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Leaf senescence, a type of programmed cell death, is a complex and highly regulated process that involves the degradation of 
macromolecules, including proteins, nucleic acids, and lipids. Nutrients, especially nitrogen, are re-mobilized from senescing 
leaves to newly developing tissues or reserve organs. Our review focuses on three pathways for protein breakdown and the 
resorptio~ of N during this process: the ubiquitin/proteosome system, the chloroplast degradation pathway, and the vacuolar 
and autol~hagic pathway. We propose that two relative biochemical cycles exist for amino acid recycling and N-export -- the 
GS/GOGAT cycle and the PPDK-GS/GOGAT cycle. 
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As the Final stage of plant development, leaf senescence is 
a complex ancl highly regulated process that involves a 
decline i~ photosynthesis, the dismantling of chloroplasts, 
and the :tegradation of macromolecules, such as proteins, 
nucleic ~cids, and lipids. Nutrients are re-mobilized from 
the sene,~cing leaves to other plant parts, e.g., newly devel- 
oped vegetative tissue, developing seeds, or storage organs 
(Buchanan-Wollaston and Ainsworth, 1997). Because resorp- 
tion reduces the need for nutrient uptake from the environ- 
ment:, this strategy can be of particular importance to plants 
growing under nutrient-poor conditions (Aerts, 1990). Senes- 
cence has attracted attention, especially in monocarpic 
plants, SL~ch as cereals, because efficient nutrient use is criti- 
cal to hiL~h crop yields. Therefore, the improvement of nutri- 
ent mobilization from senescing leaves has been a major 
objective of plant breeding programs. 

Leaf senescence is a type of programmed cell death (PCD) 
that invo yes the controlled disassembly of cells (Buchanan- 
Wollastopl et al., 2003). This process, which entails the 
entire re,~Im of metabolism, culminates in tissue death and, 
often, in the nearly complete removal of all cellular compo- 
nents ex~:ept the walls. To identify and characterize the cen- 
tral players in the regulatory network, as well as individual 
steps ancl catabolic activities during senescence, I00 senes- 
cence-associated genes (SAGs) have already been cloned 
(Buchan~,n-Wollaston et al., 2003)from various plant spe- 
cies, inc uding maize (Zea mays L.; Smart et al., 1995), 
sweet pc.tato (,Ipomoea batatas; Drake et al., 1996), barley 
(Hordeur~ vulgare L." Hajouj et al., 2000), and Arabidopsis 
thaliana _. (Lohman et al., 1994; He and Gan, 2002). Like- 
wise, g~nome-wide analysis of SAG expression using 
microarr.lys has recently been implemented, notably in Ara- 
bidopsis (Buchanan-Wollaston et al., 2003, 2005; lin and 

that SAG-encoded proteins include proteases; nucleases; 
lipid-, carbohydrate-, and nitrogen-metabolizing enzymes; 
stress responsive proteins; and transcriptional regulators. 
The major functional category for SAGs is the met:aboliza- 
tion of macromolecules. 

In Arabidopsis, levels of Cu, Cr, Fe, K, Mo, N, P, S, and Zn 
drop dramatically during senescence, suggesting that these 
nutrients are being transported from aging leaves. Nitrogen 
resorption is close to 90%; that of phosphorus and sulfur is 
40% (Himelblau and Amasino, 2001). The considerable 
amount of internal N-mobilization is astonishingly efficient, 
as demonstrated in N-starved oat (Avena sativa L.) plants that 
are able to complete a life cycle based on the initial supply of 
nitrogen in the seeds and the eventual production of viable 
grain (Mei and Thimann, 1984). Such resorption is a compli- 
cated process, involving the metabolization of almost all mac- 
romolecule substances, e.g., proteins, nucleotides, lipids, and 
polysaccharides. Nitrogen exists mainly in chlorophyll and 
proteins; that which is contained in the former is not 
exported from senescing leaves, but remains within the cells 
in the form of linear tetrapyrrolic catabolites, which are ulti- 
mately lost when those leaves are shed (see reviews by 
H6rtensteiner and Feller, 2002; and Eckhardt et al., 2004). 
Protein degradation is the primary role of N-resorption, 
where the majority of that remobilization is due to the hydrol- 
ysis of proteins to amino acids, which are probably inter-con- 
verted, hydrolyzed, catabolized, or exported without any 
modifications (Quirino et al., 2000; Brouquisse et al., 2001; 
H6rtensteiner and Feller, 2002; Feller, 2004; Krupinska, 
2006). Because little is known about this process, our review 
focuses on the pathways involved in protein breakdown, 
amino acid recycling, and N-export during leaf senescence. 

Wu, 20,)4), various Populus species (Andersson et al., . 
2004), a~pen (Populus tremula L.; Bhalerao et al., 2003), 
and wh,~at (~'iticum aestivum L.; Gregersen and Holm, 
2007). S.aquence and/or functional analyses have revealed 
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THE PATHWAY OF PROTEIN DEGRADATION 

Functional and homologous analyses of SAGs have 
revealed three major protein degradation pathways during 
leaf se~lescence -- the ubiquitin/proteosome system, the 
chloroplast degradation pathway, and the vacuolar ,and 
autophagic (APG) pathway. 

The IJbiquitin/proteosome Pathway 

The ubiquitin-26S proteasome pathway is important for 
targel-ed protein degradation both during normal develop- 
ment and in response to environmental factors (Sullivan et 
ai., 2003). it is critical to the elimination of abnormal o/to- 
plasmic proteins and the rapid turnover of short-lived pro- 
teins, in this pathway, covalent attachment of the 76-amino 
acid ubiquitins is used as a signal to target specific proteins 
for degradation by the 26S proteasorne (Smalle and Vierstra, 
2004). Three enzymes -- ubiquitin-activating enzyme (El), 
ubiquitin-conjugating enzyme (E2), and ubiquitin protein 
ligase (E3) -- are involved. E ls, encoded by a single gene or 
a small family of related genes, can initiate this pathway. All 
El s form thiolester bonds with the C-terminal glycine of 
ubiquitin through a conseuved cysteine (Cys) residue. E2 
accepts ubiquitin from an E1 through a thioester linkage via 
a conserved UBC domain with a cysteinyl sulfhydryl group 
(Kraft et al., 2005). Finally, ubiquitin is attached to the target 
protein by E3 recognition. In all components of the ubiq- 
uitin/.26S proteasome pathway, approximately 90% of the 
genes, encode elements of E3 ubiquitin ligases. It has been 
proposed that the large number of E3s determines substrate 
specificity. Once the protein substrate is assembled by a 
polyubiquitin chain, it is sufficient for degradation by a 
multi--subunit complex, the 26S proteasome (Zhang and Xie, 
2007~. 

Many genes associated with this pathway are senescence- 
induced, which indicates that ubiquitin-dependent proteol- 
ysis may be an important aspect of non-chloroplast protein 
degradation during leaf senescence (Park et a[., 1998). 
Moreover, senescence in Arabidopsis is delayed for muta- 
tions of Ore9, which encodes an F-box protein and interacts 
with a component of the plant SCF complex that controls 
selective ubiquitination and, subsequently, proteolysis of tar- 
get p,'oteins (Woo et al., 2001). Expression profiles for the 
involvement of the ubiquitin-26S proteasome pathway in 
senescing Arabidopsis leaw.~s have been systemically sur- 
veyec[, and have clemonstrated that U BQ3 and U BQ4 are 
the predominant polyubiquitin genes showing upregula- 
tion, while other ubiquitin--related protein genes are also 
highly represented (Lin and Wu, 2004). Genes encoding 
polyubiquitin, the ubiquitin-protein ligase E3, and a ubiq- 
uitin-conjugating enzyme, are senescence-induced in the 
aging cotyledons of cotton, and expression of some genes 
encoding proteasome constituent proteins, such as the 26S 
proteasome ATPase subunit and 26S ATP/ubiquitin-depen- 
dent aroteinase chain $4, also are up-regulated in those tis- 
sues (Shen et al., 2006). These results imply the involvement 
of ubiquitin proteasome-dependent proteolysis. Transcrip- 
tome analysis of the senescence of wheat flag leaves has 
detected some genes associated with the ubicluitin path- 
way, 'which suggests the existence of the ubiquitin/proteo- 

some pathway. These genes include the 20S proteasome a5 
subunit, kelch repeat F-box protein, ubicluitin-conjugating 
enzyme E2, and ubiquitin-like protein 5 (Gregersen and 
Holm, 2007). 

The Chloroplast Degrad,ation Pathway 

During leaf senescence, the breakdown of proteins by 
proteinases provides a large pool of cellular N for recycling. 
,Chloroplast (CIp) proteins, which account: for >70% of all 
leaf proteins, are though~ to be a major source of N for 
mobilization (H6rtensteir, er and Feller, 2002). Hence, their 
breakdown is the first st~p in N-resorption. Proteolysis in 
CIp has been extensively reviewed in past years (Adam, 
2001; Nair and Ramas,~vam,/, 2004; Krupinska, 2006). 
Much of the protein cat~d;~olism in CIp occurs either in the 
early phase, during its tra~lsition from proplastid to plastid, 
or during senescence (Adam, 1996). Several plant proteases 
have been characterized by identifying bacterial homo.. 
Iogues within the CIp (Li~,,:tahl et al., 1996). Three types o1 
proteases (CIpP) have now been categorized according to 
their cellular compartments- stroma, thylakoid membrane, 
and lumina (Adam, 200"1 ~. Studies of these proteases were 
initially prompted by at, investigation of leaf senescence 
(Buetow, 1997). In those tissues, a proteolytic system is pro-. 
posed to be newly synthesized and some CIp proteins are 
degraded within the Clps before their breakdown (H6rten-- 
steiner and Feller, 2002).. l-hese proteases include the ATP-. 
dependent Clp proteases Istromal proteases), FtsH and Lon 
(both thylakoid-membrarle proteasesl, and the ATP-inde-. 
pendent Deg (thylakoid-,~Ytembrane and lumenal proteasesl, 
(Guo et al., 2004; Lin a~-.:t Wu, 2004; Shen et al., 2006; 
Gregersen and Holm, 201:p7), all of which have now been 
extensively characterized in senescing leaves (Gottesman, 
1996; Adam et al., 200~i: 2006; Adam and Clarke, 2002; 
Sakamoto, 2006). 

CIp protease consists of a Ser-type endopeptidase, which 
relies on the ATP-depe~c.~ent unfolcling activity from an 
Hsp100 molecular chaperone to initiate protein degradation 
in bacteria (Gottesman, "t996; Adam et al., 2006; Saka- 
moto, 2006). Although (Zip protease!~ are most diverse in 
higher plants, knowledge ~:,f their functioning is limited. The 
Arabidopsis thaliana genorr~e contains at least 23 genes pre- 
dicted to encode variou~ CIp proteases -.- 10 are Hspl00 
chaperones (4 CipB, 2 C[pC, 1 CIpD, and 3 CIpX), 6 are 
proteolytic subunits (ClpP), and 4 are ClpP-like (CIpR) 
(Adam et ai., 2006; Sakamoto, 2006). ClpRs, which are 
unique to photosynthetic ~:,rganisms, are similar in sequence 
and size to the ClpP pm:eins but lack the conserved cata- 
lytic triad (Ser-His-Asp) tyt:.ical of Ser<ype proteases (Adam 
et al., 2006; Sakamoto, 2E106). Whereas CIpS appears to be 

: )  , !  specific to higher plants II eltier et al 2001), CIpT is the 
plant version of a bacterial CIp modulator (Peltier et al., 
2004). The plant CIpS sho,._lld not be confused with the bac- 
terial modulator of the sau~e name (Dougan et al., 2002), 
which, in plants, has bee.r~ termed ClpT. Finally, CIpB3, the 
other Hspl00 localized in..CIp, does not contain a CIpP rec- 
ognition site in its sequer, ce, but likely acts as a chaperone 
(Keeler et al., 2000). Figure 1 presents this chloroplast degra- 
dation pathway. 

Most of the genes encoding CIp proteases have been 
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Fibre 1. Chloroplast degradation pathway of leaf proteins. C!pP, 
ch!orop!~t protege; ROS, rea~ve o n s~ci~; Proteint, protein 
rele~ed from Chl-protein; Proteins, stromal protein except for 
Rubi~o. 

found in senescing Arabidopsis leaves (Lin and Wu, 2004), 
with some in the CIp protease complex (i.e., CIpP1-3, 
CIpP5-6) being expressed constitutively (Nakabayashi et al., 
1999; Zl-,eng et al., 2002). Two other CIp protease subunits, 
CIpR3 and CIpR4, which have not been characterized previ- 
ously, als~ show constitutive expression patterns in those tis- 
sues. Thi~ obse~rvation coincides with the prediction that CIp 
protease_~ are housekeeping proteases to turn over Clp pro- 
teins, thc,~reby maintaining appropriate stoichiometry and 
removing damaged or mis-targeted proteins (Adam and 
Clarke, 2002). Only two Clp protease members are down- 
regulated" CipS1 (Peltier et ai., 2001) and CIpP4 (Nakaba- 
yashi et ~,1., 19!)9). However, strong dark-induction of CIpD/ 
ERD1 (Nakashi~ma et al., 1997; Nakabayashi et al., 1999) 
and upr(gulation of CIpC1 (Lin and Wu, 2004) also have 
been found, implying that they play regulatory roles in the 
functioni~lg of the CIp protease complex in senescing Arabi- 
dopsis ie~ves. Both ClpC1 and CIpD encode proteins with 
sequenc(: similarity to HSPIO0 chaperones. Upregulation of 
these tw) transcripts might reflect a need for the recruit- 
ment of ~Jnfolded proteins for degradation by CIp proteases 
during senescence. 

In conl:rast to the expression patterns of stromal-localized 
CIp proleases, the thy[akoid-associated protease family 
member~-- FtsH, DegP, and Lon- are poorly characterized 
in senes(:ing Arabidopsis leaves (Lin and Wu, 2004). FIsH 
protease, a metalloprotease, is responsible for quality con- 
trol of photosynthetic proteins and the biogenesis of CIp 
(Chen et al., 2000; Takechi et al., 2000; Haussuhl et al., 
2001). DegP1, 5, and 8 are localized on the lumen side of 
the thylakoid membrane and, thus, are considered good 
candidat._~s for the degradation of lumen proteins (Adam et 
al., 2001 Adam and Clarke, 2002). Another DegP protease, 
DegP2, ~s localized on the stromal side of the thylakoid 
membrarle, and is responsible for the initial cleavage of 
damagec D1, i.e., the reaction center of PS II, before the 

complete degradation of D1 by FtsH (Haussuhl et al., 2001). 
Surprisingly, in senescing Arabidopsis leaves, all four mem- 
bers of the DegP proteases and two of the eight CIp FtsH 
proteases seem to be down-regulated whereas one Lon pro- 
tease is marginally up-regulated. For these membrane-asso- 
ciated proteases to participate in degrading the CIp proteins 
of senescing leaves, FtsH, DegP and Lon must be regulated 
at the translational and/or post-translational levelIs)(Lin and 
Wu, 2004). 

In thylakoid mel~branes, proteins exist ill the form of pig- 
ment-protein complexes (Chl-proteinl, accounting for more 
than 30% of the total protein of Clps (Matile, 1992). Mae et 
al. (1993) have examined shaded and unshaded leaves of 
Lolium tremulentum and have reported that the senescence- 
related decrease in Rubisco is hardly affected by light inten- 
sity, whereas a senescence-associated decline in the levels of 
other proteins in the photosynthetic apparatus (e.g., LHCII 
and cytochrome f) is clearly retarded under low-light condi- 
tions. These results indicate that stromal and thylakoid- 
membrane proteins are degraded by different pathways. For 
example, the breakdown of thylakoid proteins, such as 
LHCP II, requires parallel detoxification of the released chlo- 
rophyll; this has been shown in a stay-green Festuca mutant, 
where Chl catabolism is blocked so that the LHCP protein is 
stabilized and not degraded (Thomas and Donnison, 2000). 
Therefore, the first step in the degradation of proteins (such 
as LHCP) may be the removal of chlorophyll catabolites, 
thereby destabilizing the protein complex and allowing deg- 
radation by Chi proteases. 

Rubisco, which represents about 50% of the total protein 
content in leaves from C3 plants, is the dominant stromal 
enzyme in Clps. However, no genes involved in the degra- 
dation of stromal proteins, e.g., Rubisco, have been found 
in the Clps from their senescing leaves (Guo et al., 2004; Lin 
and Wu, 2004~ Shen et al., 2006; Gregersen and Holm, 
2007). These results suggest that CIp protease is not 
involved in the degradation of Rubisco, making the role of 
CIp protease and its possible substrates in higher plants 
unclear (Adam and Clarke, 2002). Stromal enzymes, such as 
Rubisco, may be degraded by two other pathways- 1) ROS 
initiation or 2)vacuolar degradation. In the first, Rubisco 
degradation can be non-enzymatically initiated by reactive 
oxygen species when Clps are incubated under photo-oxi- 
dative stress conditions (Ishida et al., 2002). However, it is 
not clear whether increased ROS could initiate this early 
degradation during senescence. Although ROS levels do rise 
during that phase, this is likely a result of macromolecule 
degradation processes, thus occurring after protein and lipid 
degradation is initiated, in support of the second pathway, 
at least a fraction of the Rubisco is degraded by vacuolar 
proteases following the engulfment of part of the Clp popu- 
lation (Minamikawa et al., 2001 ). 

The Vacuolar and Autophagic (APG) Pathway 

Autophagy, a Greek word meaning to ~eat oneself', is 
needed for non-specific protein and organelle turnover, it 
can be induced by leaf senescence or multiple stress factors, 
including cellular damage, nutrient deficiency, or pathogen 
attack (Levine and Klionsky, 2004). Several types of autophagy 
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exist: 1) biosynthetic autopha~,; as seen with yeast in the traf- 
ficking of the vacuolar protein aminopeptidase during c,vto- 
plasnl-to-vacuole transport (CVT)- 2) nlicroautophagy; and 3) 
macroaLitophagy (Klionsk3; 2005). In microautophagy, material 
is engulfed directly by the vacuole via invagination of the 
tonol~last, followed by a plinching off of the membrane to 
release a vesicle containing the cytoplasmic constituents 
inside the vacuole lumen. Microautophagy-like processes 
have been observed during the deposition of storage pro- 
reins in germinating seeds, when starch granules and storage 
proteins are degraded in the vacuoles (van der Wilden et al., 
1980; Toyooka et a[., 2001 ). By contrast, macroautophagy is 
initiated in the cytoplasm by the formation of cup-shaped 
membranes of unknown source that enclose the mat,eriaLI to 
be degraded. These membranes e[ongate and eventually 
fuse together to produce a clouble-membrane autophago- 
some containing c,vtoplasmic material. The outer membrane 
fuses with the tonoplast, releasing an autophagic body (con- 
sisting of the inner membrane and contents)into the vacu- 
ole. Vacuolar acid hydrolases then degrade the autophagic 
body, and the degradation products are presurnably trans- 
ported back to the cytosol (Levanony et al., 1992). In addi- 
tion ~-o this pathway, autoF, hagosomes can fuse with small 
lysosomes or endosomes, in which the contents can be 
degraded before eventual fusion with the vacuole (.Rose et 
al., 2006; Toyooka et al., 2006). When the cysteine pro- 
tease inhibitor E-64 is used to block autophagosomal degra- 
dation in Arabidopsis and barley, cytoplasmic inclusions 
accumuiate as autophagic bodies within the central vacuole, 
whereas, in tobacco (Nicotiana tabacum L.), they accumu- 
late in smaller organelles, the autolysosomes, outside the 
central vacuole (Inoue et al., 2006; also see review by 
Bassh, am, 2007). 

In plants, macroautopha~ is associated with leaf senes- 
cence (Matile and Winkenbach, 1971). For wheat, vesicles 
in the cytoplasm that include Rubisco and/or Rubisco degra- 
dation products ('Rubisco-containing bodies; RCB)and other 
stromal proteins have been detected by uitrastructural anal- 
yses of leaves either senescing naturally or that are induced 
to senesce by darkness (Chiba et al., 2003). These RCBs are 
surrounded by a double membrane and other membra- 
nous structures in the cytoplasm. In contrast to the colored 
globules observed during soybean leaf senescence (Guiamet 
et al., 1999) and broccoli (f;rassica oleracea L.) floret senes- 
cence (Terai et al., 2000), these wheat vesicles appear very 
early in the process, when Rubisco degradation begins. 
Therefore, RCBs are postulated to be involved in the degra- 
dation of stromal proteins at the onset of senescence. Fur- 
ther ultrastructural analysis has indicated that these bodies 
may be degraded by autophagocytosis similar to autophagy 
in yeast, which is a process of vacuolar or lysosomal degra- 
dation of cytoplasmic components, including organelles, 
unde," nutrient-deficient conditions (Klionsky and Oshumi, 
1999). Autophagocytosis has been proposed as one of sev- 
eral mechanisms for plant cell death (Nood~n, 2004). Dur- 
ing ultrastructural analyses, membrane whorls (typical for 
macroautophagy) are indeed often observed around the 
vesicles found in senescing cells (Nood6n, 1988). Based on 
their sequence similarity to the yeast proteins required for 
macroautophagy (Nair and Klionsky, 2005), a number of 

Arabidopsis proteins are now predicted to function in mac.- 
roautopha~; primarily in ~:he formation of autophagosomes 
(Thompson and Vierstr.;t, 2005; Bassham et al., 2006). 
Although a large amount of information is now available on 
the yeast proteins, in plants their precise role in macroau.- 
topha~, is still unknown. Most autopha~/proteins can be 
classified into several maj~:.r complexes or processes, includ- 
ing protein kinases invol~.cd in the initiation or regulation of 
autophagosome formatic~r,, a phosph, atidylinositol 3-kinase 
complex, two ubiquitin-like conjugation systems, and the 
ATG9 complex, which nlay function in membrane recruit.- 
ment to the site of autophagosome formation. These sys.- 
terns are required in Arabidopsis (Yoshimoto et al., 2004 
Suzuki et al., 2005; Thompson and Doelling, 2005), and 
knockout mutants in sew~.ral corresponding genes show star-- 
vation sensitivity and ~arly-senescence phenotypes, as 
would be expected for a disruption ill autophagy (Doelling 
eL al., 2002; Yoshimoto et al., 2004 Suzuki et al., 2005 
Thompson and Doelling, ?.005). Besides Arabidopsis, autoph-- 
agic proteins have been iound in the senescing leaves of 
other species. These in,::i:Jde Hsp70-related proteins that 
help transport individual proteins directly into the vacuole 
without the use of a vesic4Jlated intermediate (Cuervo et ai.. 
2000; Shen et al., 2006), and the AUT1-like autophagocyto-. 
sis proteins (Gregersen and Holm, 2007)~ Such results sug-- 
gest that autophagic proreins are requirec] for maintaining 
cellular activities during leaf senescence, possibly by remov-- 
ing and degrading damaged proteins. Figure 2 depicts the 
vacuolar and autophagic (APG) pathway for protein degra-. 
dation. 

After transport into the vacuoles through macroautophagy, 
substrate proteins are degraded by vacuolar exo- anc l 
endoproteases, such as c)'~teine protc.inase (SAG12), aspar-. 
tic proteinase, serine prot:einase, cathepsin B-like Cys pro-- 
teinase, papain-like Cys proteinase, peptidases, endopeptidase. 
and aminopeptidase. Acti','ation of these vacuolar proteases 
in senescing plants has been well doc,umented in Arabidop-. 

Fig,,J~ 2. Vacuolar and autophagic (APG)degradation pathway of leaf 
proteins. RCB, Rubisco-con~ining ~dies. 
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sis (Buchanan-.Wollaston et al., 2003, 2005; Lin and Wu, 
2004), \'arious Populus species /Andersson et al., 2004), 
aspen (Bhalerao et al., 2003), cotton (Shen et al., 2006), 
and wh.~at (Gregersen and Holm, 2007). Although their 
activity (luring leaf senescence may be induced by different 
factors, those factors may then converge in a single clegrada- 
tion pathway (Martfnez et al., 2007). 

REMOBILIZATION OF NITROGEN 

Senes~:ence is not just a simple degradation of macromol- 
ecules, [~ut is a controlled process involving the initiation of 
remobilization for nutrients, notably nitrogen, via the 
metabolism olF carboxylic and amino acids. In the above- 
ground portions of rice plants, approximately 80~162 of the 
total N in the panicle is re-mobilized through the phloem 
from ser~escing organs I Tabuchi et al., 2007). Most nitrogen- 
remobilization from the leaves is due to the hydrolysis of 
proteins to amino acids, which are then probably inter-con- 
verted,, hydrolyzed, catabolized, or exported without any 
alterations (e.g., the production of amides from other amino 
acids). 1he amino acids derived from this protein degrada- 
tion may be exported via the phloem with or without prior 
modification, in the main axes of tobacco plants, the total 
amino acid content in phloem exudates is 1.6-fold higher 
from o1(I leaves than from young leaves, suggesting that the 
former exporB more amino acids in their phloem sap, 
thereby serving as source leaves. The phloem also transports 
high levels of glutamine, asparagine, serine, and proline, 
especially within mature leaves found at the intermediate 
position between young and old leaves (Masclaux-Daubresse et 
al., 2006). Levels of glutamine, the most abundant anqino 
acid in the phloem, remains constant during leaf develop- 
ment, r,laking it the major N-transporting form. Likewise, 
asparagine proportions are higher in the phloem sap than in 
the leaf blade, suggesting that this amino acid is also dedi- 
cated fo~ export. The most abundant amino acids (glutamine, 
asparagine, serine, and proline) present in the senescing 
leaf-blade phloem are all derived from glutamate. According 
to the :ecent identification and characterization of SAGs 
(Buchar,an-Wollaston et al., 2003, 2005; Guo et al., 2004; 
Lin and Wu, 2004; Shen et al., 2006; Gregersen and Holm, 
2007).. ~wo relative biochemical cycles of amino acid-recy- 
cling a~ld N-export -- the GS/GOGAT pathway and the 
PPDK--(;S/GOGAT pathway- have been proposed. 

The C,S/GOG, AT Pathway 

The ~,mino acids released by protein degradation may be 
further I:ransformed by the action of amino transferase, gen- 
erating iree ammonia. Another source of free ammonia may 
be nuc eotide degradation. This can be confirmed by ana- 
lyzing l:he leaf senescence-induced expression of genes 
encoclillg enzymes, such as urease and cytidine deaminase 
(Guo et al., 2004). Upregulation of genes encoding an 
ammor, ium transporter have been found in senescing leaves 
of Arabidopsis (Guo et al., 2004). Therefore, it is essential 
that toxic ammonium be immediately re-assimilated into the 
amino acids to avoid detrimental effects and to provide 

Fibre 3. GS/G~SAT pa~way of ni n-resorption. GDH, 
glu~mate dehydr n~e; GO~T, glu~mate synthase; GS1, 
!ic glu~mine syn~etase. 

nitrogenous forms suitable for N-cycling. It has been pro- 
posed that ammonium is directly incorporated into 
glutamate by the amination of 2-oxog[utarate via glutamate 
dehydrogenase (NADH-GDH; EC 1.4.1.2) and, subse- 
quently, into glutamine by cytosolic glutamine synthetase 
(GS1; EC 6.3.1.2), another key enzyme in the assimilation of 
ammonia. GDH and cytosolic GS1 play major roles in the 
synthesis and reallocation of amino acids in senescing leaves 
(Miflin and Habash, 2002). Studies of source-sink relation- 
ships have shown that GDH is induced in old leaves when 
N-remobilization is maximal (Srivastava and Singh, 1987 
Masclaux et al., 2000). This has led to the proposal that the 
physiological role of GDH is to synthesize glutamate for 
translocation (Miflin and Habash, 2002). However, the rate 
of glutamate formation can be as low as 0.2% of the total 
ammonium release (Yamaya et al., 1986) or 1.2~ of the oxi- 
dative deamination rate of glutamate (Aubert et ai., 2001). 
Therefore, GDH must catalyze the reversible oxidative 
deamination of glutamate to give 2-oxoglutarate and ammo- 
nium (Aubert et al., 2001). it is conceivable that GDH sup- 
plies 2-oxoglutarate by glutamate oxidation for the nitrogen 
and carbon cycles in old leaves. Figure 3 illustrates this GS- 
GOGAT cycle. 

The GS-GOGAT cycle is the primary route for ammonium 
assimilation in senescing leaves. Glutamate is formed by the 
action of glutamate synthase (GOGAT), utilizing glutamine 
and 2-oxoglutarate; subsequently, glutamine is synthesized 
from ammonia, catalyzed by glutamine synthetase (GS). The 
major form of nitrogen in the phloem sap is glutamine. GSs 
are often divided into cytosolic (GS1) and chloroplastic 
(GS2) types, according to their cellular distribution. GS1 
plays a major role in the synthesis of glutamine for transport 
and remobilization of leaf organic N (Terc6-Laforgue et al., 
2004; Martin et al., 2005), whereas GS2 participates in the 
reassimilation of ammonia from photorespiration in photo- 
synthetic tissues (Kamachi et al., 1992). Recent work with a 
knock-out mutant of rice has clearly shown that GS1 is 
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responsible for N-remobilization in the senescing organs 
(Tabuchi et al., 2007). Two types of GOGATs occur in plants" 
ferredox-independent (Fd-GOGAT; EC 1.4.7.1) and NADH- 
dependent GOGAT (NADH-GOGAT; EC 1.4.1.14). The 
former supplies the only source of glutamate as an amino 
donor, as evidenced by mutants defective in Fd-GOGAT 
that show reversible lethal phenotypes (Somerville and 
Ogren, 1980; Blackwell et al., 1988; Ferrario-M~ry et al., 
2002). in contrast to Fd-independent GOGAT, which func- 
tions in concert with GS2, expression of NADH--GOGAT is 
often coupled with GS1 (Coschigano et al., 1998). Overex- 
pression with a specific promoter strongly suggests that 
NADH-GOGAT is important for the reutilization of trans- 
portecl glutamine in developing organs. The increased 
expression ot: NADH-GOGAT and GS1 have also been 
identified during leaf senescence in various plant species, 
including Arabidopsis (Buchanan-Wollaston et al., 2003, 
2005; Lin and Wu, 2004),various Populus species (Anders- 
son el: al., 2004), aspen (Bhalerao et al., 2003), potato 
(Solanum tuberosum L.; Teixeira et al., 2005), cotton (Shen 
et al., 2006), and wheat (Kichey et al., 2005; Gregersen a,nd 
Holm, 2007). 

An integration has been proposed for the degradation o( 
carbohydrates, fatty acids, and proteins, leading to the 
remobilization of N. As a key compound, 2-o'(oglutarate 
particioates in a range of reactions in the context of N-recy- 
cling, notably in trans-aminating reactions to replenish 
glutamate removed by nitrogen assimilation reactions and 
translocation to sink organs. Thus, 2-oxoglutarate for the 
assimilation of N via GS could be provided by citrate syn- 
thase and by aconitate hydratase and isocitrate dehydroge- 
nase (NADP). The input for these reactions might come 
from ~Lcetyl-coenzyme A via the degradation of fatty acids 
(Baker et ai., 2006), oxaloacetate generated by phosphoenol 
pyruvate carboxylase, and, further upstream, from glycolysis. 
The transcriptional upregulation of genes for a number of 
enzymatic processes in this model has been reported in var- 
ious senescing plant leaves, such as from Arabidopsis 
(Buchanan-Wollaston et al., 2003, 2005; Lin and Wu, 
2004), aspen (Bhalerao et al., 2003), several PopuJus species 
(A~dersson et al., 2004), potato (Teixeira et al., 2005), cot- 
ton (Siren. et al., 2006), and wheat (Kichey et al., 2005; 
Gregersen and Holm, 2007). It is noteworthy that, for exam- 
pie, transcriptional upregulation for NADP has not been 
reported in senescing Arabidopsis leaves (Buchanan-Wollas- 
ton et al., 2005), although the peroxisomal citrate synthase 
transcript is listed as being up-regulated. 

The PPDK-GS/GoGAT Pathway 

in the PPDK-GS/GoGAT pathway (Fig. 4), phosphoenol 
pyruvate (PEP)is formed by the action of pyruvate ortho- 
phosphate dikinase (PPDK; I--.C.2.7.9.1), utilizing ATP and 
pyruvate. PPDK is an enzyme commonly found in organ- 
isms, from bacteria (Cooper and Kornberg, 1967; Pocalyko 
et al., 1990) and protozoa (Bruderer et al., 1996) to plants 
(Hatch anct Slack, 1968). Although first isolated in C4 plants, 
PPDK is also present in C3 species. Microarray analysis .of 
transcript abundance in dark-induced senescing Arabidopsis 
leaves has shown that cytosolic PPDK is significantly up-reg- 

Figure 4. PPDK-GS/G pa~way of ni n-mmrpfion. PPDK, 
pyruvate o~.hophosphate dikin~e; PEP, phosph~nol pyruvate; 
PEPC, PEP ~r~x~,kinase, , oxaloacetic acid; &spAT, asparr~te 
aminotransferase; AS, ~paragine synthe~e. 

ulated (Lin and Wu, 2004). PEP is then transferred to oxalo- 
acetic acid (OAA) by the action of PEP carboxykinase 
(PEPC; EC 4.1.1.31), providing carbon skeletons for the 
refurnishment of amino acids. Glutamate, rather than free 
ammonia, contributes to the amination of OAA as the 
amino donor; this reacticr is catalyzed b,/aspartate ami- 
notransferase (AspAT; E.C. 2.6.1.1), generating aspartate for 
further reactions. As one .~f the fusions between the GS/ 
GOGAT and PPDK-GS/COGAT cycles, 2-oxoglutarate is 
another outgrowth of thi..~ amination process. Glutamine, 
generated from the amination of glutamate, is another 
fusion between these cyc[~?s. As show~n in the GS/GOGAT 
cycle, glutamine will rev,:.~'sibly integrate with 2-oxoglut- 
arate, giving glutamate b'/ the action of GOGAT. Subse- 
quently, glutamate is put into the next cycle for N- 
resorption. Pyruvate for the reassimilation of N via PPDK 
could be provided mainly by the process of glycolysis and 
the degradation of fatty acids. Asparagine, which is formed 
by the action of asparagine synthase, has been proposed as 
the main N carrier for nitrogen-remobilization (Hayashi and 
Chino, 1990). Indeed, the amount of free asparagines and 
the activity of asparagin~,, synthetase (AS; EC-6.3.5.4) 
increases significantly durii~g leaf senescence (Guo et al., 
2004; Lin and Wu, 2004; Shen et al., 2006; Gregersen and 
Holm, 2007). 

In conclusion, the invol'~ement of degradative processes 
for protein breakdown and N-translocation have been well 
identified and characterize~J, most notably in Arabidopsis. 
Such efforts have acceleral:ed our acquisitior~ of knowledge. 
Nevertheless, much usefu! nformation on genes and gene 
regulation in other plant _,,~ecies should still be gained to 
confirm the conclusions clrawn from the analysis of N- 
resorption during leaf senescence in Arabidopsis. Tecllnolo- 
gies are rapidly improving for the functional analysis of 
potential resorption and regulatory genes, and applying 
these to the study of N-met~bolization is a challenge for the 
next decade. An extensic.,-~ of such studies, including the 
exploitation of genetic variation, toward crop plants will also 
be essential. Understandin_~i how N-resorption is controlled 
in different species will allc.w for future applications of this 
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process, througl~ either genetic improvement or the manip- 
ulation of key environmental triggers. This will result in great 
potential benefits throughout the supply chain, from pro- 
ducer to consumer. 
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