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Abstract: Auxin, a vital plant hormoneregulates a variety of physiological and
developmental processes. It is involvedrint abscissiorthrough transcriptional regulation

of many auxinrelated genes, includiregarly auxin responsive geneég ( auxin/indole3-acetic

acid (AUX/IAA), Gretchen Hagen8GH?3) andsmall auxin upregulate(SAUR) and auxin
response factorsARF, whichhave beenwell characterized in many plants. In this study,
totally five auxinrelated genes, including onAUX/IAA (LcAUX/IAA), one GH3
(LcGH3.1), oneSAUR(LcSAUR) and twoARFs(LcARFlandLcARF2, wereisolated and
characterized from litchi fruitLcAUX/IAAL LcGH3.1, LcSAUR] LcARF1land LcARF2

contain open reading frames (ORFs) encoding polypeptides of 203, 613, 142, 792 and 832
amino acids, respectively, with their corresponding molecular weight.67 269.20,

11.40, 88.20 and 93.16 kDa. Expression of these genes was investigated under the treatment
of girdling plus defoliation whiclaggravated litchi fruitlet abscission due to the blockage of
carbohydrates transport and the reduction of endogdAdusontent. Results showed that
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transcript levels oEcAUX/IAAL LcGH3.1andLcSAURIMRNAS were increased after the
treatment in abscission zone (AZ) and other tissues, in contrast to the decreasing
accumulation otcARFIMRNA, suggesting thatcAUX/IAAL LcSAURlandLcARF1may

play more important roles in abscission. Our results provide new insight into the process of
fruitlet abscission induced by carbohydrate stress and broaden our understanding of the
auxin signal transduction pathway in this procégsh@molecular level.

Keywords: Litchi chinensisSonn.; adin responsive genesuxin response factoclone;
gene expressiorarbohydratestress; fruitlet abscission

1. Introduction

Fruit abscission, occurring in advance of harvest, is charactenzéoebactivation ofa specific
abscission zone (AZ) located between the pedicel and fruitlet, resulting in severe economic losses in
many fruits [1,2].The abscission is a highly regulated developmental process that is both influenced and
activated by eitlr internal cues or environmental conditions. Endogenous plant hormones have been
implicated to contribute to the abscission of immature fruit, among which auxin is suggested to be a key
regulator in fruit retention [3]. Spraying of auxins or syntheticirmife.g., 1-naphthaleneacetic acid
(NAA) or 2,4dichlorophenoxyacetic acid2,4-D)) can efficiently reduce the fruit abscission by
maintaining the cells adherence in the AZ amdressthe activity of hydrolytic enzymes, such as
cellulass which, in turn promote fruitlet abscissidoy loosernng the cell walls [4,5].

Auxin plays a pivotal role in the process of plant organ abscission. It is increasingly interesting to
investigate the role of genes relatediteauxin signal transduction pathwaythis grocess.lt is well
documented that auxin stimulates the rapid transcription of a set of genes called primary or early auxin
responsive genes includidgix/IAA GH3, SAUR[61 8]. The AUX/IAA proteins are shotlived nuclear
proteins that function as repressof auxininduced transcription, and auxin promotes the degradation
of this large family of transcriptional regulators, leading to diverse downstream respgh6p<gH3
genes encode IA&onjugating enzymes, which could act as feedback regulatorsdogimg free
auxin levels 11], while SAURgenes code for highly conserved shdited smallproteinsand likely
function in cell expansion, hypocotyls and stamen filament elongdtityt3]. The promoter regions of
these primary/early auxiresponsive gersecontain one or more auxiesponsive elements (AuxRE)
conferring auxin responsiveness. The identification of the AuxRE sequence led to the isolation of the
ArabidopsisAuxin Response FactorfARF1) gene which was shown to bind with specificity to
AuxRE [14,15]. ARF transcription factors regulate many responses to auxin, including embryo
patterning, vascular formation, phototropism and gravitropis@il}]. Recently, it was found that
expression ofCelAA in the AZ was negatively correlated with floretdbabscission irCestrumcut
flower [18]. Similar correlation between the effectiveness of auxin in delaying abscission and induction
of Aux/IAAgene expression were also founddastrum elegangl9 and Mirabilis jalapa [20]. In
tomato,SIIAA genesplay importantrolesin delayingfloral pedicelabscissionwith SIIAAL 9 and12
required for the completion of ethyleimeduced abscissiomnd SIIAA4 6, 7, 8, 14, 16, 17 and 29
importantfor calciumdelayed abscissio]]. TomatoGH3 effectivey represses thdelayed abscission
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induced by IAA, while SAUR may serve asa marker of IAA level throughout the abscission
process 21]. In Arabidopsis two ARF genes,ARF1 and ARF2 along with other ARF genes,
Nonphototropic HypocotyldNPH4)/ARF7andARF19 might acttogether taegulate senescence and
floral organ abscissior2].

The substantial production of LitchLifchi chinensisSonn.), a important economic fruit crop
widely grown in southern China and other southeast Asias @&8ahas been challenged bycessive
fruit drop, one of the major factors causing irregular cropping or alternate bearing. Theie @arénree
distinct abscission periods depending on cultivar during each reproductive cycle, typically Zjear [
The first period of abscission aars at the end of full female bloom and lasts for about a month; the
second abscission wave starts one or two weeks later and lasts for about tw@#je@ke [third drop
wave, lasting for about one weeikes placéwo to threaveeks befordruit matuation[24]. Generally,
only 2% to 5% of the initial female flowers develop into mature fru§.[ The peak and periodicity of
fruit drop are affected bgnvironmental and/or internal factors, for instance, spells of heavy overcast and
rainy weather. Lovwtemperature or drought during the flowering and fsaiting period always induces
sever fruit abscissioriYuan and Huang1988) demonstrated that litchi freget relied greatly upon
current photosynthates and the fruit abscission multiwaves were afiepavith the upsurges of
abscissic acid (ABA) in the seed, while IAA seemed to be antagorfi§fiiasipetal IAA flux through
AZ prevents abscission by rendering the AZ insensitive to ethy®27]. Recently, microarray
analysis revealed that expséms of abscissiorelated genesvere initiated by flower removal and
leading to pedicel abscission were inhibited by IAA application, confirming that ethylene sensitivity in
the AZ is associated with altered expression of awegulated genes resultinfom auxin
depleton [28]. In addition, auxin can also influence carbohydrate availability to affect fruit abscission.
For example, application of synthetic auxin 3;5A (3,5,6trichloro-2-pyridil-oxyacetic aciy
stimulated carbohydrate accumulatiordaveloping fruitlets to reduce the dropping of citrus frag] [
Synthetic auxins including NAA, 2B, 2,4,5T (2,4,5trichlorophenoxyacetic acjdand 2,4,5TP
(2-(2,4,5trichlorophenoxy)propionic acig, were also widely used to prevent fruit abscissiolitchi
management practice8(,31]. As auxin response is known to be mediated in part by altering gene
expression, characterization of genes related to the auxin signal transduction pathway is of particular
significance for understanding the molecWasis of auxin actiofi8,20,23.

Therefore, in this studygenes related to auxin sigimeg were firstly isolated from litchi fruit, and
their expression patterns in response to girdling plus defoliation tre&traamipproach tacompletely
block the cé&bohydrate transport to fruitlets and induce sevearbohydrate stress for fruit
development[32,33]8 were investigatedOur results expandur understanding of carbohydrate
stressinduced fruitlet abscissioat the moleculatevel and have theoretical jplications for exploring
effective strategies to regulate litchi fruit abscission
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2. Results
2.1 Isolation ofAUX/IAA, GH3,SAUR and ARF Genedrom Litchi Fruit

Full-Lengthsequences of om&UX/IAA(LcCAUX/IAAD, oneGH3 (LcGH3.]), oneSAUR(LCSAUR])
ard two ARF (LcARFlandLcARF2 genes were isolated and characterized from litchi fruit for the first
time. Sequence analysis of the fldhgth LCAUX/IAALcDNA revealed that ibore a609 bpopen
readingframe(ORF) encoding a predicted polypeptide of 268rep acids, with the predicted molecular
weights of 22.67 kDa and pl of 8.27. Multiple sequence alignment shinaeldcAUX/IAAL contained
four conserveddomains (I, II, 1l and IV), whichare typical motifs for the Aux/IAA proteins
(Figure 1) [F]. In addtion, the basic amino acids located in betwgemdomains | andl ((KR.RSYR..)
constitute a bipartite nuclear localization signal (NLS) and a basic cluster KRLRIMK, resembling
Simian Virus 4QSV40 and aMata2like NLS, which ispresent at the end dbmain IV(Figure 1)[34].
The litchi GH3 genecontairs an ORF of 613 amino acids, with the predicted molecular weights of
69.20 kDa and pl of 6.81. The deduced protein contains three short conserved sequence motifs
GTSAGERK (Motif 1), YASSE (Motif 2) ad YRVGD (Motif 3), which are involved irAdenosine
Triphosphatg ATP)/AdenosineMonophosphatéAMP) binding as characteristic of the acyladenylate/
thioesterforming enzyme super family (Figure [B6i 37]. The LcSAUR1is 426 bp in length, which is
deducedo encode a polypeptide of 142 amino acids with a predicted molecular weight of 11.40 kDa and
pl of 11.52. Figure 3 showsdhthe LcSAURL mtein contains a conserved SAUR specific domain
(SSD) of approximately 60 residues in the central region like o¢perted SAUR proteinsg], but it
does not contain the calmodulinding domain (CBD) that is present within fiéerminal extensions
of SAUR-B and SAUR3738,39]. As forthe twoARFs, thé deducedroteinsof LcCARFlandLcARF2
areof different lenghs (792 and 832 aa), molecular mag88s20 and 93.16 kDa), and isoelectric points
(6.47 and 6.03).cARF1 and LcARF2 show the typical features of auxin response factors, soch as
N-terminal DNAbinding domain ath two C-terminal domaingfiBox 1110 and fiBox V@), which are
implicated in protein dimerization (Figure 4). Interestingly, the middle regiotiseofwo litchi ARFs
(LcARF1 and LcARF2) are rich in proline, serine and threonine residues, a feature shata@by,
which can repress auxirnrinduced AuxRE-mediated gene expression, suggesting that they might
function as transcription repressof§)]|
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Figure 1. Alignment of the deduced amino acid sequencetohiliicAUX/IAAL and its
respectivehomologsfrom Arabidopsis (AtIAA 6, Q38824; AtIAA7, Q3882; AtlIAAS,

Q38826), strawberry[34], and tomato (SIIAA17, AEX00360). The shiagl indicates

sequence similarities of 100% (black), or 80% (gray) among AUX/IAA prot&indtiple

alignments was done [§§fustal Wand viewed wittBoxshadgrogram. The foucorserved
domains inAux/IAAproteins were underlined bipartite nuclear localization signal (NLS)
bet ween domai ns | -like NIdb predent at the ehd cf doiadnTIV i

marked withf#o.
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Figure 2. Alignment of the deduced amino acid seqeemd litchi LcGH3.1 and

16089
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Figure 3. Alignment of the deduced amino acid sequencditoii LcSAUR1 and its
respectivehomologs from Arabidopsis (SAUR15, NP_195596; SAUR26, NP_187035;
SAUR27, NP_187034; SAUR31l, NP_567196; SAUR33, NP_191749; SAUR3Y7,
NP_194860; SAURB, NP_197581), anGlycine maxGmSAUR, S44175). The shading
indicates sequee similarities of 100% (black), or 80% (gray) among SAUR proteins.
Multiple alignments was done b@lustal Wand viewed withBoxshadeprogram.The
SAUR specific domain is underlined. The calmodidinding domain is indicated

by boxed.
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Figure 4. Alignment of the deduced amino acid sequence of two litchi ARFs (LcARF1 and
LcARF2) and their homologs from Arabidopsis (AtARF10, NP_180402; AtARF16,
NP_567841; AtARF17, NP_565161), and tomato (SIARF10, NP_001234796). The shading
indicates sequence similargieof 100% (black), or 80% (gray) among ARF proteins.
Multiple alignments was done b¢lustal W and viewed with Boxshade program.
DNA-binding domain and protéiprotein interaction domains Box Ill and Box IV

are underlined.
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2.2 Effect ofGirdling Plus Defoliationon theAbscissiorof Litchi Fruitlet and Endogenou$AA Content

As shown in Figure 5Arelative fruitlet abscission rate for the control remained nearly unchanged
from 1 to4 days with a small peak at days followed by slight decrease thertaf whereaghe
treatment ofgirdling combined with defoliatioded to a significant increase in the rate of fruit
abscissiorduringthe same period, especially at@ydwhen a striking increase was observed. Similar
pattern of abscission was observedtbital fruit drop(Figure 5B) The treatmeninduceda higher level
of fruitlet drop, with two-fold fruitlet abscised when comparéal the control at 4 ays However,
endogenous IAA conteriess accumulated in the treated frujtleith 17.2% lower than #it of the
control at 4 days after treatment Kigure §, suggesting that girdling plus defoliation treatment
accelerate thefruit drop probablyia redudng auxinavailability in fruitlet.

Figure 5. Effect of girdling plus defoliation treatment on fruitlabscission of litchi.
(A) Change of relative fruit abscission rate within four days after dgihéling plus
defoliation treatmentB) Change of cumulative fruit abscission rate within four days after
the girdling plus defoliation treatmerdach valueepresented the meanstfeebiological
replicates fronthreedifferent treeswith the standard error B indicated by vertical bars
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Figure 6. Quantitative assay of free IAA content in fruitlet of control and girdling plus
defoliation treatment. Sagofes from 0O, 1, 2 and 4 days after the treatment were used for
Enzymelinked immunosorbent aag (ELISA) analysis. Each value represented the means
of three biological replicates fronthree different trees with the standard error (SE)
indicated by vertidabars
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2.3 Effect ofGirdling Plus Defoliationon the Expressiorof Litchi AUX/IAA, GH3, SAUR and
ARF Genes

To determine the possible roles lbdAUX/IAAL LcGH3.1 LcSAUR] LcARF1and LcARF2in
relation to fruitlet abscissiomuantitativereattime RT-PCR(gRT-PCR analysis was performeasing
tissuesamples frontheabscission zones (AZ) and fruiteAs shown in Figure 7, all the genes showed
different expression patternstime AZ and fruitlet, suggeste of thedifferentroles of those geng41].

In general transcript levels oEcAUX/IAAL LcGH3.1andLcSAURIMRNAS were increased afténe
treatmenif girdling plus defoliationin both AZ and fruitlet, whereas those bEARFlandLcARF2
were decreaseduring the sameperiod Although LcAUX/IAA] LcGH3.1and LcSAUR1transcripts
were induced bythe treatment, their accumulation patterns were quite different. The level of
LCAUX/IAA1ImRNA in the AZ was increased to reach its maximanl day after reatment, and
markedly declinedo the lowest pointat 2 days with an obviousincreaseobservedthereafter In
contrast the LcCAUX/IAAlwas increased gradually and peaked alaygsin the contraol In fruitlet
LcAUX/IAAltranscript levelwasdecreased iboth the control andreaed fruitlet Forthe LcGH31,
transcripts accumulatetb a higher level inthe AZ and fruitlet in response tthe girdling plus
defoliation application. The transcripts lcdGH3.1in the AZ after the treatment accumulated slowly
and peaked at dayswith approximately 2.6old overuntreated controls whereas,tire fruitlet after
the treatment, the increase of transcripts occurredaysand reached the maximum level (>fbid) at

2 days then declined steeplgfterward In the case oEcSAURL its expression increased tine AZ
under the treatment of girdling plus defoliatidine relative expression levellb€SAURalso increased
in the fruitlet, but this increase was much lower than that occurringemZ. In addition,LcCARF1
transcripts were inhibitech both the AZ and th fruitlet by girdling plus defoliation. Without the
treatment,LcARF1transcripts decreased atday and increased afterward. But when girdling plus
defoliationwere applied,LCARF1MRNAs decreased in abundance and remained constant and low at
2 to 4days posttreatment, implying thdtcARF1was negatively regulated by girdling plus defoliation
treatmentLcARF2 in contrast, were nearly unaffected by the treatnaad equally expressed in both
the AZ and the fruitlet tissues, with a decrease @ayfollowed by a increase atfdaysand asubsequent
decrease again atdays(Figure 7).
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Figure 7. Expression analysisf LCAUX/IAAL LcGH3.], LcSAUR]1LcARFlandLcARF2
MRNAs in the fruitlet abscission zone (AZ) and fruitlet of litchiter the treatment of
girdling plus defoliation. Total RNA were isolated from fruit AZ and fruittetlectedat O,

1, 2, and 4 daysfter the treatmety and subjected to qRPCR analysis usingitchi
chinensisactin (LcACTIN as an internal control. Expression levels of eaehegare
expressed as a ratio relative to the treatment (rday), which was set to 1. Each value
represergd the means ofhree biological replicates fronthree different treeswith the
standard error (SE) indicated by vertical bars
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3. Discussion

Like many fruit trees species, litchi trees blossom with high profusion and thereafter exhibit massive
fruitlet abscission, which leads &dow yield problem thuslimiting litchi industry development 4.
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This process is generally under hormonal and métabegulation [43]. There is circumstantial
evidence that developing fruitlets compete for photoassimilates, and the fruit abscission muétieaves
in parallel with the upsurges of abscissic acid (ABA), while IAA ss@rbe antagonistip]. Although

the nature of the hormonal signals that link carbohydrate shortage and abscission are still uhlshown,
commonly believed that the endogenous balance of ethylene and auxin in the AZ affects organ
abscission.Application of exogenous ethylene acceleratdsscission, whereas auxin treatment
decreases cell sensitivity to ethylene and delays or inhibits the prddgs&uUxin exerts its effects by
regulating the expression of numerous genes, including early auxin responsive gehiegsihal this
paper the isolation of LCAUX/IAAL LcGH3.], LcSAUR1and LcARFsfrom litchi fruit was firstly
reported LcCAUX/IAAYL LcGH3.1 LcSAUR1LcARFlandLcARF2were predicted to encode proteins of
203, 613, 142, 792 and 832 amino acids, with calculated molecular weig@t§9f69.20, 11.40, 88.20
and 93.16 kDa, respectively. The genes isolated have shown the highest homology to the correspondin
genes: LCAUX/IAA: 70% ammo acid identity with RclAAL1 (XP_002517529.1 from castor bgan)
LcGH3.1: 87% amino acid identity withd&H3.6 (XP_002533739.1 from castor bpditSAUR1.:

49% amino acid identify with PtSAUR (XP_002305471.1 frBopulus trichocarpg LCARF1: 79%
amino acid identity with VVARF4 (XP_002285019.2rm grapg LCARF2: 78% amino acid identity
with VVARF8 (XP_00226678.2 from grape)LcAUX/IAAL, like its homologsfrom other plant
speciescontairs all thefour conserved domains (1, Il, lll and 1V). It is generally accepteddiaiain |

has a repressor functiodq, and domain Il contribute® the rapid degradatio of the Aux/IAA
proteins, while domains Ill and IV are responsible for hoamul heterodimerization among the various
members of the Aux/IAA and auxin response factor (ARF) protedbs LcAUX/IAAL may be
nuclearlocalized proteins due to the existenédven types of NLS (Figure 1). The protein encoded by
LcGH3.1 gene conservesthree motifs essential for conjugating amino acid to excessive I1AA
(Figure 2) L1]. Apart fromIAA, someGH3 genes fromArabidopsisare also known to adenylate other
plant hormoes such as jasmonic acid and salicylic ad].[The deduced ORF afcSAURIlencodes
small proteins with molecular mass of 11.40 kDa, similar with thos2as&AURS which ranged from

10 kDa for OsSAURL to 27 kDa for OsSAUR21 (Figure4®).[ The multiple quence alignments of
the full-length protein sequences showed that LcCSAUR1 contains a conserved;spAtlfc domain
(SSD) of approximately 60 residues in the central region. In addition, alignment of the LCARFs amino
acid sequences with that of othepoeted ARFs revealed that the predicted proteins shared typical
features including am-terminal DNAbinding domain and tw&-terminal domainsfiBox 1110 and
fiBox IVO (Figure 4), which contribute to protein dimerizatidd,[L5].

It has been proposed thadrbohydrates and hormones participate in a complex signal transduction
system [3,47]. Previous work demonstrated that defoliation and girdling management could reduce the
amount of resources available for current reproduction in individual branchdngesudecrease of
fruit production [2]. In addition, efoliationor shading reducsghotosynthesis but also enhantmckls
of abscisic acid (ABA) and-aminocyclepropanel-carboxylic acid (ACC}hat positively correlated
with abscissiong6,47]. In the present work, we demonstrated that treatment of girdling plus defoliation
reduced endogenous IAA concentration concomitant witlreasingfruitlet abscission (Figures 5
and 6) and that, in litchi fruit, auxin haskey role in fruit retentionNone ofthe litchi early auxin
responsive genes &kRFswas AZ specific and they were also detected in the whole fruitlet. The
expression patterns of auxialated genes differed during litchi fruit AZ activation. The expression of
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LCAUX/IAAL LcGH3.1andLcSAURIlincreased in AZ and fruitlet after treatment withdgng plus
defoliation which significantly induced litchi fruitlet shedding (FigureBf).comparinghe expression
levels of theLcAUX/IAAL LcGH3.1andLcSAURIin the different tissues and IAA conteittis likely
thatthe LcAUX/IAAlandLcSAURImay playa more important role in abscission thidme LcGH3.],
because the.cAUX/IAAlandthe LcSAUR1were expressed mostly in AHowever, these results
differed from the finding ofomatoflower pedicel absssion During thefirst 4 h aftefl ower excision,
mostSIlIAA genes in the control reached their peak expression level at 1 h but then decreased sharply
which corresponded well to the changes of endogenous IAA |1l [Moreover, tomatoGH3
increasedlghtly after 8 h and maintained a low expression level during abscission, implying that it may
be an effective negative regulator in I1ABduced delay in abscission, while small audpnRNA was
suggested to be a marker of IAA level throughout the alisoigsocessZ1]. Additionally, application
of 2,4D, which delayed floret abscission, induced a higher expressidoxdfAA genes in the floret
AZ [21]. Our findings, together with previous reporssiggesthat functional divergence underlying
abscisson processesay be presertetween litchi and tomatdhus further studies are needed to fully
unravel the function dicAUX/IAAlandLcSAURIgenes in regulating fruit abscission.
LcARFlandLcARF2exhibited similar expression patterns both in AZ andléttissues (Figure 7).
In particular LcARF1wasnegativelycorrelated with fruitlet abscission in that its transcript decreased in
AZ and fruitlet under the treatment of girdling and defoliation, which was contrary to the w@®] of |
showing that anncrease 0ARF2mRNA in detached leaves Arabidopsis thaliangollowing dark
treatment, with a time course similar to th&SAG12 mRNA. Interestingly, the expression pattern in
AZ during abscission of LcCARF2 was decreased dayisand then increased a daysand finally
decreased again at @y which is oppositef that of LCAUX/IAAL, suggesting that a cascade of
AUX/IAA -ARF might also exist in litchi fruitThe developmental specificity of auxin response is
determined by the interacting pairs of AR and AudAAs [48]. Among he auxinsignaling,
AUX/IAAs are proposed to bind to ARFs and inhibit transcriptionA&tF target genes, while a
degradation of AUX/IAAS in response to auxin treatment would lead to increase ARF d48vi].
It should be reded to examine whether LCAUX/IAAL is able to interact with LCARF2 in the future.

4. Experimental Sections
4.1 Plant Materialsand Treatment

Three randomly selected @arold litchi trees Litchi chinensisSonn. cv. kulin) growing in an
orchard in Soth China Agricultural University were chostar this study. Twenty fruibearing shoots
located in different directions of each tree were tagged. Ten of them were treated with girdling
(removing bark by about 0.5 cm in width) followed by defoliation (reimgp all leaves above the
girdling site) at 25 days after anthesis, while the remaining untreated shootsisedes contras.
Sampling was conducted at 0, 1, 2 and 4 days after treatment. Fruitlets and fruit abscission zone wert
collected immediately. kit abscission zones were excised by cutting ~1 mm at each side of the
abscission fracture plane. After separation, all tissues were quickly frozen in liquid nitrogen and stored at
180 °C for future analysis. Each tree wasatedas a biological replicate






