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Abstract The plant hormone auxin transcriptionally

activates Aux/IAA genes. Auxin plays an important role in

regulating fruit growth and ripening of strawberry and Aux/

IAA genes have been extensively studied in Arabidopsis,

rice and tomato, but little information is available on

strawberry fruit. In the present work, two full-length of

early auxin-responsive Aux/IAA genes, termed FaAux/IAA1

and FaAux/IAA2 respectively, were isolated and charac-

terized from strawberry fruit. Moreover, the expression

profiles of two FaAux/IAA genes during fruit development,

and the effect of naphthalene acetic acid (NAA) on their

expressions of fruits at two different developmental stages

were also investigated. The results showed that the levels

of FaAux/IAA1 and FaAux/IAA2 transcripts were very high

at early stage of fruit development, and decreased sharply

at ripening stage (after white stage). In addition, NAA

applied at the stage of large green and white fruit obviously

increased the accumulations of FaAux/IAA1 and FaAux/

IAA2 transcripts. These data suggested that the expressions

of both FaAux/IAA1 and FaAux/IAA2 genes were likely to

be involved in early fruit development, and the enhance-

ment of FaAux/IAAs transcripts might be attributed at least

or partially to auxin-induced fruit growth and delayed fruit

ripening of strawberry.
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Introduction

The phytohormone auxin plays a critical role in regulating

many aspects of plant growth and developmental pro-

cesses. At the cellular level, auxin regulates the cell

division, extension and differentiation [1]. On a whole-

plant level, auxin plays an essential role in processes such

as apical dominance, lateral root formation, tropic

responses, fruit growth and development, vascular dif-

ferentiation and embryogenesis [2]. This multiplicity of

auxin regulatory activities has spurred considerable

interest in mechanisms of auxin signaling and response.

Previous research revealed that auxin can regulate

expression of numerous genes whose products probably

perform most developmental responses [3–5]. The most

well characterized auxin-responsive genes are represented

by the members of the Aux/IAA (auxin/indoleacetic acid),

GH3 (Gretchen Hagen3), and SAUR (small auxin up

RNA) gene families [3, 6–8]. Auxin induces expressions

of many of these genes rapidly, specifically and without

the requirement of de novo protein synthesis, and these

genes are regarded as primary/early auxin-responsive

genes [8, 9].

Following the initial identification of Aux/IAA genes

from soybean [10, 11], members of Aux/IAA genes were

isolated from pea [12], Arabidopsis [13, 14], mung bean

[15], rice [16–18], and tomato [19, 20]. The Aux/IAAs are

short-lived nuclear proteins that are characterized by the

presence of four conserved domains (domain I, II, III, IV)

[21]. It has been reported that down regulation of a tomato
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Aux/IAA gene from tomato, SlIAA9, has been proved to be

involved in tomato fruit development and leaf morpho-

genesis [20]. However, the characterizations of Aux/IAA

genes in relation to fruit development in other fruits remain

to be elucidated.

Strawberry is considered as non-climacteric fruit of great

economic importance worldwide, and its edible part is a

false fruit originating mainly from the expansion of the

flower base (receptacle) or pseudocarp where the real fruits

(achenes) are attached. It has long been known that achene-

derived auxin is the key phytohormone controlling the

growth and ripening of strawberry receptacles [22–24].

Auxin stimulates receptacle expansion during fruit devel-

opment, and later inhibits fruit ripening [23]. As strawberry

fruit ripens, the diminution of auxin level activates the

expression of ripening-related genes including many genes

encoding cell wall modifying enzymes, such as expansins

(FaExps), polygalacturonase (PG), b-xylosidase (FaXyl1),

pectate lyases (FaPELs) and a-L-Arafases (FaAras)

[25–28]. Moreover, exogenous applications of auxin delay

fruit ripening and repress the expressions of these ripening-

related genes [26–28], while a possible involvement of

ethylene in strawberry growth and ripening have also been

suggested in several reports [29–32]. Thus, the underlying

biochemical mechanisms of strawberry fruit develop-

ment are still unclear and little attention has been paid

to characterize Aux/IAA gene during strawberry fruit

development.

The objective of this work is to characterize Aux/IAA

mRNA accumulations during strawberry fruit develop-

ment. In addition, the effect of NAA applied at two dif-

ferent developmental stages, on the expression of Aux/IAA

gene was also investigated.

Materials and methods

Plant materials

Strawberry fruit (Fragaria 9 ananassa, cv. Toyonaka)

were grown under field conditions by local producers in

South China Agricultural University, Guangzhou, China.

Fruits at different developmental stages were harvested,

transferred to the laboratory and classified according to the

external coloration degree in five developmental stages as

described by Civello et al. [33]: small green (SG, about 7 day

after post-anthesis), large green (LG, about 15 day after

post-anthesis), white (W, about 23 day after post-anthesis),

turning (T, 50% red, about 26 day after post-anthesis), and

full-ripe red (R, about 30 day after post-anthesis). The calyx

and peduncle were removed, and the samples were washed,

drained and used on the same day or frozen in liquid nitrogen

and stored at -80�C prior to analysis. Other vegetative and

reproductive tissues including roots, stems, leaves, flowers

and calyxes were also collected, immediately frozen in liquid

nitrogen, and stored at -80�C until use.

Auxin treatment

Strawberry fruit at LG and W developmental stage were

randomly selected on the basis of size and absence of

physical damage. The selected fruit were tagged and trea-

ted with the synthetic auxin (naphthalene acetic acid, NAA,

Sigma-Aldrich Co., USA). Each fruit was dipped for 1 min

in a solution containing 100 mg/l NAA. Control fruit were

immersed in distilled water. After 0, 0.5, 2, 6, 12 h, 1, 2, 4,

7, 10 days of each treatment, 20 randomly selected fruit

were collected, then frozen in liquid nitrogen and finally

stored at-80�C until use.

Measurement of firmness

Firmness was measured using a digital force gauge pres-

sure tester (Model Instron 5542, INSTRON Co., USA),

provided with a 4 mm cylinder tip. Two measurements on

each equatorial side were performed on each fruit. Twenty-

five fruit per stage were measured and the mean was

recorded and expressed as Newtons (N) ± standard devi-

ation (S.D.).

RNA extraction, isolation of strawberry Aux/IAA full

lengh cDNAs

Total RNA from strawberry fruit was extracted using the

hot borate method of Wan and Wilkins [34]. Frozen tissues

(10 g) were ground to a fine powder in a mortar using a

pestle in the presence of liquid nitrogen. The extracted total

RNA was used as templates for RT-PCR. The product (the

first-strand cDNA) was subjected to PCR amplification.

Degenerate primers of Aux/IAAs (i.e., sense: 50-GGTGGT

GCGCTGGCGNCCNRT-30 and antisense: 50-CGATCGCC

TCGGACCGYTTNATDAT-30, where D is A, G or T; Y is

C or T, R is A or G, and N is all four nucleotides) were

designed with reference to the conserved amino acids

sequences of Aux/IAAs. Reactions for the RT-PCR were

subjected to one cycle of 94�C for 3 min, 35 cycles each at

94�C for 1 min, 45�C for 2 min and 72�C for 2 min, and

then one cycle of 72�C for 10 min. PCR products of the

predicted size (about 500 bp in length) were purified and

cloned into pGEM-T easy vector (Promega, USA). The

nucleotide sequences of the cDNA inserts were determined

using the thermo sequenase dye terminator cycle sequenc-

ing kit and a 3730 DNA sequencer (PerkinElmer Applied

Biosystems).
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Consequently, 30- or 50-rapid amplification of cDNA ends

(30- or 50-RACE-PCR) was performed using cDNA ampli-

fication kits (Takara, Shiga, Japan) according to the manu-

facturer’s protocol. In order to amplify 30-end and 50-end

fragments, the specific primers for FaAux/IAA1 (30-RACE:

outer, CAACCTTGAAGCCACCGAGC, and inner CCTCC

TTCCAAAGCACAACT; 50-RACE: outer, TTGAGTTCTT

GCGGGGCGTTCTT, middle, CATCCTTGTCCTCATAA

GTTGG, and inner, CTCCATCCACAGCCACCTTTACG)

and FaAux/IAA2 (30-RACE: outer, GCCAAAAGAAG

AGCACCGAT and inner, GAGTATGGATGGGGCACC

TT; 50-RACE: outer, TCCCACAAGCATCCAATCTCCAT

middle, TAGGGCAGTAGAAAGCTCTTGGT, and inner,

GTAGATAAGGTGCCCCATCCATA) were designed based

on the nucleotide sequences of the cDNA fragments already

cloned by RT-PCR. The 30- and 50-RACE-PCR products

were cloned and sequenced as described above.

DNA sequence analysis, alignment, and comparisons

Identification of nucleotide sequences from RT-PCR clones

were established using the NCBI Blast program [http://www.

ncbi.nlm.nih.gov/BLAST]. Alignment and comparison of

sequence were made using the ClustalW program (http://

www.ebi.ac.uk/clustalw). Open reading frame and protein

prediction were made using NCBI ORF Finder [http://www.

ncbi.nlm.nih.gov/gorf/gorf.html]. The theoretical isoelectric

point (pI) and mass values for mature peptides were calcu-

lated using the PeptideMass program [http://us.expasy.org/

tools/peptide-mass.html]. The phylogenetic tree was gener-

ated from the deduced amino acid sequences for FaAux/IAAs

and 29 Aux/IAA homologues from other species using

CLUSTAL W and PHYLIP with the PROTPARS programs.

The 29 Aux/IAA homologues sequences registered in Gen-

Bank are Arabidopsis thaliana, AtIAA1 (P49677), AtIAA2

(P49678), AtIAA3 (Q38822), AtIAA4 (P33077), AtIAA6

(Q38824), AtIAA7 (Q38825), AtIAA8 (Q38826), AtIAA9

(Q38827), AtIAA11 (Q38829), AtIAA12 (Q38830), AtIAA14

(Q38832), AtIAA17 (P93830), AtIAA20 (O24410), AtIAA27

(Q9ZSY8), AtIAA28 (Q9XFM0), AtIAA29 (Q93WC4),

AtIAA30 (Q9M1R4), AtIAA31 (Q8H174), AtIAA32 (Q8R

YC6), AtIAA33 (Q9FKM7), AtIAA34 (Q9C5X0); tomato

(Lycopersicon esculentum) LeIAA4 (AAZ20313); grape

(Vitis vinifera), VvIAA (AAL92850); potato (Solanum

tuberosum), StIAA (AAM29182), cucumber (Cucumis sati-

vus), CsIAA2 (BAA85821); deep water rice (Oryza sativa),

OsIAA1 (CAC80823.1) and OsIAA18 (BAA99424.1).

Northern blot analysis

Total RNA (10 lg) was separated on a 1.2% agarose–

formaldehyde gel and capillary blotted onto positively

charged nylon membrane (Biodyne� B, 0.45 lm, PALL Co.

Sarasota, FL). The RNA was fixed to the membrane by

baking for 2 h at 80�C and then cross-linked to the mem-

branes using an ultraviolet cross linker (Amersham Biosci-

ences, Piscataway, NJ). The membranes were prehybridized

for more than 3 h in SDS buffer [50% deionized formamide

(v/v), 5 9 SSC, 7% SDS, 2% blocking reagent (Roche

Diagnostics, Mannheim, Germany), 50 mM sodium-phos-

phate (pH 7.0) and 0.1% N-lauroylsarcosine (w/v)] and

hybridization was then performed overnight in the same

buffer containing the gene-specific digoxin (DIG)-labeled

probes at 45�C. Probes were prepared with a DIG probe

synthesis kit (Roche Applied Science, Mannheim, Ger-

many) according to the manufacturer’s instructions. All

probes were synthesized from the 30-untranslated regions of

the genes. Following hybridization, membranes were

washed twice for 10 min with 2 9 SSC containing 0.1%

SDS at 25�C, followed by washing twice for 30 min in

0.1 9 SSC containing 0.1% SDS at 62�C. The signals were

detected with chemiluminescence using CDP-StarTM

(Roche Diagnostics) as described by the manufacturer. The

specific primers used for synthesis of two FaAux/IAAs DIG-

labeled probes were listed in supplementary Table 1.

Results and discussion

Isolation and characterization of FaAux/IAA cDNAs

The Aux/IAA genes are present as multigene families in

nearly all plants examined, including soybean [11], mung

bean [15], pea [35], tobacco [36], tomato [19], Populus

[37], Arabidopsis [14], loblolly pine [38], and rice [18, 39].

In this study, two fragments of different Aux/IAA homo-

logues of approximately 500 bp, were cloned from straw-

berry fruit by RT-PCR using degenerate primers, and their

corresponding full length sequences, designated FaAux/

IAA1 and FaAux/IAA2, were subsequently amplified by

RACE-PCR. FaAux/IAA1 cDNA (1007 bp) and FaAux/

IAA2 cDNA (1264 bp) consisted of a 50-untranslated region

of 165 bp, an ORF of 546 bp and a 30-untranslated region of

296 bp, a 50-untranslated region of 148 bp, an ORF of

768 bp and a 30-untranslated region of 348 bp, respectively.

They encoded the predicted polypeptides of 182 and 256

amino acids, with the predicted molecular weights of 20.41

and 27.89 kDa, respectively. A BLAST search of GenBank

revealed that FaAux/IAA1 shared 53 or 50% identity with

that of PtAux/IAA (ABH01143) from poplar or StAux/IAA

(ABB55368) from potato, while FaAux/IAA2 shared 66 or

50% identity with that of PtAux/IAA or VvAux/IAA from

grape (AAL92850), at the protein level.

The optimal multiple sequence alignment of FaAux/IAA

proteins with other homologies was presented in supple-

mentary Fig. 1. The predicted amino acid sequence of
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FaAux/IAA2 and FaAux/IAA9 contained all four domains

(I, II, III and IV) conserved among Aux/IAA proteins.

Previous studies indicated that Domain I has been assigned

a repressor function [40], domain II is responsible for rapid

degradation of the Aux/IAA proteins, while domains III

and IV are responsible for homo- and heterodimerization

among the various members of the Aux/IAA and auxin

response factor (ARF) proteins [41]. Moreover, the com-

parison showed high degree of identity within the four

consensus domains: 100% for domain I, 81–100% for

domain II, 87–100% for domain III, and 88–100% for

domain IV. The N-termini and interdomain regions were

more divergent in size and sequence (Supplementary

Fig. 1). In addition, the basic amino acids located in

between domains I and II (.KR.RSYR..) constitute a

bipartite nuclear localization signal (NLS) [20, 42, 43] and

a basic cluster KRLRIMK, resembling SV40 [13] and a

MAT a2-like NLS presented at the end of domain IV [44,

45] were also found in the predicted amino acid sequence

of FaAux/IAA1and FaAux/IAA2 (Supplementary Fig. 1).

Overall, these observations indicated that these two FaAux/

IAAs may be nuclear-localized proteins and both types of

NLS sequences present are functional, and shared common

features with Aux/IAAs obtained from other plants.

To investigate the evolutionary relationships among

FaAux/IAA genes and other homologies, a phylogenetic

analysis was performed using the CLUSTAL W program

(Supplementary Fig. 2). The phylogenetic tree shown in

supplementary Fig. 2 suggested that Aux/IAA proteins

could be grouped into four distinct subfamilies (I, II, III,

and IV), as was previously reported by Wang et al. [20].

FaAux/IAA2 felled into subfamily II, along with sequences

from Arabidopsis thaliana including AtIAA17 which

involved in root hair development [46], while FaAux/IAA1

showed the highest homology to the sequence in subfamily

III, including OsIAA1 which appeared to be correlated with

the elongation of excised coleoptile segments [16].

Expression analysis of FaAux/IAA1and FaAux/IAA2

genes during fruit development and in different tissues

To investigate whether the expressions of the FaAux/IAA

genes in strawberry were associated with fruit develop-

ment, their spatial and temporal expression patterns in

Fragaria 9 ananassa, cv. Toyonaka was analysed by

northern blotting analysis. Thus, the transcript level of

FaAux/IAA genes in fruit at five different developmental

stages according to the external coloration degree, size and

fruit firmness, and in root, stem, leaf, flower and calyx

tissues were examined. As shown in Fig. 1a, both FaAux/

IAA1 and FaAux/IAA2 transcripts showed higher levels in

the fruit of small green (SG), large green (LG) and white

(W), which represented the early phase of fruit develop-

ment [33], showing higher levels in fruit firmness (Fig. 3b).

When ripening initiated, at turning (T) and full-ripe red (R)

developmental stage, with remarkable decrease in fruit

firmness (Fig. 1b), transcripts of FaAux/IAA1 and FaAux/

IAA2 sharply decreased to hardly detected levels (Fig. 1a).

These results indicated that expressions of FaAux/IAA1 and

FaAux/IAA2 genes were associated with early strawberry

fruit development, and might play a negative role in

SG LG W T R

FaAux/IAA1 

FaAux/IAA2 

rRNA 

(a) 

SG LG W T R

Fi
rm

ne
ss

 (
N

)

0

10

20

30

40

50

60(b) 
a 

ab 

b 

c 

d 

Developmental stage 

Fig. 1 Changes of FaAux/IAA1 and FaAux/IAA2 transcripts (a), and

fruit firmness (b) during strawberry fruit development. Fruit were

harvest at the following stages: small green (SG), large green (LG),

white (W), turning (T), ripe (R). In a total RNA (10 lg per lane) was

used for northern blot analysis and hybridized with DIG-labeled

probes, and ethidium bromide-stained rRNA was shown as the

loading control. In b vertical bars represented standard deviations

(S.D.) of means. Different letters indicate a statistical difference at

5% level among data groups according to Duncan’s multiple range

test

 R       S       L       F       C Tissues 

FaAux/IAA1 

FaAux/IAA2 

rRNA 

Fig. 2 Expression analysis of two FaAux/IAA genes in vegetative

tissues. Total RNA (10 lg per lane) from roots (R), stems (S), leaves

(L), flowers (FL), and calyxes (C) was electrophoresed and then

hybridized with DIG-labeled FaAux/IAA probes. Ethidium bromide

staining of the gel, labelled rRNA, is shown below the blots as a

loading control
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regulating fruit ripening. Similar results were also obtained

in tomato that down regulation a single Aux/IAA family

member (IAA9) resulted in early fruit development, giving

rise to parthenocarpy [20]. However, another Aux/IAA

family member in tomato, SlIAA3, exhibited lower

expression level in immature green fruit, and higher levels

in mature green, breaker ripe and red ripe fruit [4]. These

observations suggest that members of Aux/IAA gene fam-

ilies may play different roles in regulating fruit develop-

ment. It has been reported that physiological function of

Aux/IAAs was determined by both the pattern of gene

expression and the properties of gene products, but that

gene expression may have a primary role [47–49]. In

addition, properties of Aux/IAAs were also likely deter-

mined by the binding constants for ARFs through domains

III and IV [48]. Therefore, quantitative determination of

the interaction between Aux/IAAs and ARFs will be needed

to further understand functional differentiation of the

Aux/IAA gene families [49].

The expression patterns of the two FaAux/IAAs in dif-

ferent strawberry tissues were presented in Fig. 2. It was

interesting to observe that neither of the two FaAux/IAA

genes showed fruit-specific expression. Both FaAux/IAA1

and FaAux/IAA2 expressions were detected at relatively

lower levels in root. On the contrary, their transcript levels

were higher in the stem, leaf, flower and calyx (Fig. 2).

These results indicated that both the two Aux/IAA genes,

whose expression related to the fruit development, might

be also correlated with vegetative growth of ‘Toyonaka’

strawberry, which were consistent with previous reports

that Aux/IAA proteins mediate several distinct cellular

processes at virtually all stages of development processes

[20, 50, 51].

Regulation of FaAux/IAAs by NAA treatment

Auxin plays an important role in fruit development and

growth, and NAA can facilitate fruit growth in litchi and

longan [52]. In strawberry, the fruit growth and ripening

are regulated mainly by auxin produced in the achenes.

Auxins stimulate receptacle expansion during fruit devel-

opment, and later inhibit fruit ripening [23], furthermore,

the expression of most of ripening-related genes are neg-

atively regulated by auxin [26–28]. To examine the role of

NAA in stimulating growth and delaying ripening of

strawberry fruit in relation to FaAux/IAAs expressions,

strawberry fruit were treated with NAA at two different

stages of fruit development and the levels of two FaAux/

IAA transcripts were evaluated. As shown in Fig. 3a, when

NAA was applied to the strawberry fruit at large green

(LG) fruit stage, the accumulations of FaAux/IAA1 and

FaAux/IAA2 were obviously induced within 2 h and 6 h

after NAA treatment, rose to a peak at about 12 h and

2 days respectively, and FaAux/IAA2 transcripts remained

relatively higher levels until 10 days. While, when treated

the fruit at white fruit (W) stage, NAA increased the

accumulation of FaAux/IAA1 within 0.5 h, and kept at

higher levels until 2 days, meanwhile, the accumulation of

FaAux/IAA2 was enhanced at 1 day after NAA treatment

and FaAux/IAA2 transcripts kept at relatively higher levels

until 10 days (Fig. 3b). The results exhibited that FaAux/

IAA1 and FaAux/IAA2 were auxin-inducible, similar to

the previous report that NAA increased the Aux/IAA

accumulations in wheat [45], cestrum cut flowers [53],

Arabidopsis [54], rice [18, 39, 55] and tomato [20]. Thus, it

could be speculated that enhancement of FaAux/IAA1 and

FaAux/IAA2 may be attributed at least or partially to auxin-
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Fig. 3 Regulations of FaAux/
IAA1 and FaAux/IAA2 by NAA

treatment at the developmental

stage of large green (LG) (a)

and white (W) fruit (b). Fruit

were dipped for 1 min in a

solution containing 0 (control)

or 100 mg/l NAA, and then

sampled at 0, 0.5, 2, 6, 12 h, 1,

2, 4, 7, 10 days. Total RNA

(10 lg per lane) was used for

northern blot analysis and

hybridized with DIG-labeled

probes, and ethidium bromide-

stained rRNA was shown as the

loading control
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induced fruit growth and delayed fruit ripening of

strawberry.

In conclusion, we cloned and characterized two straw-

berry early auxin-responsive Aux/IAA genes. Preliminary

results suggest that the two auxin-inducible FaAux/IAAs

may be involved in the regulation of growth and ripening

of strawberry fruit, however, further studies are needed to

fully discovery the biofunction of FaAux/IAA genes in

regulating fruit development by transgenic research.
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