for cell wall separation and degradation, carotenoid synthesis, chlorophyll break-
down, and altered organic acid metabolism affect texture, color, taste, and aroma 
(Giovannoni  2001 ,  2004 ; Alexander and Grierson  2002 ; Kevany et al.  2007 ). 
Although our understanding of ripening processes has progressed signifi cantly over 
the last 30 years, the initiation and coordination of ripening are only partially 
understood. Variation between species and cultivars does occur in coordination, 
timing, and regulation of ripening, but similar networks of regulatory genes are 
expected to be expressed.

  Fig. 14.2    Simila   rities between senescence, abscission, and fruit ripening in the networks of genes 
involved in molecular and biological processes (modules) in ultimate developmental stages that 
lead to fi nal death of the organ. Papaya is a unique model system in which all processes can be 
sampled and gene expression determined       
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   The premise that genes expressed in different species during fruit ripening may 
be conserved and regulated in similar ways (Adams-Phillips et al.  2004b ; Brummell 
et al.  2004 ; Barry and Giovannoni  2007 ; Seymour et al.  2008 ) is strengthened by the 
similarities in the ripening processes in fl eshy fruit originating from different 
tissues. The edible fruit tissues vary widely, from the fl oral receptacle (strawberry) 
to fused clustered fl owers (pineapple), the entire pericarp (tomato), the exocarp and 
mesocarp (apple, peach), the mesocarp only (papaya), the endocarp (citrus), and aril 
tissue arising from the funicle (litchi, durian) or the seed coat (rambutan). Dehiscence 
does not occur in most fl eshy fruit but is common in arillate fruits (akee, durian). 
In durian, similar cell wall changes and biochemical activities occur in the thick 
woody pericarp as occurs in ripening and dry fruit dehiscence but not in the 
non-climacteric edible aril. The genes associated with softening of the  Arabidopsis  
valve margin during dehiscence occur in abscission and are similar to the softening 
that occurs in fl eshy fruit ripening (Roberts et al.  2000 ; Seymour and Manning  2002 ; 
Rose et al.  2004 ; Brummell  2006 ). Fleshy fruit expansion is probably not directly 
associated with ripening since many fruits are not fl eshy and undergo ripening. 

 A key unanswered question in plant biology is how fl eshy fruit ripening and associ-
ated softening evolved seemingly independently throughout the higher plant families. 
Fleshy fruits, with their mutually benefi cial interaction of providing nutrition to  animals 
and improved seed dispersal, have arisen independently in different families, have dis-
appeared and reappeared, are not evolutionarily conserved, and show no clear associa-
tion with phylogeny (Knapp  2002 ; Givnish et al.  2005 ; Lorts et al.  2008 ). This suggests 
few constraints on fruit evolution from the ancestral dry follicle (Roth  1977 ; Knapp 
 2002 ) with only limited changes needed in the interconnected networks of clustered 
genes. Genome-wide changes that would have led to fl eshy fruit in connected branches 
of the angiosperm phylogenetic tree did not occur. Either developmental processes or 
modules are recruited and adapted to new functions with the original transcription fac-
tors and hormones remaining in place. Alternatively, transcription factors and hor-
mones have been recruited by preexisting developmental processes. A similar process 
has apparently occurred in gymnosperms; Lovisetto et al. ( 2012 ) showed that MAD-
box genes are involved in the formation of fruit-like structure and suggested that the 
same gene types have been recruited in phylogenetically distant species to make fl eshy 
structures that also have different anatomical origins. The regulation and gene expres-
sion that occurs in fl eshy fruit ripening is more likely associated with the recruiting of 
a more ancient developmental process (e.g., senescence) (Thomas et al.  2009 ). This 
recruitment could have occurred via adaptation to new functions with new interactions 
developed between the networks regulating the spatial-temporal expression of the 
 various regulatory modules controlling senescence-like processes (Fig.  14.1 ).  

    Prospects 

 The genome of papaya (372 Mbp) is three times larger than that of  Arabidopsis  
(125 Mbp) and two-fi fths the size of the tomato genome (The Tomato Genome 
Consortium  2012 ). Papaya is predicted to code for 24,746 genes, which is 10–20 % 
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fewer than in  Arabidopsis  (Ming et al.  2008 ,  2012 ) and 35 % fewer than the 
 estimated 31,760 genes in tomato (The Tomato Genome Consortium  2012 ). Unlike 
the tomato genome, the papaya genome is largely euchromatic. The lower gene 
number in papaya may refl ect that, unlike  Arabidopsis , the papaya genome has not 
undergone recent whole-genome duplication and has had fewer opportunities for 
fractionation of linkage arrangements by post-duplication gene loss. This suggests 
that gene structure, function, and arrangement in papaya may resemble the ancestral 
angiosperm more closely than do previously sequenced angiosperms. Comparison 
of the fi ve sequenced clade members suggests a minimal angiosperm gene set of 
13,311. Fewer introns have been found in papaya genes than in their orthologs in 
 Arabidopsis  (8,319 versus 11,718) and rice (6,874 versus 7,011). Approximately 
2,000 transcription factors in over 60 families have been identifi ed in  Arabidopsis , 
with papaya having fewer members in the majority of families, but a signifi cantly 
higher number of predicted MADS-box proteins (171 versus 141). The comparison 
of gene expression and activity during fruit ripening suggests that the same regula-
tory pathways and similar controls occur. The lack of whole genome duplication and 
reductions in most papaya gene families and biosynthetic pathways (   Ming et al.  2012 ) 
makes papaya a valuable tool for the study of the complex regulatory networks 
active in fruit ripening. For example, fewer    gene numbers for ethylene synthesis, 
receptors, and in the ethylene response pathways may provide insights as to how 
ripening is controlled. 

 Many major questions remain about the regulation and systems involved in leaf 
senescence and abscission and fruit ripening. What are the primary cues for the 
initiation of these processes? What regulators or gene clusters exert the earliest 
control over signal perception and response networks? Why do some organs senes-
cence, abscise, and ripen in response to a given stimulus whereas others do not? 
What genes control ethylene-independent and ethylene-dependent pathways, and 
how is the process regulated and how do the network pathways interact? Global 
expression analysis and functional genomics can provide the foundation to address-
ing these system network questions.     
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